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Preface 
 

This book on cellulose, the second in a series of three, deals with the many 
applications of cellulose, both established ones and those that are emerging. It shows 
the richness in the way cellulose can be modified to serve a large variety of functions, 
varying from medical, pharmaceutical and bioelectronics applications. We hope that 
with these examples the imagination of the reader is stimulated and may him- or 
herself attempt to find new, fascinating applications of cellulose. 

 
Theo van de Ven  

Department of Chemistry at McGill University,  
Canada 

Louis Godbout  
Academic Associate at McGill University Pulp and Paper Research Centre,  

Canada 
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1. Introduction 

Bacterial cellulose was first isolated from the air-liquid (A-L) interface biofilm produced by 
Bacterium xylinum in 1886 [1], an acetic acid bacterium strain which would probably now be 
recognised as Gluconacetobacter xylinus (formerly Acetobacter xylinum) or a related species. 
Over the following century, more acetic acid bacteria and additional Proteobacter were found 
to produce cellulose (reviewed in [2-3]). Cellulose-producing bacteria include a mixture of 
gut commensals, plant and animal pathogens (these are listed in Table 1), and all share soil as a 
common secondary habitat. It is likely that cellulose provides protection against physical 
disturbance, predation or other environmental stresses common to these diverse 
environments. The biochemistry of bacterial cellulose expression has been studied extensively 
for Gluconacetobacter, and this understanding has been used as a model for enteric bacteria and 
pseudomonads [4-5] (for a range of bacterial cellulose reviews, see [2-3, 6-9]). Experimental 
reports of bacteria expressing cellulose are increasing, as well as the annotation of putative 
cellulose synthase-like operons in bacterial whole-genome sequences, suggesting that an 
increasingly wider range of bacteria may be capable of producing cellulose. 

Our interest in bacterial cellulose began with the experimental evolution of the soil and 
plant-associated pseudomonad, Pseudomonas fluorescens SBW25 [10-12]. This resulted in a 
novel biofilm–forming adaptive mutant known as the Wrinkly Spreader (WS) and shown in 
Figure 1. Subsequent investigation of the WS phenotype identified partially-acetylated 
cellulose as the main matrix component of the biofilm. The pseudomonads are a highly 
diverse genus (see recent reviews by [13-14]), and biofilm-formation and cellulose-
expression are now known to be common amongst the water, soil, plant-associated and 

© 2013 Spiers et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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plant-pathogenic environmental pseudomonads [15]. However, the ecological role of 
cellulose and the fitness advantage it confers to these bacteria is poorly understood. 
 

Class Order Family Genus Key habitat 

Clostridia Clostridales Clostridiaceae Sarcina Mammalian 
intestine 
commensals 

α-Proteobacter Rhizobiales Rhizobiaceae Agrobacterium 
Rhizobium 

Plant pathogens 
Plant symbionts 

 Rhodospirillales Acetobacteraceae* Gluconacetobacter Rotting fallen 
fruits 

β-Proteobacter Burkholderiales Alcaligenaceae Alcaligenese Opportunistic 
human pathogens 

γ-Proteobacter Enterobacteriales Enterobacteriaceae† Enterobacter 
Escherichia 
Salmonella 
 

}Mammalian 
} intestinal 
} commensals  
and pathogens 

 Pseudomonadales Pseudomonadaceae Pseudomonas Water, soil and 
plant-associated, 
including plant, 
fungal and animal 
pathogens 

Adapted from [2-3]. *, Also known as the acetic acid bacteria; †,  Referred to here as the enteric bacteria. 

Table 1. Cellulose-expressing bacterial genera  

Here we provide a review of our work focussing on biofilm-formation and cellulose 
expression by SBW25 and other environmental pseudomonads. We do not provide an 
extensive list of primary literature or current reviews, but hope that the citations we have 
made will allow others to access the growing wealth of publications relevant to the subjects 
raised in this review. 

2. Bacterial assemblages and biofilms 

The formation of biofilms by bacteria is a key strategy in the colonisation of many 
environments, though biofilms are only one of a range of bacterial assemblages involved in 
this process. Bacterial assemblages range from isolated surface-attached bacteria, 
monolayers of associated bacteria forming micro-colonies, larger and more complex structures 
including differentiated biofilms, as well as poorly-attached or free-floating flocs and slime. At 
times the differences between assemblage types may be minor and will depend on local 
environmental conditions. These differences are frequently ignored by many who prefer the 
simple dichotomy of individual, free-swimming planktonic bacteria verses the structurally 
complex and genetically-determined biofilms. Here we use the term ‘biofilm’ to include 
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partially and fully-saturated aggregations growing on solid surfaces, as well as those that are 
poorly-attached or ‘free-floating’, after the early and broad definition of Costerton et al. [16].  

 
Figure 1. The Wrinkly Spreader mutant of Pseudomonas fluorescens SBW25. The Wrinkly Spreader 
(WS) mutant was isolated from evolving populations of wild-type SBW25 in static King’s B microcosms. 
(A) Wild-type SBW25 (left) grows throughout the liquid column; in comparison, the WS (right) occupies the 
air-liquid (A-L) interface by producing a robust biofilm 1-2mm thick. (B) Wild-type SBW25 (smooth and 
rounded) and WS (wrinkled) colonies are readily differentiated on agar plates. Images from A. Spiers. 

The importance of biofilms (aggregations) in nature is reflected by their prevalence in 
aquatic, soil, fungal, plant and animal ecosystems, and their role in many chronic human 
diseases and antibiotic resistance. Many natural biofilms are multi-species structures with 
complex interactions, and in earlier literature they were often referred to as zoogleal mats. 
Bacteria found within biofilms are profoundly different from those growing in suspension, 
differing in both gene expression and physiology and more resistant to desiccation, physical 
disturbance and predation. A range of biofilm reviews are provided by [16-31]. 

3. Archetypal ‘flow-cell’ biofilms 
Biofilm research has largely focussed on submerged, solid-liquid (S-L) interface biofilms to 
provide archetypal models of biofilm structure, function and allow genetic investigation (e.g. 
Pseudomonas aeruginosa PA01 flow-cell biofilms). In these, a surface-attached exopolysaccharide 
(EPS) polymer matrix-based structure develops away from the solid surface, into the flow of a 
nutrient and O2-rich growth medium, and where fluid flow and mass transfer affects biofilm 
development, structure and rheology (for reviews, see [19, 28-29]).  

Biofilm formation begins when planktonic bacterial cells initiate attachment to a solid 
surface. Attached bacteria start to move across the surface, grow and form micro-colonies, 
which then develop slowly into the mature biofilm structure in which bacterial cells are 
embedded in an exopolysaccharide polymer matrix. When conditions become 
unfavourable within the biofilm, single bacteria or large lumps of biofilm material detach 
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and move away to colonise new surfaces in more favourable environments (reviewed in 
[22]). Biofilms of mixed bacterial communities and of individual species that develop on 
solid surfaces exposed to a continuous flow of nutrients form a thick layer generally 
described as consisting of differentiated mushroom and pillar-like structures separated by 
water-filled spaces.  

A defining feature of many biofilms is the exopolysaccharide polymer ‘slime’ that 
encapsulate the bacteria and provide the main structural component or matrix of the biofilm 
[20, 22, 24-25]. Although generally assumed to be primarily composed of polysaccharides, 
e.g. alginate, PEL (a glucose-rich polymer) and PSL (a repeating pentasaccharide containing 
d-mannose, d-glucose and l-rhamnose) produced by P. aeruginosa PA01, PIA (a 28 kDa 
soluble linear (1-6)-N-acetylglucosamine) and related PNAG polymer produced by 
Staphylococcus aureus MN8m and S. epidermidis 13-1, and PIA-like polymers produced by 
Escherichia coli K-12 MG1655, biofilm matrices can also contain proteins and nucleic acids 
having significant structural roles (reviewed in [30]). Exopolysaccharides are typically 
viewed as a shared resource that provides a benefit to the biofilm community by 
maintaining structure, facilitating signalling, and protecting residents from predation, 
competition, and environmental stress [20, 22, 32-35]. 

A second characteristic common to many S-L interface biofilms has been the involvement of 
quorum sensing in micro-colony development, exopolysaccharide expression, and dispersal. 
For example, the quorum signalling molecule, acyl-homoserine lactone (AHL), functions as 
a signal for the development of P. aeruginosa PA01 and Pseudomonas fluorescens  B52 biofilms 
[36-37]. However, mathematical models based on O2 and nutrient transport (diffusion) 
limitation result in similar biofilm architecture (reviewed in [38]), suggesting biofilm 
development is equally sensitive to environmental conditions as it may be to genetically-
determined regulation. Although quorum sensing is important in the development of some 
biofilms, the bacterial community will exploit all available mechanisms to adapt to local 
environmental conditions. In order to further understand the development and role of 
biofilms, the local environment should be considered in terms of ecological landscape theory 
in which the spatial configuration of the biofilm biomass is shaped by multiple physical and 
biological factors [39]. It is therefore likely that biofilm formation is the net result of many 
independent interactions, rather than the result of a unique pathway initiating attachment 
and terminating with dispersal of mature biofilm communities. 

4. Air-liquid (A-L) interface biofilms 
In contrast to the archetypal S-L interface biofilms, bacterial biofilms also form at the air-
liquid (A-L) interface of static liquids and are sometimes referred to as ‘pellicles’ [30]. 
Perhaps the earliest experimental observations of these were made for Bacterium aceti and B. 
xylinum in 1886 [1, 40]. Both bacteria were isolated from beer undergoing acetic 
fermentation in which alcohol is converted into acetic acid. B. aceti, an acetic acid 
bacterium whose modern name is unclear, was found to produce a greasy-looking biofilm 
which varied in thickness from an ‘almost invisible film’ to a paper-thick structure 

 
Cellulose Expression in Pseudomonas fluorescens SBW25 and Other Environmental Pseudomonads 5 

depending on the growth medium [40]. In contrast, the B. xylinum isolate, which would 
probably now be recognised as a Gluconacetobacter spp. produced a ‘vinegar plant’ 
described as a jelly-like transparent mass at the bottom of the liquid, but under favourable 
conditions it could also produce a robust gelatinous A-L interface biofilm up to 25 mm 
thick [1]. 

Vinegar plants are generally a consortia of acetic acid bacteria and yeasts which produce a 
zoogleal mat or mixed-species biofilm, and were traditionally used to produce vinegar from 
beer, cider or wine. Acetic fermentation is initiated by a starter culture known as the 
‘mother’ and obtained from a previous vinegar in a process known as back-slopping [41]. A 
similar starter often referred to as a ‘tea fungus’ is used today to produce Kombucha, a 
carbonated cider-like drink from a sugary solution containing black tea (see the description 
given in [42]). Acetic acid bacteria, including Gluconacetobacter spp., can be isolated from 
these and similar consortia where they are responsible for the cellulose matrix-based biofilm 
(see an early review of the acetic acid bacteria by [43]). These artificially-maintained 
Gluconacetobacter spp. are probably better adapted to growth in static liquid conditions than 
environmental isolates recovered from rotting fallen fruit [44] and under the right 
conditions, some can produce a gelatinous ‘plug’ up to 20 mm deep in 10-12 days [45]. In 
these, cellulose expression and probably growth, is restricted to a thin 50-100 μm deep zone 
at the top, where it is limited by O2 diffusing from above and nutrients diffusing through the 
mature biofilm from below [45]. The growing biofilm is maintained in position by the 
accumulation of small CO2 bubbles and by pressing against the walls of the container as it 
develops. 

We expect that smaller-scale A-L interface biofilms might also occur in a wide range of 
natural environments, such as the partially-saturated fluid-filled pore networks of soils, in 
temporary puddles collecting on plants and other surfaces after rainfall, water-logged leaf 
tissues, or in small protected bodies of water such as ponds where the surface is not 
disturbed by wind or currents. In these environments, biofilm development would be 
restricted by a combination of nutrient availability, O2 diffusion, physical disturbance, as 
well as microbial competition and predation by protists and nematodes. 

A-L interface biofilms are readily produced in experimental static liquid-media microcosms 
[5, 11, 15], and an example of the P. fluorescens SBW25 Wrinkly Spreader A-L interface 
biofilm is shown in Figure 1. In a survey of environmental pseudomonads using nutrient-
rich liquid King’s B microcosms, we categorised A-L interface biofilms on the basis of 
phenotype and physical robustness into the physically cohesive (PC), floccular mass (FM), 
waxy aggregate (WA) and viscous mass (VM)-class biofilms [15, 46]. The characteristics of 
these biofilm-types are summarised in Table 2 (see also Figure 2). A-L interface biofilm 
formation appears to be an evolutionary deep-rooted ability amongst bacteria, presumably 
with significant ecological advantages. In experimental microcosms, increases in 
competitive fitness of biofilm-formers have been observed compared to non-biofilm–
forming strains, whilst the cost to being a biofilm-forming mutant in an environment not 
suited to these structures is also measurable [5, 47-49]. 
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liquid (A-L) interface of static liquids and are sometimes referred to as ‘pellicles’ [30]. 
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xylinum in 1886 [1, 40]. Both bacteria were isolated from beer undergoing acetic 
fermentation in which alcohol is converted into acetic acid. B. aceti, an acetic acid 
bacterium whose modern name is unclear, was found to produce a greasy-looking biofilm 
which varied in thickness from an ‘almost invisible film’ to a paper-thick structure 
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depending on the growth medium [40]. In contrast, the B. xylinum isolate, which would 
probably now be recognised as a Gluconacetobacter spp. produced a ‘vinegar plant’ 
described as a jelly-like transparent mass at the bottom of the liquid, but under favourable 
conditions it could also produce a robust gelatinous A-L interface biofilm up to 25 mm 
thick [1]. 

Vinegar plants are generally a consortia of acetic acid bacteria and yeasts which produce a 
zoogleal mat or mixed-species biofilm, and were traditionally used to produce vinegar from 
beer, cider or wine. Acetic fermentation is initiated by a starter culture known as the 
‘mother’ and obtained from a previous vinegar in a process known as back-slopping [41]. A 
similar starter often referred to as a ‘tea fungus’ is used today to produce Kombucha, a 
carbonated cider-like drink from a sugary solution containing black tea (see the description 
given in [42]). Acetic acid bacteria, including Gluconacetobacter spp., can be isolated from 
these and similar consortia where they are responsible for the cellulose matrix-based biofilm 
(see an early review of the acetic acid bacteria by [43]). These artificially-maintained 
Gluconacetobacter spp. are probably better adapted to growth in static liquid conditions than 
environmental isolates recovered from rotting fallen fruit [44] and under the right 
conditions, some can produce a gelatinous ‘plug’ up to 20 mm deep in 10-12 days [45]. In 
these, cellulose expression and probably growth, is restricted to a thin 50-100 μm deep zone 
at the top, where it is limited by O2 diffusing from above and nutrients diffusing through the 
mature biofilm from below [45]. The growing biofilm is maintained in position by the 
accumulation of small CO2 bubbles and by pressing against the walls of the container as it 
develops. 

We expect that smaller-scale A-L interface biofilms might also occur in a wide range of 
natural environments, such as the partially-saturated fluid-filled pore networks of soils, in 
temporary puddles collecting on plants and other surfaces after rainfall, water-logged leaf 
tissues, or in small protected bodies of water such as ponds where the surface is not 
disturbed by wind or currents. In these environments, biofilm development would be 
restricted by a combination of nutrient availability, O2 diffusion, physical disturbance, as 
well as microbial competition and predation by protists and nematodes. 

A-L interface biofilms are readily produced in experimental static liquid-media microcosms 
[5, 11, 15], and an example of the P. fluorescens SBW25 Wrinkly Spreader A-L interface 
biofilm is shown in Figure 1. In a survey of environmental pseudomonads using nutrient-
rich liquid King’s B microcosms, we categorised A-L interface biofilms on the basis of 
phenotype and physical robustness into the physically cohesive (PC), floccular mass (FM), 
waxy aggregate (WA) and viscous mass (VM)-class biofilms [15, 46]. The characteristics of 
these biofilm-types are summarised in Table 2 (see also Figure 2). A-L interface biofilm 
formation appears to be an evolutionary deep-rooted ability amongst bacteria, presumably 
with significant ecological advantages. In experimental microcosms, increases in 
competitive fitness of biofilm-formers have been observed compared to non-biofilm–
forming strains, whilst the cost to being a biofilm-forming mutant in an environment not 
suited to these structures is also measurable [5, 47-49]. 
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 Waxy aggregate 
(WA) 

Floccular mass 
(FM) 

Physically cohesive 
(PC) 

Viscous mass 
(VM) 

Occurrence Rare Common Common Common 

Structure Single-piece rigid 
and brittle 
structure 

Multiple flocs Single-piece flexible 
and elastic structure

Large viscous 
mass 

Strength Strong Medium Strong Weak 

Resilience Good, disruption 
produces smaller 
fragments 

Good, 
disruption 
produces flocs 
that are hard to 
destroy 

Very good, hard to 
break into smaller 
fragments 

Very poor, 
disruption 
solubilises the 
structure 

Attachment High Medium High Poor 

Matrix No evidence for 
EPS, possible cell-
to-cell interactions

Observed Observed Observed 

Biofilm attributes compiled from [15, 46, 73]. Strength, ability to withstand weight applied to the top of the biofilm; 
Resilience, response to applied physical disturbance such as gentle or vigorous mixing; Attachment, connection to the 
microcosm vial walls in the meniscus region; Matrix, evidence of EPS from behaviour of samples during microscopy; 
Cellulose, evidence from Calcofluor-staining and fluorescent microscopy. 

Table 2. Different classes of air-liquid (A-L) interface biofilms produced by environmental 
pseudomonads 

 
Figure 2. Air-liquid (A-L) interface biofilms. A-L interface biofilms produced by environmental 
pseudomonads can be categorised into four biofilm types according to visual phenotype, robustness 
and resistance to physical disturbance. These are the (A) Physically cohesive (PC), (B) Floccular mass 
(FM), (C) Waxy aggregate (WA), and (D) Viscous mass (VM) types. Shown are biofilms in static King’s 
B microcosms (left), after pouring into petri dishes (middle), and after vigorous mixing (right). Figure 
adapted from [15]. 
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5. Experimental evolution and the Wrinkly Spreader 

Many aspects of the ecological and mechanistic bases of evolution have been investigated by 
the experimental evolution of bacteria (reviewed in [50-52]). The adaptive radiation of the 
soil and plant-associated pseudomonad, P. fluorescens SBW25 [10, 12], has been investigated 
in some detail using experimental King’s B microcosms (see Figure 1) following the first 
report by Rainey and Travisano [11]. These can be incubated with shaking to provide a 
homogenous environment, or statically without physical disturbance to provide a 
heterogeneous environment. The initial wild-type SBW25 colonists of static microcosms 
rapidly establish a gradient in which O2 drops to < 0.05% of normal levels below a depth of 
200μm [53]. This gradient produces heterogeneity in the microcosm and defines three niches 
for colonisation and adaptation: the A-L interface, the liquid column, and the vial bottom. In 
contrast, microcosms subject to constant and vigorous mixing do not develop an O2 gradient 
or different niches. Wild-type SBW25 rapidly radiates to produce a range of phenotypically 
distinguishable mutants (morphs or morphotypes) to occupy the different niches [11]. This 
diversification is reproducible and occurs rapidly, typically within ~100 generations and 1-3 
days. The main morphotypes recovered from evolving populations of wild-type SBW25 in 
static microcosms include the Wrinkly Spreaders (WS) which produce a wrinkled colony 
morphology and colonise the A-L interface through the formation of a biofilm (Figure 1); the 
Smooth (SM) morphs, including wild-type SBW25, which produce round, smooth colonies 
and colonise the liquid column, and the Fuzzy Spreaders (FS) which are characterised by 
fuzzy-topped colonies and colonise the anoxic bottom of static microcosms [11].  

In an effort to understand the mechanistic basis of the adaptive leap of wild-type SBW25 
from the liquid column-colonising SM-morph to the WS A-L interface niche specialist, the 
underlying molecular biology of the WS phenotype was investigated. This work, described 
in the following section, ultimately showed that the evolutionary innovation was the use of 
cellulose to produce a physically robust and resilient biofilm which allowed the colonisation 
of the A-L interface. Competitive fitness experiments have demonstrated that the WS has a 
significant fitness advantage over non-biofilm–forming strains in static microcosms [5, 11, 
49]. Simplistically, WS cells were able to intercept O2 diffusing across the A-L interface from 
the atmosphere before non-biofilm–forming competitors could do so lower down the liquid 
column, and as a result, WS populations could grow more rapidly than non-WS populations 
[53]. In contrast however, the WS do not enjoy a fitness advantage in shaken microcosms 
where the O2 concentrations are uniform or on agar plates where the WS phenotype is 
unstable [5, 48-49].  

6. Cellulose expression in P. fluorescens SBW25 

In order to understand the underlying mechanistic basis of the WS phenotype, a mini-
transposon screening approach using mini-Tn5 was adopted to identify critical genes and 
pathways [5]. Mini-transposon insertions typically destroy the function of the targeted gene, 
and the disruption of critical genes in the WS would be expected to result in mutants that 
produced rounded, smooth (SM)-like colonies rather than the typical WS colony. Plates 
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rapidly establish a gradient in which O2 drops to < 0.05% of normal levels below a depth of 
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underlying molecular biology of the WS phenotype was investigated. This work, described 
in the following section, ultimately showed that the evolutionary innovation was the use of 
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of the A-L interface. Competitive fitness experiments have demonstrated that the WS has a 
significant fitness advantage over non-biofilm–forming strains in static microcosms [5, 11, 
49]. Simplistically, WS cells were able to intercept O2 diffusing across the A-L interface from 
the atmosphere before non-biofilm–forming competitors could do so lower down the liquid 
column, and as a result, WS populations could grow more rapidly than non-WS populations 
[53]. In contrast however, the WS do not enjoy a fitness advantage in shaken microcosms 
where the O2 concentrations are uniform or on agar plates where the WS phenotype is 
unstable [5, 48-49].  
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In order to understand the underlying mechanistic basis of the WS phenotype, a mini-
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pathways [5]. Mini-transposon insertions typically destroy the function of the targeted gene, 
and the disruption of critical genes in the WS would be expected to result in mutants that 
produced rounded, smooth (SM)-like colonies rather than the typical WS colony. Plates 
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containing hundreds or thousands of WS colonies could be easily screened for a few SM-like 
colonies which could then be isolated for further examination.  

This approach allowed the identification and sequencing of the SBW25 wss operon 
containing ten genes (wssA-J) required for the WS phenotype and is shown in Figure 3 (wss 
is an acronym for WS structural locus, responsible for the production of the main structural 
component required for the WS phenotype) [5]. Overall, the wss operon showed strong 
similarity to the cellulose biosynthetic clusters originally identified as the acs operon in 
Gluconacetobacter hansenii (formerly Acetobacter xylinus) ATCC 23769 [54] and subsequently 
annotated as the yhj operon in the whole-genome sequence of Escherichia coli K-12 [55]. Most 
acs (Acetobacter cellulose-synthesizing) homologues are now referred to as bcs (bacterial 
cellulose synthesizing) genes as we do here (yhj has no meaning). The degree of homology 
between the wss, bcs and yhj genes at the amino acid level strongly suggested that the 
SBW25 wss operon encoded a functional cellulose synthase, and the predicted functions of 
the Wss proteins are listed in Table 3.  

 
Figure 3. Structure of the cellulose biosynthesis operon. The Pseudomonas fluorescens  SBW25 cellulose 
synthase is encoded by the wss operon (wssA-J, black arrows). The core synthase is composed of 
WssBCDE subunits and the associated acetylation activity produced by WssFGHI. WssA and WssJ may 
be involved in the correct cellular localisation of the Wss complex, though WssJ is functionally 
redundant. The locations of key mini-Tn5 transposon insertions are indicated (open triangles). WS-1, 13, 
22, 15 & 25 mutants are unable to express cellulose. WS-18, 9 & 6 mutants express un-acetylated 
cellulose. Upstream of the wss operon is tRNAThr and downstream a hypothetical protein of unknown 
function (grey arrows). Scale bar: 1 kb. Figure adapted from [5]. 

However, the SBW25 wss operon showed two notable differences to the G. xylinus bcs and E. 
coli yhj operons. First, the wss operon contains two MinD-like homologues, WssA and WssJ, 
not previously recognised as having a role in cellulose synthesis. WssJ shows 51% identity at 
the amino acid level with WssA, but only short sections of similarity at the nucleotide level 
and does not appear to be a simple repeat of the wssA gene sequence. As MinD is involved 
in cell division and determining cell polarity [56], WssA and WssJ were proposed to ensure 
the correct spatial localization of the cellulose synthase complex at the cell poles [5]. 
Subsequently, the WssA-homologue, YhjQ (BcsQ), has been shown to be essential for this in 
E. coli K-12 [57]. Secondly, the wss operon includes three genes, wssGHI, that shares 
homology with the alginate acetylation proteins of P. aeruginosa FRD1, AlgFIJ [58]. 

In order to demonstrate that the SBW25 wss operon encoded a functional cellulose synthase, 
and to determine the role of the alginate acetylation-like wssGHI genes, cellulose expression 
in the WS and mini-Tn5 mutants was examined by a variety of techniques, including Congo 
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red colony staining, fluorescent microscopy, enzymatic digestion and structural analysis of 
purified matrix material [5,  59-60]. 
 

Protein (synonyms) Function (Accession No.) 

WssA (BcsQ, YhjQ) Cellulose synthase-associated positioning subunit (CAY46577.1):
MinD–like ATPase involved in the appropriate spatial localisation of
the cellulose synthase complex.  

WssB (BcsA, YhjO) Cellulose synthase subunit (CAY46578.1): catalytically-active subunit
responsible for the polymerisation of UDP-Glucose into cellulose.
Predicted integral transmembrane protein, contains conserved D
residue, QXXRW, HAKAGN and QTP motifs, a PilZ domain. Binds
c-di-GMP. 

WssC (BcsB, YhjN) Cellulose synthase subunit (CAY46579.1): unknown function
(originally thought to bind c-di-GMP). Often fused with WssB. 

WssD (Orf1, YhjM) Cellulose synthase subunit (CAY46580.1): Endo-1,4-D-glucanase (D-
family cellulase). 

WssE (BcsC/S, YhjI) Cellulose synthase subunit (CAY46581.1): unknown function.
Includes a putative signal peptide.  

WssF (BcsX) Cellulose synthase-associated acetylation subunit (CAY46582.1):
suggested function is to present acyl groups to WssGHI. 

WssG Cellulose synthase-associated acetylation subunit (CAY46583.1):
AlgF-like protein involved in the acetylation of cellulose. Includes a
putative signal peptide. 

WssH Cellulose synthase-associated acetylation subunit (CAY46584.1):
AlgI-like protein involved in the acetylation of cellulose. Predicted
integral transmembrane protein. 

WssI Cellulose synthase-associated acetylation subunit (CAY46585.1):
AlgJ-like protein involved in the acetylation of cellulose. Localised to
the periplasm. 

WssJ Cellulose synthase-associated positioning subunit (CAY46586.1):
MinD-like ATPase like WssA but apparently functionally redundant. 

G. xylinus Bcs and E. coli Yhj synonyms are provided in parentheses. Function suggested from Wss experiments and 
Wss homologue investigations. AlgFIJ homologues are from P. aeruginosa FRD1 [58]. 

Table 3. Predicted functions of the Pseudomonas fluorescens SBW25 Wss proteins 

The diazo dye, Congo red (CR), had been used previously to stain bacterial colonies 
expressing cellulose [61], and we used this technique to show that WS, WS-18, WS-6 and 
WS-9, but not WS-1, WS-13, WS-22, WS-15 and WS-25 mutants, appeared to express 
cellulose on King’s B plates [5, 59]. WS and WS-18 biofilm material were subsequently 
stained with the more specific fluorescent dye, Calcofluor, and examined by fluorescent 
microscopy (Figure 4). This showed that the biofilm was dominated by an extensive 
network of extracellular cellulose, with fibres ranging from 0.02 μm to over 100 μm thick. In 
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coli yhj operons. First, the wss operon contains two MinD-like homologues, WssA and WssJ, 
not previously recognised as having a role in cellulose synthesis. WssJ shows 51% identity at 
the amino acid level with WssA, but only short sections of similarity at the nucleotide level 
and does not appear to be a simple repeat of the wssA gene sequence. As MinD is involved 
in cell division and determining cell polarity [56], WssA and WssJ were proposed to ensure 
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Subsequently, the WssA-homologue, YhjQ (BcsQ), has been shown to be essential for this in 
E. coli K-12 [57]. Secondly, the wss operon includes three genes, wssGHI, that shares 
homology with the alginate acetylation proteins of P. aeruginosa FRD1, AlgFIJ [58]. 

In order to demonstrate that the SBW25 wss operon encoded a functional cellulose synthase, 
and to determine the role of the alginate acetylation-like wssGHI genes, cellulose expression 
in the WS and mini-Tn5 mutants was examined by a variety of techniques, including Congo 
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red colony staining, fluorescent microscopy, enzymatic digestion and structural analysis of 
purified matrix material [5,  59-60]. 
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WssB (BcsA, YhjO) Cellulose synthase subunit (CAY46578.1): catalytically-active subunit
responsible for the polymerisation of UDP-Glucose into cellulose.
Predicted integral transmembrane protein, contains conserved D
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places, the fibres appeared to form large clumps of material and in other places forming thin 
films, with bacterial cells associated with the fibres and found within the voids [59]. In 
comparison, in colonies the cellulose fibres appear to collect above the mass of the colony 
(Figure 5). Scanning electron microscopy images of WS biofilms suggest a lattice-work of 
pores (Figure 6) which might be the result of constant growth at the top surface of the 
biofilm which slowly displaces older strata deeper into the liquid column [53]. Rough 
calculations of the density of WS biofilms suggest that they were > 97% liquid, which is in 
agreement with the finding that microbial amorphous celluloses are very hydrophilic, with 
gels having a water holding capacity of 148 – 309 g water / g dry cellulose [62-63]. Recent 
rheological tests have shown that the WS biofilm structure is a classic viscoelastic solid (gel-
like) material (AK & AJS, unpublished observations). The structural integrity of WS biofilms 
could be destroyed by incubation with cellulase, adding support to initial conclusions that 
the major matrix component of the WS biofilm, expressed by the wss operon, was cellulose 
or a cellulose-like polymer [5, 59]. 

 
Figure 4. Fluorescent microscopy of WS biofilms. The cellulose fibre matrix of the Wrinkly Spreader 
(WS) biofilm can be visualised by staining with Calcofluor and fluorescent microscopy. Shown are two 
images showing the highly hydrated and fibrous nature of the WS biofilm. Scale bar: 100 μm. Images 
from A. Spiers. 

WS and WS-18 biofilms were subsequently purified in order to determine the chemical 
identity of the matrix component. Carbohydrate analysis indicated that both samples 
contained ~75% glucose (Glu) and ~25% rhamnose (Rha) [59]. The latter could be explained 
as coming from contaminating Rha-containing A-band LPS which is highly conserved 
amongst the pseudomonads [64]. Linkage analyses of derivatized WS samples by GC-MS 
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identified a major peak corresponding to 4-Glu, and minor peaks corresponding to 2,4-Glu, 
3,4-Glu and 4,6-Glu, which is consistent with a (1-4)-linked glucose polymer, i.e. cellulose. 
In contrast, the WS-18 material did not contain 2,4-Glu, 3,4-Glu or 4,6-Glu derivatives, 
suggesting that the wss alginate acetylation-like genes were responsible for the acetylation of 
glucose residues at the 2, 3, and 6 Carbon positions. This was further supported by [1H]-
NMR analysis which confirmed the presence of acetylated hexose residues in the WS 
extract, with 14% of the glucose residues estimated to be modified with one acetyl group 
[59]. Although cellulose is readily acetylated by chemical treatment, we are not aware of any 
other reports of biologically-produced acetylated cellulose. 

 
Figure 5. Inducing cellulose expression with c-di-GMP. An increase in c-di-GMP levels can induce 
cellulose expression in some pseudomonads. Shown are confocal laser scanning microscopy (CLSM) 
images of colony material from (A) Pseudomonas fluorescens SBW25 and (B) P. syringae DC3000 
expressing the constitutively-active DGC response regulator WspR19 in trans which increases c-di-GMP 
levels, visualised with Calcofluor for cellulose (blue) and ethidium bromide for bacteria (red). Scale bar: 
10 μm. Images from O. Moshynets. 

The partial acetylation of the cellulose fibres expressed by the WS clearly had an impact on 
colony morphology and biofilm strength. Colonies produced by WS-18 were readily 
differentiated from WS and wild-type SM-like colonies, whilst the WS-18 biofilm was ~ 4x 
weaker than the partially-acetylated structure produced by the WS, suggesting that 
acetylation increased the connectivity of cellulose fibres within colonies and the biofilm 
matrix [59-60]. Incubation with EDTA reduced WS-18 biofilm strength, whilst incubation 
with some diazo dyes increased WS-18 biofilm strength compared to WS biofilms, 
suggesting that fibre interactions could be altered by sequestering Mg2+ and coating 
cellulose fibres with dyes [60]. A lipopolysaccharide-deficient mutant which produces a 
very weak biofilm compared to both WS-18 and WS, was also affected by EDTA and diazo 
dyes, indicating that the partially-acetylated cellulose fibres also interacted with the 
lipopolysaccharide on the surface of cells or associated with cell debris to further strengthen 
the biofilm structure [60]. 
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Individual cellulose polymers can also interact directly to produce a number of different 
forms or allomorphs. G. xylinus produces two crystalline allomorphs, known as cellulose I 
and II, which requires the cellulose synthase-associated BcsD subunit that couples cellulose 
polymerisation and crystallization [54, 65]. However, SBW25 lacks a BcsD homologue and 
therefore can only produce non-crystalline amorphous cellulose. 

 
Figure 6. WS biofilm ultrastructure. Scanning electron microscopy (SEM) images of Wrinkly Spreader 
(WS) biofilms suggest a porous but robust structure. Shown here are a series of SEM images of 
decreasing magnification, from (A) single cells to (F) large pieces of biofilm. Images were obtained after 
freeze-drying and shadowing with gold. Scale bars: A & B, 1μm; C – F, 10 μm. Images from O. 
Moshynets. 

Following the analysis of the WS mini-Tn5 mutants, a further round of mini-transposon 
mutagenesis was undertaken using ISphoA/hah [66]. This mini-transposon allowed both the 
impact of polar and non-polar insertions to be assessed; the former destroy the function of 
the disrupted gene as well as any down-stream expression, whilst the latter destroys gene 
function but leaves down-stream expression unaffected (this is possible after Cre-mediated 
deletion of the central portion of the ISphoA/hah cassette which leaves a 63-codon in-frame 
insertion). WS ISphoA/hah mutants were recovered for each of the wss genes, except wssJ. 
Each of the polar ISphoA/hah insertions and corresponding non-polar Cre-deletions in wssA-
E resulted in the loss of cellulose expression, whilst polar and non-polar mutants in wssF-I 
resulted in a WS-18–like phenotype [47, 59]. Finally, a WS wssJ deletion mutant was 
constructed and shown to have no impact on cellulose expression, suggesting that the final 
gene of the wss operon might be functionally redundant [47]. 

 
Cellulose Expression in Pseudomonas fluorescens SBW25 and Other Environmental Pseudomonads 13 

Examination of other mini-Tn5 mutants also lead to the identification of the wsp regulatory 
operon of seven genes, wspA-E & R (wsp is an acronym for WS phenotype locus, responsible 
for the regulation of the WS phenotype) [67]. The function of these have been modelled on 
the Escherichia coli Che chemosensory system (reviewed in [68]) to provide a mechanistic 
explanation of the induction of the WS phenotype [67] (a schematic of this is shown in 
Figure 7). In this the methyl-accepting chemotaxis protein (MCP) WspA forms a membrane-
bound complex with two scaffold proteins, WspB and WspD, plus the histidine kinase 
WspE. In the absence of an appropriate environmental signal, the complex is silent and does 
not activate the associate response regulator, WspR, by phosphorylation. The system is 
controlled by a negative feedback loop mediated by the WspC methyltransferase and WspF 
methylesterase. WspC constitutively antagonises WspF, and in wild-type SBW25 the 
activities of the two are balanced, preventing the activation of WspR and allowing the Wsp 
complex to oscillate between active and inactive states. WspR is a di-guanylate cyclase 
(DGC) response regulator, and the phosphorylated active form, WspR-P, synthesizes c-di-
GMP (bis-(3'-5')-cyclic dimeric guanosine monophosphate) from GTP [69]. In this model, we 
hypothesised that mutations in WspR which stimulated DGC activity without requiring 
phosphorylation, or mutations inhibiting WspF function, would result in an increase in c-di-
GMP production. This would then lead to the activation of the WS phenotype through the 
direct stimulation of the cellulose synthase complex, rather than up-regulated wss transcription 
[5] (the second component required for the WS phenotype, the pilli-like attachment factor, has 
not yet been identified and it is not known how it might be regulated by c-di-GMP). Several 
mutants of WspR had been engineered, and the effect of the constitutively-active mutant 
WspR19 [70] on cellulose expression by wild-type SBW25 is shown in Figure 5. 

This model for the activation of the WS phenotype has been confirmed through the 
identification and testing of WspF mutations found in a number of independently-isolated 
Wrinkly Spreaders [67]. Interestingly, no naturally occurring WspR mutants have been 
identified yet, despite the fact that engineered WspR mutants like WspR19 were found to 
show the predicted phenotype [60, 69-71]. Mutations in other operons leading to the 
activation of the AwsR and MwsR DGCs can also induce the WS phenotype [47, 72]. These 
different routes activating the WS phenotype can be seen as an example of parallel evolution 
leading to new A-L interface biofilm-forming genotypes in static microcosms [72].  

During the molecular investigation of the WS phenotype, the non-biofilm–forming wild-
type SBW25 was modified by the insertion of a constitutive promoter to increase the levels 
of wss operon transcription. This mutant, JB01, was found to produce a very weak biofilm, 
poorly attached to the microcosm vial walls and to express similar amounts of cellulose as 
the WS [5, 60]. Subsequently, we found that wild-type SBW25 could be non-specifically 
induced by exogenous Fe to produce a phenotypically-similar biofilm referred to as the VM 
biofilm [73] (see below for a description of Viscous mass (VM)-class biofilms). However, VM 
biofilm-formation was not the result of an increase in wss transcription, and as yet, no link has 
been identified between Fe regulation and cellulose expression. We speculate that the 
induction of the VM biofilm is due to a minor perturbation of the Wsp system or the cellulose 
synthase complex itself that allows activation despite sub-critical levels of c-di-GMP. 
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Figure 7. Activation of the WS phenotype. The Wrinkly Spreader (WS) phenotype is controlled by the 
membrane-associated Wsp complex and associated DGC response regulator WspR. (A) In wild-type 
Pseudomonas fluorescens SBW25, when an appropriate environmental signal is received the Wsp complex 
phosphorylates WspR which then results in the production of c-di-GMP. However, in the absence of 
signal, the Wsp complex is silent and c-di-GMP levels remain low. (B) In the Wrinkly Spreader a 
mutation in a Wsp subunit (WspF) alters the sensitivity of the Wsp complex such that it activates WspR 
in the absence of the environmental signal. The resulting increase in c-di-GMP activates the membrane-
associated cellulose synthase complex to produce cellulose, and also activates the unidentified 
attachment factor that is also required for the WS phenotype.  

7. Biofilm formation and cellulose expression amongst other 
pseudomonads 

Having discovered that P. fluorescens SBW25 could express cellulose in the WS biofilm (and 
subsequently in the VM biofilm), we were interested to see if related environmental 
pseudomonads could produce similar cellulose-matrix–based A-L interface biofilms. We 
therefore undertook a survey of environmental pseudomonads, including water, soil, plant-
associated and plant pathogenic isolates (we did not include human or other animal 
pathogens in this survey) [15]. The ability of each to produce an A-L interface biofilm was 
assessed in static King’s B liquid media microcosms. Importantly, this assay did not 
differentiate between isolates that constitutively produced biofilms, with those that might 
utilise quorum sensing-like signalling to initiate biofilm-formation, or those that had 
mutated into a biofilm-forming genotype. Of the 185 environmental pseudomonads tested, 
76% were found to produce observable biofilms within 15 days incubation. The phenotypes 
of these were variable, with biofilm strengths ranging 1500x, but could be categorised into 
the physically-cohesive (PC), floccular mass (FM),  waxy aggregate (WA) and viscous mass 
(VM)-class biofilms described in Table 2 (see also Figure 2) [15, 46].  
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Calcofluor-fluorescent microscopy identified cellulose as the matrix component of 20% of 
the biofilm-forming isolates, indicating that at least seven Pseudomonas species were capable 
of expressing cellulose under the conditions tested. These included P. corrugata (tomato 
pathogens), P. fluorescens (plant-associated isolates), P. marginalis (alfalfa and parsnip 
pathogens), P. putida (rhizosphere and soil isolates), P. savastanoi (olive pathogens), P. stutzeri 
(represented by a single clinical isolate), and P. syringae (celery, cucumber, tobacco, and tomato 
isolates or pathogens) (isolates from another eleven Pseudomonas spp. were tested, including P. 
aeruginosa PA01 and PA14, and were not found to produce cellulose). For two of the cellulose-
expressing isolates, P. putida KT2440 and P. syringae DC3000, the whole genome sequences 
were available and SBW25 wss-like cellulose synthase operons had been annotated [74-75], 
though no experimental reports of either expressing cellulose had been made. 

Many environmental pseudomonads can also be induced to form A-L interface biofilms and 
to express cellulose using WspR19. When expressed in trans in wild-type SBW25 it produces 
the WS phenotype [60, 70], though in other pseudomonads the impact was found to be more 
variable. In a test of 16 pseudomonads known to form biofilms and express cellulose, WspR19 
was found to significantly increase biofilm attachment, strength, and cellulose expression in P. 
fluorescens 54/96, P. syringae DC3000, P. syringae T1615 and P. syringae 6034 [15] (WspR19 
induction of cellulose production by SBW25 and DC3000 is shown in Figure 5). WspR19 also 
induced a WS-like phenotype in P. putida KT2440, despite the fact that biofilm-formation or 
cellulose expression in this pseudomonad had not been observed in the initial survey 
(cellulose expression was subsequently reported for both wild-type and WspR19-carrying 
strains under different experimental conditions by [76]). Similarly, nine of ten non-biofilm–
forming and non-cellulose expressing P. syringae isolates were found to produce biofilms 
when induced with WspR19, and two of these also expressed detectable levels of cellulose [15]. 
These findings suggest that biofilm-formation and cellulose expression in pseudomonads 
closely related to P. fluorescens SBW25 are probably controlled by the same c-di-GMP–
mediated regulatory system or are sensitive to non-specific increases in c-di-GMP levels. 
 

Habitat (sample size) A-L interface biofilms Evidence of cellulose 

Plant pathogens (n = 57) 6% 26% 
Plant & soil associated (n = 28) 82% 39% 
Scottish soil (n = 73)a 95% 76%* 
River (n = 57) 82% 5% 
Indoor & outdoor ponds (n = 50)b 94% 56% 
Pitcher plants (Sarracenia spp.) (n = 50)c 74% 68% 
Spoilt cold-stored meat (n = 60)d 77% 28% 
Mushroom pathogens (n = 26)e 77% 69% 

* Estimated from a sub-sample of 25 isolates. Data compiled from [15] and unpublished research from a, R. Ahmed, 
AK & AJS; b, B. Varun, AK & AJS; c, D.S. Kumar, AK & AJS; d, M. Robertson & AJS; and e, AK & AJS. 

Table 4. Prevalence of A-L interface biofilm formation and cellulose expression amongst environmental 
pseudomonads 
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We have conducted additional surveys of pseudomonads isolated from other habitats, 
including pond water, pitcher plant (Sarracenia spp.) deadfall trap-water, spoilt cold-stored 
meat and mushrooms (Table 4). These confirm the wide-spread ability of environmental 
pseudomonads to form A-L interface biofilms and to express cellulose under the 
experimental conditions used previously [15]. It is also evident that pseudomonads are 
capable of producing a wide range of EPS in addition to cellulose, including alginate, levan, 
marginalan, PEL, PSL, and a number of other polymers, which may be utilised as biofilm 
matrix components [77-80]. 

8. Distribution of wss-like cellulose synthase operons amongst the 
proteobacteria  

We are undertaking a bioinformatics analysis of all publicly-available fully-sequenced 
bacterial genomes in order to determine the phylogenetic distribution and structural 
variation of P. fluorescens SBW25 wss-like cellulose biosynthetic operons amongst the 
proteobacteria. Protein (TBLASTN) homology searches were run against the GenBank 
complete genome database [81] using the SBW25 Wss proteins as the query sequences in 
October of 2011. From this, we have identified over 50 bacteria with gene clusters that 
showed significant protein sequence homology (≥ 25% ID) to three or more Wss proteins, 
including a minimum of two key cellulose synthase subunits, WssB, WssC, or WssE. 
Putative SBW25 wss-like operons were then manually curated for accuracy to provide Wss 
homologue protein sequences and operon structures. Phylogentic trees were constructed 
using the multiple sequence alignment program ClustalW 2.0 [82], and neighbour-joining 
and minimal evolution methods implemented by Geneious 5.5.5 (Biomatters Ltd, NZ).  

Although this bioinformatics analysis is on-going and the final results expected to be 
published elsewhere, we make the following preliminary observations. First, whilst wssB 
tends to be followed by wssC in the wss-like cellulose synthase operons as found previously 
[5, 8, 83], there are examples within the Burkholderia and in Cupriavidus metallidurans CH34 
where wssB is separated from the rest of the operon. Second, we note that only the P. 
fluorescens SBW25 and P. syringae DC3000 wss operons include the wssG-I alginate 
acetylation-like genes, but not the closely-related pseudomonad P. putida KT2440. This 
suggests that DC3000 may also be able to express partially-acetylated cellulose, and that 
wssF-I genes may be narrowly restricted to the P. fluorescens–syringae complex. Third, there 
is considerable variation in cellulose synthesis operon structure amongst the 
Enterobacteriacea, with many having two clusters of genes (e.g. Erwinia billingiae Eb66, 
Klebsiella pneumoniae MGH78578, Pantoea sp. At-9b). Many enteric bacteria also include the 
additional genes bcsEFG which have no wss homologues (e.g. Escherichia coli K-12 MG1655, 
Salmonella enterica Typhimurium LT2, Vibrio fisheri MJ11). These have been reported to be 
associated with cellulose production in Salmonella enteritidis 3934 [4]. However, Escherichia 
coli K-12 DH10B contains only bcsFG, raising the possibility that bcsE-G are not essential for 
cellulose production in these bacteria. Although the Gluconacetobacter are not closely related 
to the enteric bacteria, we note that G. xylinus NBRC 3288 has a small wssBCE operon plus a 
larger wssDBCE operon. It is possible that such duplications might enable higher levels of 
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cellulose expression under some environmental conditions, or that such gene duplications 
may persist for some time before deletion.  

Finally, the clustering of WssB homologue sequences (Figure 8) generally follows the 16S 
phylogenetic relationships between bacteria. However, we are surprised to find that P. 
fluorescens SBW25 and P. syringae DC300 cluster with many of the Burkholderia and 
Xanthomonas, whilst P. putida and P. stutzeri strains cluster with the enteric bacteria. We have 
yet to compare the clustering patterns of the WssC, WssD and WssE homologues, where 
conserved patterns may reflect different functional roles for cellulose and host lifestyles, 
whilst aberrant placements of single proteins might reflect the random mutation of a 
phenotype no longer of functional value or under positive selection. 

 
Figure 8. Cladogram of WssB homologues. The structure of the WssB cladogram is similar to that 
constructed using 16s rRNA sequences, with the enteric bacteria and pseudomonads forming two 
distinct clusters. Within the pseudomonads, the P. fluorescens-syringae complex has diverged earlier than 
the P. putida-stutzeri group. The cladogram was constructed using Geneious 5.5.5 (Biomatters Ltd, NZ) 
default parameters after multiple sequence alignment of 58 WssB proteins by ClustalW 2.0 [82].  
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9. Ecological role and fitness advantage of cellulose 

Attempts to understand the importance of cellulose expression by P. fluorescens SBW25 in 
soil and the phytosphere have involved investigation of the regulators controlling wss 
operon transcription [5, 84], and measurement of fitness advantage using plant microcosms 
[85]. Cellulose expression is clearly regulated at two levels in SBW25. First, the activity of the 
cellulose synthase complex is regulated by c-di-GMP levels, but it is not known what 
environmental signals control WspR, other DGCs or their antagonists, though c-di-GMP is 
known to be involved in a range of surface colonisation and pathogenicity systems in a 
variety of bacteria (reviewed in [86-87]). Second, cellulose expression is regulated at the level 
of wss operon transcription, with mini-transposon analysis identifying AlgR, AwsR and 
WspR as positive regulators, and AmrZ and FleQ as negative regulators [5, 84].  

AwsXR was a previously unrecognised regulatory system, first identified in SBW25 where 
the mutational activation of the DGC AwsR results in the WS phenotype [47, 72], though the 
normal means of regulating AwsR activity remains unknown. FleQ is a c-di-GMP–
responsive transcriptional regulator, and in P. aeruginosa PA01 it controls the hierarchical 
regulatory cascade for flagella biosynthesis and the repression of the PEL biosynthesis genes 
[88-89]. AlgR and AmrZ (also referred to as AlgZ) are transcription factors involved in the 
regulation of a number of systems including alginate biosynthesis and twitching motility 
[79, 90]. It is possible that AlgR, AmrZ, and AwsR directly repress SBW25 wss transcription, 
whilst AwsX, FleQ, and WspR act indirectly to regulate transcription and therefore cellulose 
expression [84]. However, no environmental signals have been identified that induce 
cellulose expression via these repressors. 

Sugar beet (Beta vulgaris) seedlings have been used to determine the competitive fitness 
advantage cellulose-expression may provide wild-type SBW25 compared to a cellulose-
deficient mutant [85]. In these experiments, seeds were first inoculated with a mixture of 
wild-type SBW25 and SM-13, a mutant containing a mini-Tn5 insertion cassette derived 
from WS-13 [5]. These were then germinated and grown for four weeks in an artificial soil 
substrate. Bacteria were then recovered from the stems and leaves (the phyllosphere), from 
roots and adherent vermiculite (the rhizosphere), and from un-planted containers (‘bulk 
soil’) to allow the calculation of competitive fitness (W) [91] (we report W for SM-13 cf wild-
type SBW25 here for clarity). In the phyllosphere and rhizosphere, SBW25 was found to 
have a significant fitness advantage over SM-13, with W ≈ 1.8 and W ≈ 1.11, respectively, but 
not in bulk soil where W ≈ 1.05. These findings suggest that the appropriately-controlled 
expression of cellulose by wild-type SBW25 provides some benefit on plant surfaces. It is 
possible that the mechanistic nature of this benefit may be an improved tolerance to water-
limiting conditions rather than resistance to physical disturbance and predation, as the 
seedlings were watered using a tray rather than from a sprinkler, and vermiculite was used 
instead of natural soil.  

Comparisons of the survival of wild-type SBW25 and a cellulose-deficient mutant similar to 
SM-13 under water-limiting conditions have shown that the loss of cell viability is faster for 
the mutant than for wild-type SBW25 (A Koza & A Spiers, unpublished observations). A 
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similar observation has been made for P. putida mt-2 (the progenitor of KT2440) where water 
stress was also found to increase cellulose expression [76]. Many bacteria respond to 
desiccation by producing exopolysaccharides, many of which are hygroscopic and retain 
water entropically [92], and amorphous cellulose is more hygroscopic and retains more 
liquid than crystalline cellulose [62]. Support for an anti-predation role for cellulose comes 
from the finding that the competitive fitness of WS genotypes in static microcosms increases 
in the presence of the grazing protist Tetrahymena thermophile [93]. 

10. Concluding statement 
Bacterial cellulose production and air-liquid (A-L) interface biofilm-formation was first 
described 1886 for Bacterium xylinum, and subsequently observed by ourselves and 
colleagues in the evolution of the Pseudomonas fluorescens SBW25 Wrinkly Spreader (WS) 
some 116 years later. It is clear that this type of biofilm-formation is common-place amongst 
the environmental pseudomonads, many of which also utilise cellulose as the main matrix 
component of the biofilm. The fitness advantage of cellulose matrix-based biofilm-formation 
by SBW25 in static microcosms is well-proven, but the fitness in natural environments, and 
the true function of cellulose, is poorly researched and not yet understood. It may be that 
bacterial cellulose is used to form small biofilms in water bodies, acting to retain bacteria at 
the A-L interface or to maintain them on solid surfaces against water flow. Appositely, 
cellulose fibres may resist desiccation stress in water-limited environments, or even provide 
protection from protist and nematode predation. It is of course possible that cellulose 
performs a number of functions, which might explain the wide distribution of cellulose 
synthase operons amongst the Proteobacter inhabiting a diverse array of environments.  
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1. Introduction 

Cellulose is the most abundant natural linear polymer. It consists of 1,4-linked-β-D-glucose 
units and is known to exist in the following distinct allomorphs: I (from algae and bacteria), 
I (from superior plants), II (the most stable form produced by mercerization), IIII and IIIII 
(prepared from ammonia at -30 ºC), and IVI and IVII (produced at 260 ºC in glycerol). Each 
allomorph differs in its physicochemical properties [1,2]. Cellulose III is formed when native 
cellulose is treated with liquid ammonia at low temperatures, whereas cellulose IV is 
obtained by treatment of regenerated cellulose at high temperatures (Figure 1) [3]. However, 
the last two forms have no pharmaceutical applications. 

Of these, the cellulose I (MCCI) allomorph is the most prevalent form and cellulose II is the 
most stable form [4]. MCCI can be converted to MCCII, but not vice versa [5,6]. As shown in 
Figure 2, in cellulose I (MCCI), the chain orientation is exclusively parallel [3], whereas in 
cellulose II (MCCII) the chains are arranged in an anti-parallel orientation.  

Commercial microcrystalline cellulose (MCCI) contains the cellulose I lattice. It is obtained 
from wood pulp by treatment with dilute strong mineral acids (HCl, H2SO4, HNO3) at 
boiling temperatures until the degree of polymerization levels-off [7,8]. The acid hydrolyzes 
the less ordered regions of the polymer chains, leaving the crystalline regions intact. This 
MCCI is also called hydrolyzed cellulose or hydrocellulose.  

Since the 1970s, microcrystalline cellulose I (MCCI) has been the dominant excipient used 
for direct compression due to its good diluent and binding properties and low moisture 
content. The strong binding properties of MCCI are due to hydrogen bonding among the 
plastically deforming cellulose particles. However, it suffers from sensitivity to lubricants  
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Figure 1. Scheme for the formation of cellulose allomorphs 

 

Figure 2. Conformations of MCCI (A) and MCCII (B) 
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and poor flow [9,10]. Because of its strong binding properties, it requires the addition of a 
disintegrant for an effective drug release, making formulations more costly. The compactibility 
of MCCI is also adversely affected when processed by high shear wet granulation since upon 
drying part of the water interacts with cellulose through hydrogen bonding and as a result, 
these hydrogen bonds are not available for further particle bonding [11]. 

Recently, microcrystalline cellulose II (MCCII) was introduced as a new direct compression 
excipient [12]. It can be produced by soaking MCCI in an aqueous sodium hydroxide 
solution (> 5 N) at a 1:6 weight-to-volume ratio for 14 h at room temperature, with 
occasional stirring. The resulting MCCII gel is then precipitated (regenerated) with a 50-60% 
aqueous ethanolic solution, filtered, washed with distilled water to neutrality by 
decantation, filtered again, and dried at 40 °C until reaching a moisture content of less than 
5 % [13]. During this process, the amorphous regions of the microfibrils are partially 
eliminated leaving the most crystalline parts intact. The resulting product is usually washed 
and spray-dried to get a powder [14]. 

In most cases, a polymorphic transformation could modify some of the particle properties of 
a material. One of those properties is related to the water uptake capacity of the powder. In 
fact, this uptake depends on the crystalline structure of the polymer. Further, the mechanical 
and disintegrating properties of these materials are related to the degree of crystallinity and 
water uptake capacity, respectively. Thus, knowledge of the water sorption behavior of the 
cellulose allomorphs is essential to understand and predict their stability, especially during 
storage, alone or combined with other materials in a dosage form under variable ambient 
conditions. In this study, the effect of polymorphic transformation on the microcrystalline 
cellulose functionality was evaluated. The particle and mechanical properties of MCCII 
were assessed and compared with those of commercial MCCI (Novacel® PH-101). 

2. Experimental 

2.1. Materials  

MCCI (Novacel PH-101, lot 6N608C) was donated by FMC Biopolymers, Philadelphia, PA, 
USA. Sodium hydroxide (lot 58051305C) and concentrated hydrochloric acid (37%, lot 
k40039517) were obtained from Carlo Erba, and Merck, respectively. Magnesium stearate 
(lot 2256KXDS) was purchased from Mallinckrodt Baker and acetaminophen (lot GOH0A01) 
was obtained from Sigma-Aldrich.  

2.2. Methods 

2.2.1. Preparation of Microcrystalline Cellulose II (MCCII)  

Approximately, 500 g of MCCI was soaked in 3 L of 7.5 N NaOH for 72 h at room 
temperature. The cellulose II thus obtained was washed with distilled water until it reached 
neutral pH. The slurry was sequentially passed through 6 (3350 µm), 10 (2000 µm), 24 (711 
µm), 40 (425 µm) and 100 (150 µm) mesh screens using an oscillating granulator (Riddhi 
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Pharma Machinery, Gulabnagar, India) when the moisture content was ~60, 50, 40, 30 and 
20%, respectively. The final material was dried in a convection oven at 60C (Model STM 80, 
Rigger Scientific Inc, Chicago, IL) to a moisture content of less than 5%. 

2.2.2. Fourier-Transform Infrared Spectroscopy (FT-IR) Characterization  

Approximately, 1.5 mg of sample was mixed with about 300 mg of dry potassium bromide 
(previously dried at 110 °C for 4 h) with an agate mortar and pestle. The powdered sample 
was compressed into a pellet using a 13 mm flat-faced punch a die tooling fitted on a 
portable press at a dwell time of five minutes. A Perkin Elmer spectrophotometer (Spectrum 
BX, Perkin Elmer, CA, USA) equipped with the Spectrum software (Perkin Elmer, Inc, CA, 
USA) was used to obtain the spectrum between 650 to 4000 cm-1. The resolution, interval 
length and number of scans employed were 16, 2.0 and 16 cm-1, respectively. 

2.2.3. Powder X-Rays (P-XRD) Characterization  

Powder X-ray diffraction (P-XRD) measurements were conducted over a 5 to 45º 2θ range 
using a Rigaku Bench top, diffractometer (Miniflex II, Rigaku Americas, The Woodlands, 
TX, USA) at 40 kV and 30 mA equipped with monochromatic CuKα (α1=1.5460 Å, α2= 
1.54438 Å) X-ray radiation. The sweep speed and step width were 0.5º 2θ/min and 0.008, 
respectively. The PeakFit software, version 4.12 (SeaSolve Inc, Framingham, MA) was used 
for the calculation of the areas. The degree of crystallinity was found from the equation [15]: 

 * 100%C

T

I
DC

I
   (1) 

Where IC is the sum of the areas of all crystalline peaks and IT is the area of the amorphous 
and crystalline regions. 

2.3. Powder properties  

The microphotographs were taken on an optical microscope (BM-180, Boeco, Germany) 
coupled with a digital camera (S8000fd, Fujifilm Corp., Japan) at 700X magnification. The 
true density was determined on a helium picnometer (AccuPyc II 1340, Micromeritics, USA) 
with ~2 g of sample. Bulk density was determined by the ratio of 20 g of sample divided the 
measured volume. Tap density was measured directly from the final volume of the tapped 
sample obtained from the AUTO-TAP analyzer (AT-2, Quantachrome instruments, USA). 
Flow rate was obtained by measuring the time for ~20 g of sample to pass through a glass 
funnel (13 mm diam). Porosity () of the powder was determined from the equation: 
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Where, , bulk, and true are the porosity, bulk density and true density of the powder, 
respectively. The degree of polymerization (DP) was obtained by the intrinsic viscosity 
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method [] at 25 ±0.5 °C using a Canon-Fenske capillary viscometer (cell size 50) and 
cupriethylendiamine hydroxide (CUEN) as solvent [16]. The DP was found by the 
relationship: 

 DP  190 * [ ]  (3) 

The compressibility of the powder was obtained by applying the Kawakita model [17]: 

  i n iN / V V / V  N / a  1 / ab      (4) 

Where, N is the tap number, Vi the initial volume and Vn the volume at the respective tap 
number. The constant “a” is related to the total volume reduction for the powder bed 
(compressibility index) and the constant “b” is related to the resistant forces 
(friction/cohesion) to compression [18]. 

2.4. Particle size  

Samples were fractionated on a RO-TAP sieve shaker (RX29, W.S. Tyler Co., Mentor, OH, 
USA) using stainless steel 420, 250, 180, 125, 105, 75 µm sieves, stacked together in that order 
(Fisher Scientific Co., Pittsburgh, PA, USA). Approximately, 50 g of the sample was shaken 
for 30 min followed by weighing the fractions retained in each sieve. The particle size 
distributions and the geometric means were found from the log-Normal distributions using 
the Minitab software (v.16, Minitab®, Inc., State College, PA). 

2.5. Swelling studies  

The swelling value is expressed as the ratio of the expanded volume of the powder upon 
water addition and the initial sample weight. Approximately, 500 mg of the powder was 
vigorously dispersed in a 10 ml graduate cylinder filled with 10 ml of distilled water at 
room temperature and the increase in volume of the powder was measured with time [19]. 

2.6. Water sorption isotherms  

Water sorption isotherms were conducted on a VTI Symmetric Gravimetric Analyzer 
(Model SGA-100, VTI Corporation, Hialeah, FL), equipped with a chilled mirror dew point 
analyzer (Model Dewprime IF, Edgetecth ford, MA) at 25 °C. The water activity employed 
ranged from 0 to 0.9. Water uptake was considered at equilibrium when a sample weight 
change of no more than 0.01% was reached. Samples were analyzed in triplicate. The non-
linear curve fitting and the resulting parameters were obtained using the Statgraphic 
software vs. 5 (Warrenton, VA). The Young-Nelson Model (YN) was used for data fitting. 
This model distinguishes between the tightly bound monolayer, normally condensed 
externally adsorbed water, and internally absorbed water [20]. In this model, water uptake 
is given by equations 5-9: 

 ( )m A B      (5) 
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Where, m, , , and B correspond to the total fractional moisture content, the fraction of 
molecules cover by monolayer, the fraction covered by a layer 2 or more molecules thick, 
and the amount of absorbed water in the multilayer. H1 is the heat of adsorption of water 
bound to the surface, HL the heat of condensation, R is the gas constant (8.31 J/Kmol), and T 
the temperature. A and B are dimensionless constants related to the fraction of adsorbed 
and absorbed water on the polymer, respectively. E is the equilibrium constant between the 
monolayer and liquid water. The product A is related to the amount of water in the 
monolayer and A(+B) is the externally adsorbed moisture during the sorption phase. B is 
the amount of moisture absorbed during the sorption phase [21]. 

2.7. Tableting properties 

Compacts of ∼500 mg each were made on a single punch tablet press (Compac 060804, 
Indemec Ltd, Itagui, Colombia) coupled with a load cell (Model LCGD-10K, Omega 
Engineering, Inc., Stamford, CT) using  flat-faced 13 mm punches and die tooling for 1 and 
30 s. Pressures ranged from ∼35 to ∼190 MPa. Forces were measured on a strain gauge 
meter (Model DPiS8-EI, Omega Engineering, Inc., Stamford, CT). Compact heights were 
measured immediately after production and after 5 days of storage to measure the elastic 
recovery of the material. 

2.8. Compressibility analysis 

The natural logarithm of the inverse of compact porosity, [-ln(ε)], was plotted against 
compression pressure (P) to construct the Heckel plot [22, 23]. The slope (m) of the linear 
region of this curve is inversely related to the material yield pressure (Py), which is a 
measurement of its plasticity [24]. Thus, a low Py (usually values <100 MPa) indicates a high 
ductile deformation mechanism upon compression. The Heckel model is given by: 

 ln mP A    (11) 

Where, A is the intercept obtained by extrapolating the linear region to zero pressure. Other 
parameters useful in assessing compressibility are D0, Da, and Db, which are related to initial 
powder packing/densification, total compact densification, and particle 
rearrangement/fragmentation at the initial compaction stage, respectively [25]. D0 was 
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calculated by dividing the bulk density with the true density [26]. The strain rate sensitivity 
(SRS) was found by the percentage change of the Py resulted from 1 and 0.03 compact/s 
speeds, respectively. 

2.9. Compact tensile strength  

It was determined on a VanKel hardness tester (UK 200, VanKel, Manasquan, NJ, USA). 
Each compact was placed between the platens and the crushing force was then measured. 
The radial tensile strength (TS) values were obtained according to the Fell and Newton 
equation [27]: 

 2TS
DH



  (12) 

Where, F is the crushing force (N) needed to break the compact into two halves, D is the 
diameter of the compact (mm), and t is the compact thickness (mm). The crosshead speed of 
the left moving platen was 3.5 mm/s.  

2.10. Dilution potential 

Tablets containing different levels of acetaminophen (25, 50, 75, 85 or 95%) and a poorly 
compressible drug, were prepared and their crushing strength was determined. 
Acetaminophen and the test excipient were mixed in a V-Blender for 30 min and then 
compressed on a single punch tablet press at 120 MPa and a dwell time of 30 s. Samples 
were analyzed in triplicate. 

2.11. Lubricant Sensitivity (LSR) 

Lubricant sensitivity was assessed by mixing powders with magnesium stearate at the 99:1 
weight ratio in a V-blender (Riddhi Pharma Machinery, Gulabnagar, India) for 30 min. 
Tablets were prepared using a single punch tablet press at 120 MPa and a dwell time of 30 s. 
The lubricant sensitivity was expressed as the lubricant sensitivity ratio (LSR) according to 
the equation: 

 0
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  (13) 

Where, H0 and Hlub are the crushing strengths of tablets prepared without and with 
lubricant, respectively. Samples were analyzed in triplicate. 

2.12. Compact friability 

The friability test was performed on a friabilator (FAB-25, Logan Instruments Corp., NJ, 
USA) at 25 rpm for 4 min. An amount of ~6.5 g of compacts made at 150 MPa, each 
weighing ∼500 mg, was tested in a friabilator. Compacts were then dusted and reweighed. 
The percentage weight loss was taken as friability. 
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Where, m, , , and B correspond to the total fractional moisture content, the fraction of 
molecules cover by monolayer, the fraction covered by a layer 2 or more molecules thick, 
and the amount of absorbed water in the multilayer. H1 is the heat of adsorption of water 
bound to the surface, HL the heat of condensation, R is the gas constant (8.31 J/Kmol), and T 
the temperature. A and B are dimensionless constants related to the fraction of adsorbed 
and absorbed water on the polymer, respectively. E is the equilibrium constant between the 
monolayer and liquid water. The product A is related to the amount of water in the 
monolayer and A(+B) is the externally adsorbed moisture during the sorption phase. B is 
the amount of moisture absorbed during the sorption phase [21]. 

2.7. Tableting properties 

Compacts of ∼500 mg each were made on a single punch tablet press (Compac 060804, 
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 ln mP A    (11) 

Where, A is the intercept obtained by extrapolating the linear region to zero pressure. Other 
parameters useful in assessing compressibility are D0, Da, and Db, which are related to initial 
powder packing/densification, total compact densification, and particle 
rearrangement/fragmentation at the initial compaction stage, respectively [25]. D0 was 
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calculated by dividing the bulk density with the true density [26]. The strain rate sensitivity 
(SRS) was found by the percentage change of the Py resulted from 1 and 0.03 compact/s 
speeds, respectively. 

2.9. Compact tensile strength  

It was determined on a VanKel hardness tester (UK 200, VanKel, Manasquan, NJ, USA). 
Each compact was placed between the platens and the crushing force was then measured. 
The radial tensile strength (TS) values were obtained according to the Fell and Newton 
equation [27]: 
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
  (12) 

Where, F is the crushing force (N) needed to break the compact into two halves, D is the 
diameter of the compact (mm), and t is the compact thickness (mm). The crosshead speed of 
the left moving platen was 3.5 mm/s.  
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weight ratio in a V-blender (Riddhi Pharma Machinery, Gulabnagar, India) for 30 min. 
Tablets were prepared using a single punch tablet press at 120 MPa and a dwell time of 30 s. 
The lubricant sensitivity was expressed as the lubricant sensitivity ratio (LSR) according to 
the equation: 
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Where, H0 and Hlub are the crushing strengths of tablets prepared without and with 
lubricant, respectively. Samples were analyzed in triplicate. 

2.12. Compact friability 

The friability test was performed on a friabilator (FAB-25, Logan Instruments Corp., NJ, 
USA) at 25 rpm for 4 min. An amount of ~6.5 g of compacts made at 150 MPa, each 
weighing ∼500 mg, was tested in a friabilator. Compacts were then dusted and reweighed. 
The percentage weight loss was taken as friability. 
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2.13. Compact disintegration 

Tablets, each weighing ~500 mg, were made on a single punch tablet press  
(060804, Indumec, Itagui, Columbia) using a 13 mm round, flat-faced punches and die set. 
Five replicates were tested in distilled water at 37 C employing a Hanson disintegrator  
(39-133-115, Hanson Research Corporation, Northridge, CA, USA) operating at 30 
strokes/min. 

3. Results and discussion 

3.1. FT-IR characterization  

As seen in Figure 3 the cellulose allomorphs showed no major differences in the infrared 
bands, except for the vibration peak at 3423 cm-1 corresponding to intramolecular OH 
stretching, including hydrogen bonds and at 2893 cm-1 due to CH and CH2 stretching. It is 
reasonable that these two bands appear displaced due to the rearrangement of the cellulose 
chains and hydrogen bonding pattern, which is parallel and antiparallel for MCCI and 
MCCII, respectively. Other main vibrational peaks with virtually no change  due to the 
polymorphic transformation are: 1642 cm-1 corresponding to OH from absorbed water, 1427 
cm-1 due to CH2 symmetric bending, 1375 cm-1 due to CH bending, 1330 cm-1 due to OH in 
plane bending, 1255 cm-1 corresponding to C-O-H bending, 1161 cm-1 due to C-O-C 
asymmetric stretching (β-glucosidic linkage), 1063 cm-1 due to C-O/C-C stretching and 895 
cm-1 due to the asymmetric (rocking) C-1 (β-glucosidic linkage) out-of-plane stretching 
vibrations. This band is associated to the cellulose II lattice [28, 29].  

3.2. P-XRD characterization  

It is well known that the acid hydrolysis of powdered -cellulose I reduces the degree of 
polymerization and in turn increases slightly the degree of crystallinity, true density, 
compact tensile strength and fragmentation tendency [30, 31]. In this study, the change in 
the above properties is only attributed to the polymorphic form, which is evidenced in the 
powder x-Rays difractograms (Figure 4). MCCI displayed the characteristic diffraction 
peaks of the cellulose I lattice at 14.8, 16.3 and 22.4° 2, corresponding to the 110, 110 and 
200 reflections, respectively. A shoulder at 20.4° 2 has also been also identified in some 
MCCI excipients [32]. MCCII materials showed crystalline peaks at 12, 20 and 22° 2 
corresponding to the 110, 110 and 200 reflections, respectively [2]. The degree of 
crystallinity of MCCI was larger than that of MCCII. It is plausible that the antiparallel 
arrangement along with the monoclinic unit cell renders a loose molecular packing and 
hence causes a lower degree of crystallinity. During the soaking step, the alkali could 
partially attack the glycosidic bonds located on the less ordered surface of the microfibrils 
since they are more accessible than the glycosidic bonds located in the ordered regions of 
the microfibrils of cellulose. This might explain why MCCII has a slightly lower degree of 
crystallinity than MCCI.   
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Figure 3. FT-IR of microcrystalline cellulose allomorphs 

 
Figure 4. Powder XRD of microcrystalline cellulose allomorphs 

3.3. Powder properties 

Figure 5 shows micrographs depicting particle morphologies. It seems to be that the 
polymorphic transformation had little effect on the morphology of these particles. Both, 
MCCI and MCCII consisted of aggregated and irregularly-shaped particles with rough 
surfaces and sharp edges. However, elongated particles were more predominant for MCCI. 
Table 1 lists the powder properties of these materials. Since the polymorphic transformation 
did not cause major morphological changes in the particles, the mean particle size of the two 
polymorphs was comparable. The particle size distribution is depicted in Figure 6. In this 
case, both materials showed a positively skewed distribution, but MCCII had a slightly 
larger tendency to have high frequencies in the low particle size region.  
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200 reflections, respectively. A shoulder at 20.4° 2 has also been also identified in some 
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arrangement along with the monoclinic unit cell renders a loose molecular packing and 
hence causes a lower degree of crystallinity. During the soaking step, the alkali could 
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since they are more accessible than the glycosidic bonds located in the ordered regions of 
the microfibrils of cellulose. This might explain why MCCII has a slightly lower degree of 
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MCCI had a larger true density than MCCII. On the other hand, MCCII presented larger 
bulk and tap densities and consequently lower total powder porosity as compared to MCCI. 
The great ability of MCCII for particle packing could be due to morphological factors 
including its lower proportion of elongated particles, lower particle porosity and lower 
roughness. As a result, upon tapping or application of compression forces, MCCII is more 
likely to undergo a major volume reduction as indicated by its larger compressibility (52%). 
All these factors also contributed to an improvement in flow for MCCII. Thus, flowability 
was 3-fold larger for MCCII than for MCCI. 

 

 
MCCI MCCII 

Figure 5. Optical micropictures of microcrystalline allomorphs 

 
Figure 6. Particle size distribution of microcrystalline celluloses 
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The voluminosity of the powder was found by taking the reciprocal of the bulk density and 
thus, MCCII, due to its large packing ability, presented a lower voluminosity or bulkiness 
than MCCI.  

The degree of polymerization (DP) is an indication of the average polymer length. The lower 
values of DP obtained for MCCII are probably due to the partial hydrolysis occurring 
during the NaOH treatment. 

 
Property n MCCI MCCII 
Geometric mean (µm) 1 50.4 ± 7.4 56.5 ± 7.1 
Compressibility (%) 1 33 52 
Degree of polymerization 3 233.3 ± 0.6 183.6 ± 3.2 
Molecular weight (g/mol) 1 37794.6 29743.2 
Degree of crystallinity (%) 1 74.3 65.2 
Porosity 3 0.78 ± 0.01 0.64 ± 0.01 
Bulk density (g/cm3) 3 0.35 ± 0.01 0.55 ± 0.00 
Tap density (g/cm3) 3 0.51 ± 0.00 0.76 ± 0.00 
Voluminosity (ml/g) 3 2.9  ± 0.1 1.8 ± 0.0 
True density (g/cm3) 3 1.578±0.05 1.540 ± 0.03 
Flow rate (g/s) 3 1.61 ± 0.43 4.93 ± 0.96 
Swelling value (ml/g) 3 0.2 ±0.1 0.8 ±0.0 
Specific surface area (m2/g) 3 1.49 ± 0.05 0.53±0.05 
Moisture content (%) 1 1.8 2.2 

n=replicate 

Table 1. Powder properties of microcrystalline celluloses 

Figure 7 shows the isotherms curves fitted according to the Young-Nelson (YN) model and 
Table 2 shows the parameters derived from this model. All cellulosic materials exhibited a 
typical sigmoidal type II isotherm and the sorption and desorption curves showed 
hysteresis. Hysteresis is defined as the difference between the amount of water desorbed 
and sorbed. This difference creates a loop in the isotherm and is very common in 
hydrophilic materials. The amplitude of the loop is observed in Figure 7. This hysteresis was 
high between 0.2 and 0.7 water activities. Results indicate that hysteresis occurred 
throughout the sorption range and not just in the capillary condensation region as reported 
previously [33]. It is well known that the higher moisture content obtained when a polymer 
is desorbing from a saturated state is due to microcapillary deformation accompanied by the 
creation of more permanent hydrogen bonds which are no longer attainable in subsequent 
re-wetting processes. This phenomenon is known in cellulose as hornification [34].  

Once cellulose sorbs water it swells slightly because microcapillaries expand due to the 
thermal motion of incoming water molecules forming new internal surfaces. Once water is 
removed, relaxation of the matrix to the original state is prevented. As a result, 
microcapillaries become greater on desorption compared to the adsorption step. In other 
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MCCI had a larger true density than MCCII. On the other hand, MCCII presented larger 
bulk and tap densities and consequently lower total powder porosity as compared to MCCI. 
The great ability of MCCII for particle packing could be due to morphological factors 
including its lower proportion of elongated particles, lower particle porosity and lower 
roughness. As a result, upon tapping or application of compression forces, MCCII is more 
likely to undergo a major volume reduction as indicated by its larger compressibility (52%). 
All these factors also contributed to an improvement in flow for MCCII. Thus, flowability 
was 3-fold larger for MCCII than for MCCI. 
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The voluminosity of the powder was found by taking the reciprocal of the bulk density and 
thus, MCCII, due to its large packing ability, presented a lower voluminosity or bulkiness 
than MCCI.  

The degree of polymerization (DP) is an indication of the average polymer length. The lower 
values of DP obtained for MCCII are probably due to the partial hydrolysis occurring 
during the NaOH treatment. 

 
Property n MCCI MCCII 
Geometric mean (µm) 1 50.4 ± 7.4 56.5 ± 7.1 
Compressibility (%) 1 33 52 
Degree of polymerization 3 233.3 ± 0.6 183.6 ± 3.2 
Molecular weight (g/mol) 1 37794.6 29743.2 
Degree of crystallinity (%) 1 74.3 65.2 
Porosity 3 0.78 ± 0.01 0.64 ± 0.01 
Bulk density (g/cm3) 3 0.35 ± 0.01 0.55 ± 0.00 
Tap density (g/cm3) 3 0.51 ± 0.00 0.76 ± 0.00 
Voluminosity (ml/g) 3 2.9  ± 0.1 1.8 ± 0.0 
True density (g/cm3) 3 1.578±0.05 1.540 ± 0.03 
Flow rate (g/s) 3 1.61 ± 0.43 4.93 ± 0.96 
Swelling value (ml/g) 3 0.2 ±0.1 0.8 ±0.0 
Specific surface area (m2/g) 3 1.49 ± 0.05 0.53±0.05 
Moisture content (%) 1 1.8 2.2 

n=replicate 

Table 1. Powder properties of microcrystalline celluloses 

Figure 7 shows the isotherms curves fitted according to the Young-Nelson (YN) model and 
Table 2 shows the parameters derived from this model. All cellulosic materials exhibited a 
typical sigmoidal type II isotherm and the sorption and desorption curves showed 
hysteresis. Hysteresis is defined as the difference between the amount of water desorbed 
and sorbed. This difference creates a loop in the isotherm and is very common in 
hydrophilic materials. The amplitude of the loop is observed in Figure 7. This hysteresis was 
high between 0.2 and 0.7 water activities. Results indicate that hysteresis occurred 
throughout the sorption range and not just in the capillary condensation region as reported 
previously [33]. It is well known that the higher moisture content obtained when a polymer 
is desorbing from a saturated state is due to microcapillary deformation accompanied by the 
creation of more permanent hydrogen bonds which are no longer attainable in subsequent 
re-wetting processes. This phenomenon is known in cellulose as hornification [34].  

Once cellulose sorbs water it swells slightly because microcapillaries expand due to the 
thermal motion of incoming water molecules forming new internal surfaces. Once water is 
removed, relaxation of the matrix to the original state is prevented. As a result, 
microcapillaries become greater on desorption compared to the adsorption step. In other 
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words, this hysteresis is caused by structural changes due to the disruption of the hydrogen 
bonding network of the polymer while interacting with water molecules. Therefore, the 
extra sorbed water showed by hysteresis is related to the structural or conformational 
changes of cellulose chains, which expose previously inaccessible high affinity sorption sites 
[35]. 

Since hysteresis took place mostly at a water activity of 0.2-0.7, it cannot be completely 
attributed to pore effects (ink bottle pores), but to swelling due to specific interactions of 
water sorbed in the bulk. The lower hysteresis of MCCI might indicate weaker specific 
interactions of its hydrophilic sites with water, and consequently, smaller structural 
reorganization of the chains due to cellulose swelling. 

Figure 8 shows the deconvoluted curves for the monolayer and multilayer formation, 
respectively according to the YN model. It assumes that the monolayer and multilayers of 
water molecules are formed simultaneously at very low water activities. Furthermore, it 
considers the absorption of water into the core of particles to be the first step, followed by 
the layering process on the surface. MCCI showed the lowest fraction of water molecules 
that formed a monolayer and multilayer, respectively. Further, the amount of water 
absorbed in the core was considered as negligible. Thus, most of the cellulose water uptake 
can be attributed to adsorption due to layering. 

The YN model also demonstrated that the fraction of water absorbed in the particles core 
was smaller than the fraction adsorbed as a monolayer and multilayer. Also, the H1-HL 
value for MCCII was very high, indicating the prevalence for layering formation, which is in 
line with the high hydrophilicity of this material. MCCII always showed higher affinity for 
water than MCCI as seen by the higher monolayer and multilayer formation at different 
water activities. This trend proved that the polymorphic transformation of MCCI into 
MCCII enhanced the water sorption capacity. 

 
Figure 7. Water sorption and desorption isotherms according to the Young-Nelson model. 
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Figure 8. Deconvoluted Young-Nelson model for water sorption of microcrystalline celluloses. M, 
indicates monolayer formation, P, multilayer formation and A, the fraction attributed to the absorption 
process in the core of the particles. 

In the YN model, the absorbed water has diffused through pores into the core of the particle 
from the adsorbed monolayer. The monolayer water is then the result of the balance 
between surface binding forces of the multilayer and water in the core. It is possible that 
water molecules bind as succeeding layers rather than to empty sites on the surface of the 
solid. Thus, the formation of a second layer probably starts at lower concentrations than 
those corresponding to the monolayer formation because the completion of the perfect 
monolayer would lead to a substantial decrease in entropy, which is very unlikely for 
natural polymers [36]. During the desorption phase vapor pressure is reduced and water 
molecules at the surface are removed before diffusion forces pull moisture out of the core of 
the material [37]. 

In the sorption phase, the curves of the monolayer formation presented a type I Langmuir 
isotherm, whereas the curves of the multilayer sorption showed a type II isotherm. The 
sorption of monolayer water is almost complete at a water activity of 0.1 for MCCII, whereas 
for MCCI it increased steadily up to 0.9 water activity. On the other hand, both polymers 
showed a constant increase of the multilayer formation throughout the whole water activity 
range. This proves that not all the adsorption sites of the first layer were filled when the 
formation of multilayers started. For this reason, the external moisture component isotherm 
had a type II shape and its contribution to the total amount of sorbed moisture increased 
with increasing water activities.  

The parameters derived from the YN model are shown in Table 2. All samples had a good 
fit to the model (r2 >0.9990). The A (0.04-0.05) parameter confirmed that layering of water 
molecules either as a monolayer or multilayers was more prevalent than absorption into the 
core of the particles (B <0.01). Further, this absorption was more predominant for MCCII 
than for MCCI. The E and H1-HL values indicate that the formation of a monolayer for 
MCCII was energetically more favorable than the formation of multilayers. Further, H1-HL 
was positive, indicating the execution of an endothermic process. The E parameter was low 
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words, this hysteresis is caused by structural changes due to the disruption of the hydrogen 
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The parameters derived from the YN model are shown in Table 2. All samples had a good 
fit to the model (r2 >0.9990). The A (0.04-0.05) parameter confirmed that layering of water 
molecules either as a monolayer or multilayers was more prevalent than absorption into the 
core of the particles (B <0.01). Further, this absorption was more predominant for MCCII 
than for MCCI. The E and H1-HL values indicate that the formation of a monolayer for 
MCCII was energetically more favorable than the formation of multilayers. Further, H1-HL 
was positive, indicating the execution of an endothermic process. The E parameter was low 
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for MCCII indicating that the driving force for water sorption was higher than that of MCCI 
during the sorption phase. The first water molecule could bind to the 6-hydroxyl group 
because it is the most exposed hydroxyl group in cellulose [38]. Then, more incoming water 
molecules could bind to hydroxyl groups located in carbons 2 and 3 of the cellulose 
monomers. 

 
 A B E H1-HL 

r2 
Sample Mean ± SD Mean ± SD Mean ± SD kJ/mol
MCCI 0.04 ± 0.00 0.00 ± 0.00 0.26 ± 0.02 3.3 0.9990 
MCCII 0.05 ± 0.01 0.01 ± 0.00 0.07 ± 0.05 7.4 0.9997 

SD, standard deviation, A, fraction of adsorbed water; B, fraction of absorbed water;  
E, equilibrium constant between the monolayer and liquid water; H1-Hl, heat difference between absorption and 
condensation of water; r2 coefficient of determination. 

Table 2. Parameters obtained from the Young-Nelson model 

The degree of crystallinity of MCCI was higher than that of MCCII. Therefore, as expected 
the less crystalline MCCII presented more water sorption sites due to its large amorphous 
component as compared to MCCI. 

4. Compression studies 

Although initially developed for metals, the Heckel analysis is widely used to assess the 
compressibility of pharmaceutical powders. Table 3 lists the Heckel analysis results. The 
yield pressure value, Py, which is obtained from the inverse of the slope of the linear portion 
of the Heckel curve, refers to the pressure at which the material begins to deform plastically. 
A plastic deformation implies deformation and sliding of the crystals planes that consolidate 
the particles. Usually, a plastic deformation causes a minimum change in the surface area 
available for particle binding. On the other hand, brittle materials require extensive 
fragmentation for the formation of available surfaces for particle binding. In this case, large 
particles brake down into smaller particles upon compression. In general, the lower the Py 
value, the higher the ductility of the material. In the present study, MCCI showed a low 
value, whereas MCCII exhibited a high Py value (∼93 MPa and 144 MPa, respectively). 
Therefore, MCCII is considered as less ductile than MCCI.  

The D0, Da and Db parameters, calculated from the Heckel plots, represent the initial packing 
of the material upon die filling, total packing at low pressures, and the degree of powder 
bed arrangement due to fragmentation at low pressures, respectively. The D0 values follow 
the same trend than the bulk density values suggesting that the polymorphic transformation 
of MCCI into MCCII increased the ability of this material for packing. On the contrary, the 
total powder packing at low compression pressures remained unchanged. The Db value as 
expected was higher for MCCI due to the less tendency to pack in the powder bed and thus, 
its particles were more able to rearrange at low compression forces. 
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Another widely used model for assessing compressibility of powders is the one proposed by 
Kawakita [17,18]. The “a” parameter indicates that MCCII was more compressible than 
MCCI. In other words, this material had a larger ability to reduce in volume upon 
compression. Likewise, the large “b” value for MCCII indicates that a tight packing 
arrangement in the powder bed generates a large resistant force for volume reduction. 
However, once consolidation starts, it is easier for MCCII to have a larger compressibility 
than MCCI.  

5. Compactibility studies 

Figure 9 shows the relationship between compact tensile strength and compression 
pressure. MCCI formed stronger compacts than MCCII. The magnitude of this difference 
appears to increase with increasing compression forces. The area under the curve of the 
tensile strength is an indication of the material compactibility. This compactibility was 4 
times larger for MCCI than for MCCII suggesting this polymorphic transformation had a 
negative effect on the tensile strength of MCCI compacts. The small compact tensile strength 
values of MCCII are due to its low plastic deforming ability. These results indicate that the 
tight molecular arrangement of the chains and the higher plastic deforming ability of MCCI 
facilitate the formation of hydrogen bonding upon compression resulting in  the formation 
of strong compacts.  
 

Model Parameter MCCI MCCII

Heckel 

Py (MPa) 92.6 144 
D0 0.22 0.36 
Da 0.48 0.45 
Db 0.22 0.10 
r2 0.9910 0.9850 

Kawakita 
A 0.33 0.52 
B 0.03 0.12 
r2 0.9980 0.9999 

Test 

AUCTS 885.1 180.6 
Friability (%) 0.11 0.23 

SRS (%) 7.3 15.6 
D. Pot. (%) 24 20 

 LSR 0.38 0.36 

Py, powder yield pressure; D0, initial rearrangement as a result of die filling; Da, total packing at low pressures; Particle 
rearrangement/fragmentation at early compression stages; a, Compressibility parameter; b, Indicates ease of 
compression; LSR, lubricant sensitivity ratio; SRS, strain rate sensitivity; D. Pot, dilution potential for acetaminophen; 
AUCTS, area under the tensile strength curve. 

Table 3. Parameters obtained from the Heckel and Kawakita models and other tableting tests 
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Figure 9. Compact tensile strength of the cellulose allomorphs 

5.1. Dilution potential 

To assess the effect of a poorly compressible substance on the compactibility of cellulose, 
compacts containing different weight ratios of the test material and acetaminophen were 
prepared and their crushing strength was determined. In this case, the crushing strength of 
the powder mixtures were plotted against the mass fraction of excipient and the resulting 
straight lines were interpolated to the X-axis to find the dilution potential. The dilution 
potential of MCCII (20%) was comparable to that of MCCI (24%). These results clearly 
suggest that MCCII and MCCI serve as effective binders and offer potential to produce 
tablets with poorly compressible drugs by direct compression. In fact, MCCI showed the 
highest compactibility but presented a comparable dilution potential for acetaminophen. 
This indicates that the presence of a poorly compressible drug affected the compactibility of 
MCCI much more than that of MCCII since a larger dilution potential was expected for 
MCCI. 

5.2. Compact friability  

Tablets prepared using 150 MPa compression pressures were tested for friability. All tablets 
had less than 1% friability indicating an optimum strength for handling and shipping. These 
results correlate well with the tensile strength results shown in Fig. 7. These findings clearly 
suggest that MCCI and MCCII serve as effective binders and offer potential to produce 
compacts with poorly compressible drugs by direct compression.  

5.3. Lubricant sensitivity 

Lubricant sensitivity was tested with magnesium stearate at a 1.0% w/w level in compacts 
made at 60 MPa of compression pressure. The presence of a surrounding layer of this 
hydrophobic lubricant had a large detrimental effect on MCCI since this material was the 
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most highly deforming material. Therefore, MCCI compactibility was reduced to a value 
comparable to that of MCCII. Moreover, the more fragmenting character of MCCII makes it 
able to create a large number of binding surfaces which counteract the coating effect exerted 
by magnesium stearate. In other words, magnesium stearate coats easily the surface of 
MCCI particles and thereby restricts the contact points between particles resulting in 
compacts of low strength. Thus, the lubricant film around particles in more fragmenting 
materials such as MCCII is not complete easing the formation of hard compacts. 

5.4. Compact disintegration 

Independent of compact porosity, compact disintegration time was less than 20 s for MCCII 
(Fig. 10). Only compacts of MCCI made at ~40 MPa passed the test requiring disintegration 
times of less than 30 min. The rapid disintegration times of MCCII are due to its larger 
swelling value and larger affinity for water as compared to MCCI. Further, it is possible that 
the low degree of crystallinity of MCCII played an important role in its rapid disintegration. 
The effect of compact porosity was considered as negligible since all compacts were made at 
10-20% porosity. These results indicate that when MCCI is employed as excipient for 
making tablets, it always requires the addition of a superdisintegrant, which is a material 
with a large affinity for water that enhances compact disintegration. On the contrary, MCCII 
does not require that ingredient due to its intrinsic disintegrating properties. 

 
Figure 10. Compact disintegration time of the cellulosic materials. 

6. Conclusions 

The polymorphic transformation had a major effect on the degree of polymerization, degree 
of crystallinity, packing tendency, bulk and tap densities, voluminosity, swelling ability and 
water sorption rate of microcrystalline cellulose. MCCII exhibited a faster disintegration 
ability, but lower compactibility than MCCI due to its large amorphous component. 
However, when MCCII was mixed and compressed with acetaminophen it was as 
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compactable as MCCI and possessed a comparable acetaminophen loading capacity and 
lubricant sensitivity as those of MCCI. 

Particle morphology and particle size were not affected, but compact tensile strength was 
highly affected by the polymorphic transformation. Most of the resulting particle and 
tableting properties depended on the polymorphic form of MCC. For this reason, it is 
important to select the right crystalline form of MCC before formulating a drug in a solid 
dosage form since it could affect the overall particle and tableting properties of the mixture. 

Cellulosic excipients are hydrophilic materials and the polymorphic transformation caused 
differences in the hydrophilic properties of cellulose. Most of the water sorption isotherms 
exhibited a type II sigmoid shape and MCCII presented the largest water uptake by 
absorption into the core of the particles.  

Cellulosic materials showed a hysteresis loops which were caused by capillary shrinking 
during the desorption step. The YN model assume sorption and desorption as a dynamic 
process, in which the primary sorption sites are filled up throughout the whole water 
activity range and do not require the formation of a complete monolayer to form a 
multilayer.  
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1. Introduction 
Cellulose probably is the most abundant organic compound in the world which mostly 
produced by plants. It is the most structural component in herbal cells and tissues. Cellulose 
is a natural long chain polymer that plays an important role in human food cycle indirectly. 
This polymer has versatile uses in many industries such as veterinary foods, wood and 
paper, fibers and clothes, cosmetic and pharmaceutical industries as excipient. Cellulose has 
very semi-synthetic derivatives which is extensively used in pharmaceutical and cosmetic 
industries. Cellulose ethers and cellulose esters are two main groups of cellulose derivatives 
with different physicochemical and mechanical properties. These polymers are broadly used 
in the formulation of dosage forms and healthcare products. These compounds are playing 
important roles in different types of pharmaceuticals such as extended and delayed release 
coated dosage forms, extended and controlled release matrices, osmotic drug delivery 
systems, bioadhesives and mucoadhesives, compression tablets as compressibility enhancers, 
liquid dosage forms as thickening agents and stabilizers, granules and tablets as binders, 
semisolid preparations as gelling agents and many other applications. These polymeric 
materials have also been used as filler, taste masker, free-flowing agents and pressure 
sensitive adhesives in transdermal patches. Nowadays cellulose and cellulose based 
polymers have gained agreat popularity in pharmaceutical industries and become more and 
more important in this field owing to production of the new derivatives and finding new 
applications for existed compounds by pharmaceutical researchers.  

2. Classification of cellulose-based polymers 

2.1. Cellulose 

Pure cellulose is available in different forms in the market with very different mechanical 
and pharmaceutical properties. The difference between various forms of cellulose is related 
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to the shape, size and degree of crystallinity of their particles (fibrous or agglomerated). 
Microcrystalline cellulose (MCC) is the most known cellulose which extensively used in 
pharmaceutical industries. MCC grades are multifunctional pharmaceutical excipients 
which can be used as compressibility enhancer, binder in wet and dry granulation 
processes, thickener and viscosity builder in liquid dosage forms and free-flowing agents in 
solid dosage forms. Mechanical properties of MCC grades are greatly influenced by their 
particle size and degree of crystallization. In recent years the new grades of MCC are 
prepared with improved pharmaceutical characteristics such as silisified MCC (SMCC) and 
second generation MCC grades or MCC type II (MCC-II). These grades are prepared by co-
processing of cellulose with other substances such as colloidal silicon dioxide or by special 
chemical procedures. Other types of available pure cellulose are powdered cellulose (PC) 
and low crystallinity powdered cellulose (LCPC).  

Regenerated cellulose is one of the other forms of processed cellulose which produced by 
chemical processing on natural cellulose. In the first step, cellulose dissolves in alkali and 
carbon disulfide to make a solution called "viscose". Viscose reconverted to cellulose by 
passing through a bath of dilute sulfuric acid and sodium sulphate. Reconverted cellulose 
passed through several more baths for sulfur removing, bleaching and adding a plasticizer 
(glycerin) to form a transparent film called cellophane. Cellophane has several applications 
in pharmaceutical packaging due to its suitable characteristics such as good compatibility, 
durability, transparency and elasticity.    

2.2. Cellulose ether derivatives 

Cellulose ethers are high molecular weight compounds produced by replacing the hydrogen 
atoms of hydroxyl groups in the anhydroglucose units of cellulose with alkyl or substituted 
alkyl groups. The commercially important properties of cellulose ethers are determined by 
their molecular weights, chemical structure and distribution of the substituent groups, 
degree of substitution and molar substitution (where applicable). These properties generally 
include solubility, viscosity in solution, surface activity, thermoplastic film characteristics 
and stability against biodegradation, heat, hydrolysis and oxidation. Viscosity of cellulose 
ether solutions is directly related with their molecular weights. Examples of mostly used 
cellulose ethers are: Methyl cellulose (MC), Ethyl cellulose (EC), Hydroxyethyl cellulose 
(HEC), Hydroxypropyl cellulose (HPC), hydroxypropylmethyl cellulose (HPMC), 
carboxymethyl cellulose (CMC) and sodium carboxymethyl cellulose (NaCMC).  

2.3. Cellulose ester derivatives 

Cellulose esters are generally water insoluble polymers with good film forming 
characteristics. Cellulose esters are widely used in pharmaceutical controlled release 
preparations such as osmotic and enteric coated drug delivery systems. These polymers are 
often used with cellulose ethers concurrently for preparation of micro-porous delivery 
membranes. Cellulose esters categorized in organic and inorganic groups. Organic cellulose 
esters are more important in pharmaceutical industries. Various types of organic cellulose 
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esters have been used in commercial products or in pharmaceutical investigations such as 
cellulose acetate (CA), cellulose acetate phthalate (CAP), Cellulose acetate butyrate (CAB), 
Cellulose acetate trimelitate (CAT), hydroxupropylmethyl cellulose phthalate (HPMCP) and 
so on (Heinämäki et al., 1994). The most available formulations in market which made by 
these polymers are enteric coated dosage forms which are usually produced applying acid 
resistant polymeric coats containing phthalate derivatives of cellulose esters especially 
cellulose acetate phthalate (Lecomte et al., 2003; Liu & Williams III, 2002). Inorganic 
cellulose esters such as cellulose nitrate and cellulose sulphate are less important than 
organic cellulose esters in pharmaceutical industries. Cellulose nitrate or pyroxylin is a 
transparent compound with good film forming ability but rarely applied alone in 
pharmaceutical formulations due to its very low solubility in currently used pharmaceutical 
solvents as well as their very high flammability. The use of pure cellulose nitrate in drug 
formulations only limited to one topical anti-wart solution named collodion that made with 
4%w/v concentration in diethyl ether/ethanol mixture as solvent. Cellulose nitrate/cellulose 
acetate mixture are also exploited to prepare micro-porous membrane filters used in 
pharmaceutical industries.   

3. Applications of cellulose and its derivatives in pharmaceutical 
industries 

3.1. Application in bioadhesive and mucoadhesive drug delivery systems 

Bioadhesives and mucoadhesives are drug containing polymeric films with ability of 
adhering to biological membranes after combining with moisture or mucus compounds. 
Bioadhesives were developed in mid 1980s as a new idea in drug delivery and nowadays 
they have been accepted as a promising strategies to prolong the residence time and to 
improve specific localization of drug delivery systems on various biological membranes 
(Lehr, 2000; Grabovac et al., 2005; Movassaghian et al., 2011).  

In compared with tablets, these dosage forms have higher patient compliance due to their 
small size and thickness. Other advantage of these drug delivery systems is their potential to 
prolong residence time at the site of drug absorption and thus they can reduce the dosing 
frequency in controlled release drug formulations. These dosage forms can also intensify the 
contact of their drug contents with underlying mucosal barrier and improve the epithelial 
transport of drugs across mucus membranes especially in the case if poorly absorbed drugs 
(Ludwig, 2005; Lehr, 2000). Some special polymers can be used in these formulations with 
epithelial permeability modulation ability by loosening the tight intercellular junctions. 
Some of these polymers also can act as proteolytic enzymes inhibitor in orally used adhesive 
formulations of sensitive drugs (Lehr, 2000).  

Bioadhesives considered as novel drug delivery systems. These  dosage  forms  are 
formulated to use on the skin and mucus membranes of gastrointestinal, ear, nose, eye, 
rectum and vagina. The main excipients of these formulations are adhesive and film-former 
polymer(s). Adhesive polymers are synthetic, semi synthetic or natural macromolecules 
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with capablility of attaching to skin or mucosal surfaces. Very different types of polymers 
have been used as bioadhesive polymers. Synthetic polymers such as acrylic derivatives, 
carbopols and polycarbophil, natural polymers such as carageenan, pectin, acacia and 
alginates and semi-synthetic polymers like chitosan and cellulose derivatives are used in 
bioadhesive formulations (Deshpande et al., 2009; Grabovac et al., 2005). Cellulose 
derivatives especially cellulose ethers are widely used in bioadhesives. There are used in 
various types of these formulations such as buccal, ocular, vaginal, nasal and transdermal 
formulations alone or with combination of other polymers. More recently used cellulose 
ethers in bioadhesives include nonionic cellulose ethers such as ethyl cellulose (EC), 
hydroxyethyl cellulose, hydoxypropyl cellulose (HPC), methyl cellulose (MC), 
carboxymethyl cellulose (CMC) or hydroxylpropylmethyl cellulose (HPMC) and anionic 
ether derivatives like sodium carboxymethyl cellulose (NaCMC). Ability of polymer to take 
up water from mucus and pH of target place are important factors determining the adhesive 
power of polymers. Some bioadhesive polymers such as polyacrylates show very different 
adhesion ability in various pH values thus the selection of adhesive polymer should be 
made based on the type of bioadhesive preparation. One advantage of cellulose ethers such 
as NaCMC and HPC is lesser dependency of adhesion time and adhesion force of them to 
pH of medium in compared with polyacrylate and thiolated bioadhesive polymers 
(Grabovac et al., 2005). Cellulose ethers, alone or their mixtures with other polymers, have 
been studied in oral (Deshpande et al., 2009; Venkatesan et al., 2006), buccal (Perioli et al 
2004), ocular (Ludwig, 2005), vaginal (Karasulu et al., 2004) and transdermal (Sensoy et al., 
2009) bioadhesives. In some studies, other groups of adhesive polymers or polysaccharides 
are used with cellulose ethers to improve their adhesion characteristics such as adhesion 
time and adhesion force. Concurrent  use  of  polyvinyl  pyrrolidone  (PVP),  hydroxypropyl  
beta  cyclodextrin, polycarbophil, carbopol(s), pectin, dextran and mannitol  with HPMC, 
HEC or NaCMC have been reported in the literatures. (Karavas et al., 2006).  

3.2. Application in pharmaceutical coating processes 

Solid  dosage  forms  such as  tablets, pellets, pills, beads, spherules, granules and 
microcapsules are often coated for different reasons such as protection of sensitive drugs 
from humidity, oxygen and all of inappropriate environmental conditions, protection 
against acidic or enzymatic degradation of drugs, odor or taste masking or making site or 
time specific release characteristics in pharmaceuticals to prepare various modified release 
drug delivery systems such as sustained release, delayed release, extended release, 
immediate release, pulsatile release or step-by-step release dosage forms (Barzegar jalali et 
al., 2007; Gafourian et al., 2007). Both ether and ester derivatives of cellulose are widely used 
as coating of solid pharmaceuticals. Cellulose ethers are generally hydrophil and convert to 
hydrogel after exposing to water. Although, some of the cellulose ethers e.g. ethyl cellulose 
are insoluble in water but majority of them such as methyl, hydroxypropyl and 
hydroxylpropylmethyl cellulose are water soluble. Both of soluble and insoluble cellulose 
ethers can absorb water and form a gel. After exposing of these coated dosage forms with 
water, the coating polymers form to hyrogel and gradually dissolve in water until disappear 
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but the insoluble cellulose ether coatings remain as a viscose gel around tablets and drug 
release is performed by diffusion of drug molecules within this layer. These two types of 
dosage forms called dissolution-controlled and diffusion-controlled drug delivery systems, 
respectively. Despite cellulose ethers, the cellulose esters are generally water insoluble or 
water soluble in a distinct pH range. These polymers like cellulose acetate (CA), cellulose 
acetate phthalate (CAP) and cellulose acetate butyrate (CAB) do not form gel in presence of 
water and they are widely used for preparing of pH sensitive and semi-permeable micro-
porous membranes. These membranes are employed for wide variety of controlled release 
coating of pharmaceuticals especially in enteric or osmotic drug delivery devices. These 
polymers are benefited to make different cellulosic membrane filters applied in 
pharmaceutical industries.     

3.3. Application in extended release (ER) solid dosage forms 

3.3.1. In coated extended release formulations 

Extended release pharmaceuticals refer to dosage forms that allow a twofold or greater 
reduction in frequency of the drug administration in comparison with conventional dosage 
forms. These formulations can be made as coated or matrix type. Coated ER formulations 
are generally made with water insoluble polymeric film coating with or without gel-forming 
ability. The dominant mechanism of drug release in coated ERs is diffusion whereas in 
matrix type of ERs, erosion of matrix is the main mechanism of drug release. The most used 
cellulosic polymer in these modified release dosage forms is ethyl cellulose. Ethyl cellulose 
is completely insoluble in water, glycerin and propylene glycol and soluble in some organic 
solvents such as ethanol, methanol, toluene, chloroform and methyl acetate. Aqueous 
dispersions of ethyl cellulose such as Surelease® (Colorcon) or Aquacoat® (FMC 
BioPolymer) or its organic solutions can be used for coating of extended release 
formulations. After ingestion of these formulations, an insoluble viscose gel is forming 
around the tablet which doesn’t allow to drug to freely release from dosage form. Drug 
molecules should pass across this barrier by diffusion mechanism to enter the bulk 
dissolution medium and thusthe release duration is extended much more than the same 
uncoated conventional formulation. Larger solid pharmaceuticals like tablets can be coated 
with rotating pan coaters whereas the smaller types as pills, beads or granules are coated 
with fluidized bed or air-suspension coater equipments. Because of water insolubility of EC, 
it is often used in conjunction with water soluble polymers such as MC and HPMC in 
aqueous coating liquids (Frohoff-Hülsmann et al., 1999a, 1999b). EC solutions in organic 
solvents such as ethanol can be thickened by HPMC or HPC (Rowe, 1986; Larsson et al., 
2010). Water soluble cellulosic polymers with higher amounts can be used as pore former in 
micro-porous types of extended release and enteric systems. Using of plasticizers is 
necessary for achieving acceptable coating of pharmaceuticals by these polymers. EC is 
compatible with commonly used plasticizers such as dibutyl phthalate, diethyl phthalate, 
dicyclohexyl phthalate, butyl phthalyl butyl glycolate, benzyl phthalate, butyl stearate and 
castor oil. Other plasticizers such as triacetin, cholecalciferol and α-tocopherol also have 
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are generally made with water insoluble polymeric film coating with or without gel-forming 
ability. The dominant mechanism of drug release in coated ERs is diffusion whereas in 
matrix type of ERs, erosion of matrix is the main mechanism of drug release. The most used 
cellulosic polymer in these modified release dosage forms is ethyl cellulose. Ethyl cellulose 
is completely insoluble in water, glycerin and propylene glycol and soluble in some organic 
solvents such as ethanol, methanol, toluene, chloroform and methyl acetate. Aqueous 
dispersions of ethyl cellulose such as Surelease® (Colorcon) or Aquacoat® (FMC 
BioPolymer) or its organic solutions can be used for coating of extended release 
formulations. After ingestion of these formulations, an insoluble viscose gel is forming 
around the tablet which doesn’t allow to drug to freely release from dosage form. Drug 
molecules should pass across this barrier by diffusion mechanism to enter the bulk 
dissolution medium and thusthe release duration is extended much more than the same 
uncoated conventional formulation. Larger solid pharmaceuticals like tablets can be coated 
with rotating pan coaters whereas the smaller types as pills, beads or granules are coated 
with fluidized bed or air-suspension coater equipments. Because of water insolubility of EC, 
it is often used in conjunction with water soluble polymers such as MC and HPMC in 
aqueous coating liquids (Frohoff-Hülsmann et al., 1999a, 1999b). EC solutions in organic 
solvents such as ethanol can be thickened by HPMC or HPC (Rowe, 1986; Larsson et al., 
2010). Water soluble cellulosic polymers with higher amounts can be used as pore former in 
micro-porous types of extended release and enteric systems. Using of plasticizers is 
necessary for achieving acceptable coating of pharmaceuticals by these polymers. EC is 
compatible with commonly used plasticizers such as dibutyl phthalate, diethyl phthalate, 
dicyclohexyl phthalate, butyl phthalyl butyl glycolate, benzyl phthalate, butyl stearate and 
castor oil. Other plasticizers such as triacetin, cholecalciferol and α-tocopherol also have 
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been used in EC film coats (Arwidson et al., 1990; Kangarlou et al., 2008). The molecular 
weights of ECs are in a wide range and different grades of them are existed from 4 to 350 
(Colorcon official website). Concentration of 5%w/v from these EC grades in toluene/ethanol 
mixture at 25°C can produce about 3 to 380 cp viscosity.   

3.3.2. In extended release polymeric matrices 

Matrices are very simple and efficient systems for controlling drug release from dosage 
forms. Production of these systems is less time consuming and no needs to special or 
sophisticated equipments. Majority of ER matrices are made by a simple mixing of drug, 
polymer(s) and filler followed by one or two stage compaction process. Polymeric matrices 
as drug delivery systems are very important in developing of modified release dosage 
forms. In these devices, the drug is dispersed either molecularly or in particulate form 
within a polymeric network. The main types of drug delivery matrices included swellable 
and hydrophilic monolithic, erosion controlled and non-erodible matrices (Roy et al., 2002). 
The use of hydrophilic matrices has become extremely popular in controlling the release rate 
of drugs from solid dosage forms due to their attractiveness in the case of economic and 
process development points of view (Conti et al., 2007). During the last two decades, 
hydrophilic swellable polymers have been widely used for preparation of controlled release 
matrix tablet formulations. Although various types of rate controlling polymers have been 
used in hydrophilic matrices, cellulose derivatives especially cellulose ethers are probably 
the most frequently encountered in pharmaceutical literatures and the most popular 
polymers in formulation of commercially available oral controlled release matrices. They 
good compressibility characteristics so they are easily converted to matrices by direct 
compression technique. In contact with an aqueous liquid, i.e., dissolution medium or 
gastrointestinal fluid, the hydrophilic polymers present in the matrix swell and a viscose 
gelatinous layer formed in outer surface of matrix. This layer controls the drug release from 
matrix. Drug molecules can release out of system by diffusion across this layer. Viscosity of 
the gel layer is a critical rate-controlling factor in drug release rate from matrices. Erosion of 
polymeric matrices also can influence the release of the drug from system. Increasing 
viscosity of the gel, gives rise to increase the resistance against polymer erosion and drug 
diffusion resulting in reduction of the drug release rate. Various types of cellulose 
derivatives have been used in formulation of hydrophilic polymeric matrices such as 
HPMC, NaCMC, CMC, HEC, HPC and EC with different molecular weights (Barzegar-jalali 
et al., 2010; Javadzadeh et al., 2010; adibkia et al., 2011; Asnaashari et al., 2011). Both of 
soluble and insoluble cellulose ethers can be used in hydrophilic polymeric matrices due to 
their hydrophilic nature and ability of them to forming gel in aqueous media. The highest 
swelling power and hydration rate among cellulose ethers is related to HEC (Saša et al., 
2006) but the mostly used cellulose ether is hydrophilic matrices is HPMC due to its 
excellent swelling properties, good compressibility and fast hydration in contact with water 
(Ferrero et al., 2008, 2010; Nerurcar et al., 2005). For achieving the good release 
characteristics, mixtures of various cellulose ethers or mixtures of different grades of a 
distinct polymer with different ratios can be used based on the intended release rate of 
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controlled release system (Chopra et al., 2007). Some specialized hydrophilic matrices can be 
made with cellulose ethers for special purposes for example, HPMC matrices with alkalizing 
buffers like sodium citrate for protection of acid labile drugs have been investigated (Pygall 
et al., 2009).  

3.4. Application in osmotic drug delivery systems 

In recent years, considerable attention has been focused on development of novel drug 
delivery systems (NDDS). Among various NDDS available in the market, oral controlled 
release (CR) systems hold the major market share because of their advantages over others. 
Majority of oral CR systems fall in the category of matrices, reservoirs and osmotic devices. 
Among various types of CR systems, osmotic devices are considered as novel CR systems (J. 
Shokri et al., 2008a). These formulations utilize osmotic pressure as energy source and 
driving force for delivery of drugs. Some physiological factors such as pH, presence of food 
and gastrointestinal motility may affect drug release from conventional CR systems 
(matrices and reservoirs), whereas, drug release from oral osmotic systems is independent 
of these factors to a large extent. A classic osmotic device basically consists of an osmotically 
active core surrounded by a semi-permeable membrane (SPM) and a small orifice drilled 
through SPM using LASER or mechanical drills. In fact, this system is really a coated tablet 
with an aperture which acts as drug delivery port (figure 1). This type of devices is called  

 
Figure 1. Schematic diagram of an EOP osmotic system. 

monolithic or elementary osmotic pumps (EOPs). The more sophisticated osmotic devices 
have bi-layer (push-pull systems) or tri-layer (sandwich osmotic pumps) cores consisted of 
an osmotically active drug layer and polymeric layer(s) in one or two sides. Some of osmotic 
systems called asymmetric membrane or controlled porosity osmotic pumps have not any 
orifice in their SPM (wang et al., 2005). In these devices, water soluble polymers are used in 
their SPM as pore formers. Pore formers dissolve after exposing of dosage form to aqueous 
media and numerous micro pores are created in SPM for drug delivery reason. When an 
osmotic tablet exposed to an aqueous environment, water pumps from outside into the 
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been used in EC film coats (Arwidson et al., 1990; Kangarlou et al., 2008). The molecular 
weights of ECs are in a wide range and different grades of them are existed from 4 to 350 
(Colorcon official website). Concentration of 5%w/v from these EC grades in toluene/ethanol 
mixture at 25°C can produce about 3 to 380 cp viscosity.   

3.3.2. In extended release polymeric matrices 

Matrices are very simple and efficient systems for controlling drug release from dosage 
forms. Production of these systems is less time consuming and no needs to special or 
sophisticated equipments. Majority of ER matrices are made by a simple mixing of drug, 
polymer(s) and filler followed by one or two stage compaction process. Polymeric matrices 
as drug delivery systems are very important in developing of modified release dosage 
forms. In these devices, the drug is dispersed either molecularly or in particulate form 
within a polymeric network. The main types of drug delivery matrices included swellable 
and hydrophilic monolithic, erosion controlled and non-erodible matrices (Roy et al., 2002). 
The use of hydrophilic matrices has become extremely popular in controlling the release rate 
of drugs from solid dosage forms due to their attractiveness in the case of economic and 
process development points of view (Conti et al., 2007). During the last two decades, 
hydrophilic swellable polymers have been widely used for preparation of controlled release 
matrix tablet formulations. Although various types of rate controlling polymers have been 
used in hydrophilic matrices, cellulose derivatives especially cellulose ethers are probably 
the most frequently encountered in pharmaceutical literatures and the most popular 
polymers in formulation of commercially available oral controlled release matrices. They 
good compressibility characteristics so they are easily converted to matrices by direct 
compression technique. In contact with an aqueous liquid, i.e., dissolution medium or 
gastrointestinal fluid, the hydrophilic polymers present in the matrix swell and a viscose 
gelatinous layer formed in outer surface of matrix. This layer controls the drug release from 
matrix. Drug molecules can release out of system by diffusion across this layer. Viscosity of 
the gel layer is a critical rate-controlling factor in drug release rate from matrices. Erosion of 
polymeric matrices also can influence the release of the drug from system. Increasing 
viscosity of the gel, gives rise to increase the resistance against polymer erosion and drug 
diffusion resulting in reduction of the drug release rate. Various types of cellulose 
derivatives have been used in formulation of hydrophilic polymeric matrices such as 
HPMC, NaCMC, CMC, HEC, HPC and EC with different molecular weights (Barzegar-jalali 
et al., 2010; Javadzadeh et al., 2010; adibkia et al., 2011; Asnaashari et al., 2011). Both of 
soluble and insoluble cellulose ethers can be used in hydrophilic polymeric matrices due to 
their hydrophilic nature and ability of them to forming gel in aqueous media. The highest 
swelling power and hydration rate among cellulose ethers is related to HEC (Saša et al., 
2006) but the mostly used cellulose ether is hydrophilic matrices is HPMC due to its 
excellent swelling properties, good compressibility and fast hydration in contact with water 
(Ferrero et al., 2008, 2010; Nerurcar et al., 2005). For achieving the good release 
characteristics, mixtures of various cellulose ethers or mixtures of different grades of a 
distinct polymer with different ratios can be used based on the intended release rate of 
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controlled release system (Chopra et al., 2007). Some specialized hydrophilic matrices can be 
made with cellulose ethers for special purposes for example, HPMC matrices with alkalizing 
buffers like sodium citrate for protection of acid labile drugs have been investigated (Pygall 
et al., 2009).  

3.4. Application in osmotic drug delivery systems 

In recent years, considerable attention has been focused on development of novel drug 
delivery systems (NDDS). Among various NDDS available in the market, oral controlled 
release (CR) systems hold the major market share because of their advantages over others. 
Majority of oral CR systems fall in the category of matrices, reservoirs and osmotic devices. 
Among various types of CR systems, osmotic devices are considered as novel CR systems (J. 
Shokri et al., 2008a). These formulations utilize osmotic pressure as energy source and 
driving force for delivery of drugs. Some physiological factors such as pH, presence of food 
and gastrointestinal motility may affect drug release from conventional CR systems 
(matrices and reservoirs), whereas, drug release from oral osmotic systems is independent 
of these factors to a large extent. A classic osmotic device basically consists of an osmotically 
active core surrounded by a semi-permeable membrane (SPM) and a small orifice drilled 
through SPM using LASER or mechanical drills. In fact, this system is really a coated tablet 
with an aperture which acts as drug delivery port (figure 1). This type of devices is called  

 
Figure 1. Schematic diagram of an EOP osmotic system. 

monolithic or elementary osmotic pumps (EOPs). The more sophisticated osmotic devices 
have bi-layer (push-pull systems) or tri-layer (sandwich osmotic pumps) cores consisted of 
an osmotically active drug layer and polymeric layer(s) in one or two sides. Some of osmotic 
systems called asymmetric membrane or controlled porosity osmotic pumps have not any 
orifice in their SPM (wang et al., 2005). In these devices, water soluble polymers are used in 
their SPM as pore formers. Pore formers dissolve after exposing of dosage form to aqueous 
media and numerous micro pores are created in SPM for drug delivery reason. When an 
osmotic tablet exposed to an aqueous environment, water pumps from outside into the 
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system due to the great osmotic pressure difference between two sides of SPM. Pumping 
of water into the system increases the inner hydrostatic pressure leading the saturated drug 
solution to flow through the small drug delivery orifice or micro pores (in the case of 
asymmetric membrane devices). Because of high difference of osmotic pressure between 
two sides of SPM, the osmotic pressure gradient remain constant and thus, the release rate 
of drug from these devices is almost constant and independent to environmental 
conditions. EOPs are the most commercially important osmotic devices so that more than 
240 patents have been devoted. Procardia XL® and Adalat CR (nifedipine), Acutrium® 
(phenylpropanolamine), Minipress XL® (prazocine) and Volmax® (salbutamol) are 
examples of EOPs available in the market (J. Shokri et al., 2008a; Nokhodchi et al., 2008). 

3.4.1. In SPM formulation of osmotic systems 

As noted earlier, each osmotic delivery system is consisted of two main components 
included osmotically active core and semi-permeable membrane (SPM). Cellulose acetate 
(CA) is the mostly used polymer in formulation of SPM in all types of osmotic drug delivery 
devices. This polymer is the most important cellulose ester derivative with good film 
forming ability and mechanical characteristics for using in osmotic systems. CA is insoluble 
in water in both acidic and alkaline conditions. The CA films are only permeable to small 
molecules such as water while larger molecules like organic drugs can not pass through 
them. Plasticizers are used in SPM composition for improving the flexibility and mechanical 
properties of membrane. Various types of plasticizers have been used in formulation of 
osmotic pharmaceuticals such as castor oil, low and medium molecular weights 
polyethylenglycols (PEGs), sorbitol, glycerin, propylene glycol, triacetine, ethylene glycol 
monoacetate, diethyl phthalate, diethyl tartrate and trimethyl phosphate (J. Shokri et al., 
2008a, 2008b; Prabakaran et al., 2004; Makhija & Vavia, 2003; Liu et al., 2000a, 2000b; 
Okimoto et al., 1999). Generally, the mixture of hydrophilic and hydrophobic plasticizers is 
used for producing the intended drug release characteristics. In controlled porosity osmotic 
pumps (CPOPs), the additional components such as pore formers are needed. The most 
efficient pore formers are hydrophilic polymers with high water solubility properties. Water 
soluble cellulose ether derivatives can be used as pore former in SPM of these devices. Low 
molecular weight grades of these polymers are suitable for this purpose due to their faster 
dissolution rate and lower viscosities. Low molecular weight MCs and HPMCs have been 
used as pore former in CPOP formulations. Central cores are coated with a coating 
formulation containing SPM components such as film former (CA), pore former(s) and 
plasticizer(s) dissolved or dispersed in a suitable liquid base. Acetone/ethanol mixtures are 
generally used as solvent system to dissolve cellulose acetate in coating liquid (J. Shokri et 
al., 2008a; Nokhodchi et al., 2008; M.H. Shokri et al., 2011). In some studies, cellulose acetate 
is used as fine particles suspended in an aqueous medium for coating of osmotic cores (Liu 
et al., 2000b). Ethyl cellulose (EC) and ethylhydroxyl propyl cellulose also have been used as 
SPM of osmotic devices in some studies but permeability of these membranes is lower than 
CA membranes. In these formulations, hydrophilic cellulose ether derivatives such as 

 
Application of Cellulose and Cellulose Derivatives in Pharmaceutical Industries 55 

HPMC have been used for improving SPM permeability (Marucci et al., 2010; Wang et al., 
2005; Hjärtstam et al., 1990).  

3.4.2. In central core of osmotic systems 

Central core of an osmotic pump is generally a simple compressed tablet basically consisted 
of the active drug(s), osmotically active agent(s), hydrophilic polymer(s) and other 
commonly used ingredients such as filler, compressibility enhancer, free flowing agent and 
lubricant. In one compartment devices (EOPs and controlled porosity OP), these polymers 
mixed with other ingredients and compressed to a tablet whereas in two layered (Push-Pull 
systems), or tri layered (Sandwich systems) cores, these polymers compressed in one or two 
separated layer in one or both sides of drug layer (J. Shokri et al., 2008b; Kumaravelrajan et 
al., 2010). These polymers should have high water uptake and swelling capacity. Cellulose 
derivatives play an important role in core formulations of osmotic devices. Water soluble 
cellulose ethers commonly used as core polymers due to their hydrophilicity and good 
swelling properties. Most currently used polymers for this purpose are MC, HEC, HPC and 
HPMC with various molecular weights. After exposing of system to water, water move into 
the system due to great osmotic pressure difference between outer and inner part of device. 
This water is imbibed to polymer(s) and causes swelling of them. Swelling of core 
polymer(s) produce the driving force for ejecting the drug solution from drug release orifice 
with constant rate (J. Shokri et al., 2008a, 2008b; Prabakaran et al., 2004; Makhija & Vavia, 
2003; Liu et al., 2000a, 2000b). Among cellulose ethers, different grades of HPMC have been 
used more than others in core formulation. Microcrystalline cellulose (MCC) has also 
frequently used the core formulations as compressibility enhancer. MCC is one of the most 
compressibility enhancers that widely used in direct compression as well as wet granulation 
techniques for preparing various types of tablets, pellets and pills.   

3.5. Application in enteric coated solid dosage form 

Enteric coated solid dosage forms are the main groups of delayed release drug delivery 
systems which designed for releasing of their drug(s) content in the lower parts of 
gastrointestinal tract such as small intestine and colon. Enteric dosage forms can be 
considered as a type of oral site specific pharmaceuticals that initiate drug release after 
passing from stomach. Enteric oral dosage forms are suitable for formulation of acid-labile 
drugs or drugs with irritancy potential for inner protective layer of stomach such as non-
steroidal anti inflammatory drugs (NSAIDs). The commonly used materials in enteric 
coated formulations are pH-dependent polymers containing carboxylic acid groups. These 
polymers remain un-ionized in low pH conditions like environment of stomach and become 
ionized with increasing of pH toward natural and light alkaline zone similar to the small 
intestine condition (Liu et al., 2011). These polymers also should have the good film forming 
properties to produce smooth coats with good integrity. Various polymers have been used 
for production of enteric coated dosage forms such as Eudragit® polymers and pH-
dependent cellulose derivatives. Cellulose derivatives which commonly used as enteric 
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system due to the great osmotic pressure difference between two sides of SPM. Pumping 
of water into the system increases the inner hydrostatic pressure leading the saturated drug 
solution to flow through the small drug delivery orifice or micro pores (in the case of 
asymmetric membrane devices). Because of high difference of osmotic pressure between 
two sides of SPM, the osmotic pressure gradient remain constant and thus, the release rate 
of drug from these devices is almost constant and independent to environmental 
conditions. EOPs are the most commercially important osmotic devices so that more than 
240 patents have been devoted. Procardia XL® and Adalat CR (nifedipine), Acutrium® 
(phenylpropanolamine), Minipress XL® (prazocine) and Volmax® (salbutamol) are 
examples of EOPs available in the market (J. Shokri et al., 2008a; Nokhodchi et al., 2008). 

3.4.1. In SPM formulation of osmotic systems 

As noted earlier, each osmotic delivery system is consisted of two main components 
included osmotically active core and semi-permeable membrane (SPM). Cellulose acetate 
(CA) is the mostly used polymer in formulation of SPM in all types of osmotic drug delivery 
devices. This polymer is the most important cellulose ester derivative with good film 
forming ability and mechanical characteristics for using in osmotic systems. CA is insoluble 
in water in both acidic and alkaline conditions. The CA films are only permeable to small 
molecules such as water while larger molecules like organic drugs can not pass through 
them. Plasticizers are used in SPM composition for improving the flexibility and mechanical 
properties of membrane. Various types of plasticizers have been used in formulation of 
osmotic pharmaceuticals such as castor oil, low and medium molecular weights 
polyethylenglycols (PEGs), sorbitol, glycerin, propylene glycol, triacetine, ethylene glycol 
monoacetate, diethyl phthalate, diethyl tartrate and trimethyl phosphate (J. Shokri et al., 
2008a, 2008b; Prabakaran et al., 2004; Makhija & Vavia, 2003; Liu et al., 2000a, 2000b; 
Okimoto et al., 1999). Generally, the mixture of hydrophilic and hydrophobic plasticizers is 
used for producing the intended drug release characteristics. In controlled porosity osmotic 
pumps (CPOPs), the additional components such as pore formers are needed. The most 
efficient pore formers are hydrophilic polymers with high water solubility properties. Water 
soluble cellulose ether derivatives can be used as pore former in SPM of these devices. Low 
molecular weight grades of these polymers are suitable for this purpose due to their faster 
dissolution rate and lower viscosities. Low molecular weight MCs and HPMCs have been 
used as pore former in CPOP formulations. Central cores are coated with a coating 
formulation containing SPM components such as film former (CA), pore former(s) and 
plasticizer(s) dissolved or dispersed in a suitable liquid base. Acetone/ethanol mixtures are 
generally used as solvent system to dissolve cellulose acetate in coating liquid (J. Shokri et 
al., 2008a; Nokhodchi et al., 2008; M.H. Shokri et al., 2011). In some studies, cellulose acetate 
is used as fine particles suspended in an aqueous medium for coating of osmotic cores (Liu 
et al., 2000b). Ethyl cellulose (EC) and ethylhydroxyl propyl cellulose also have been used as 
SPM of osmotic devices in some studies but permeability of these membranes is lower than 
CA membranes. In these formulations, hydrophilic cellulose ether derivatives such as 
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HPMC have been used for improving SPM permeability (Marucci et al., 2010; Wang et al., 
2005; Hjärtstam et al., 1990).  

3.4.2. In central core of osmotic systems 

Central core of an osmotic pump is generally a simple compressed tablet basically consisted 
of the active drug(s), osmotically active agent(s), hydrophilic polymer(s) and other 
commonly used ingredients such as filler, compressibility enhancer, free flowing agent and 
lubricant. In one compartment devices (EOPs and controlled porosity OP), these polymers 
mixed with other ingredients and compressed to a tablet whereas in two layered (Push-Pull 
systems), or tri layered (Sandwich systems) cores, these polymers compressed in one or two 
separated layer in one or both sides of drug layer (J. Shokri et al., 2008b; Kumaravelrajan et 
al., 2010). These polymers should have high water uptake and swelling capacity. Cellulose 
derivatives play an important role in core formulations of osmotic devices. Water soluble 
cellulose ethers commonly used as core polymers due to their hydrophilicity and good 
swelling properties. Most currently used polymers for this purpose are MC, HEC, HPC and 
HPMC with various molecular weights. After exposing of system to water, water move into 
the system due to great osmotic pressure difference between outer and inner part of device. 
This water is imbibed to polymer(s) and causes swelling of them. Swelling of core 
polymer(s) produce the driving force for ejecting the drug solution from drug release orifice 
with constant rate (J. Shokri et al., 2008a, 2008b; Prabakaran et al., 2004; Makhija & Vavia, 
2003; Liu et al., 2000a, 2000b). Among cellulose ethers, different grades of HPMC have been 
used more than others in core formulation. Microcrystalline cellulose (MCC) has also 
frequently used the core formulations as compressibility enhancer. MCC is one of the most 
compressibility enhancers that widely used in direct compression as well as wet granulation 
techniques for preparing various types of tablets, pellets and pills.   

3.5. Application in enteric coated solid dosage form 

Enteric coated solid dosage forms are the main groups of delayed release drug delivery 
systems which designed for releasing of their drug(s) content in the lower parts of 
gastrointestinal tract such as small intestine and colon. Enteric dosage forms can be 
considered as a type of oral site specific pharmaceuticals that initiate drug release after 
passing from stomach. Enteric oral dosage forms are suitable for formulation of acid-labile 
drugs or drugs with irritancy potential for inner protective layer of stomach such as non-
steroidal anti inflammatory drugs (NSAIDs). The commonly used materials in enteric 
coated formulations are pH-dependent polymers containing carboxylic acid groups. These 
polymers remain un-ionized in low pH conditions like environment of stomach and become 
ionized with increasing of pH toward natural and light alkaline zone similar to the small 
intestine condition (Liu et al., 2011). These polymers also should have the good film forming 
properties to produce smooth coats with good integrity. Various polymers have been used 
for production of enteric coated dosage forms such as Eudragit® polymers and pH-
dependent cellulose derivatives. Cellulose derivatives which commonly used as enteric 
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coating polymers include cellulose acetate phthalate (CAP), cellulose acetate trimelitate 
(CAT), hydroxypropylmethyl cellulose phthalate (HPMCP), carboxymethylethyl cellulose 
(CMEC) and hydroxypropylmethyl cellulose acetate succinate (HPMCAP) (Williams III & 
Liu, 2000). Apart from the main enteric polymer, the type and amount o plasticizer(s) is very 
important for achieving uniform, smooth and resistant enteric films. Some of mostly used 
plasticizers in enteric coated formulations are diethyl phthalate, glyceryl triacetate, glyceryl 
monocaprylate and triethyl citrate (Williams III & Liu, 2000; Gosh et al., 2011). In some 
cases, hydrophilic cellulose ether derivatives especially HPMC are used with enteric 
polymer for improving the film forming and plasticity of main enteric polymer. HPMC is 
also used in enteric coating process as pre-coating or sub-coating polymer due to its very 
good film forming properties and suitable polymer-to-polymer adhesion with enteric 
coating polymers especially with cellulose ester derivatives such as CAP, HPMCP, 
HPMCAS, CMEC and CAT (Williams III & Liu, 2000). Three commercially available enteric 
coating preparations included solid forms of enteric polymers which should be dissolved in 
suitable organic solvent mixture before coating process, ready-to-use organic enteric coating 
solutions and aqueous polymeric dispersions. Aqueous nanodispersions of enteric coating 
polymers such as HPMCP have also been investigated for improving physicochemical and 
mechanical characteristics of coating (Kim et al., 2003). 

3.6. Application as compressibility enhancers 

More than 80 percent of all dosage forms available or administered to man are tablets. The 
main reason of this great popularity is the advantages of tablets over other forms of 
pharmaceuticals. Ease of manufacturing, convenience dosing and greater stability in 
compared with liquid or semisolid dosage forms are some of these advantages. Two 
common ways for tablet manufacturing are compression and molding. Except of a few 
cases, tablets are made by compression technique. The simplest and fastest kind of 
compression is named direct compression method in which the drug and all of other 
excipients are mixed and compressed in one-stage process with proper compression force to 
form tablet. This method commonly used for tabletting of medium to high potency drugs 
where the drug content in them is less than 30% of formulation (Jivari et al., 2000). In the 
other cases with higher amounts of low compactable drugs, dry or wet granulation 
techniques are used for preparing tablets. In dry granulation method, compression of 
ingredients are performed in two or multi-stage process to improve compressibility of the 
ingredients. Slugging and roller compaction techniques used for initial compression of 
powder mixtures before final tabletting process.  

One of the common difficulties in direct compression and dry granulation is low 
compactability of the drug content especially when the drug amount is higher than 30% of 
formulation. In these cases, an efficient compressibility enhancer can help to achieving a 
good tablet with pharmaceutically accepted characteristics. Although, all of the cellulose 
based polymers are good compactable, however special grades of microcrystalline cellulose 
exhibit excellent compatibility. These grades can significantly improve compressibility of 
low compactable powder mixtures so they are widely used as compressibility enhancers in 
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tablet manufacturing by direct compression and dry granulation methods. Various grades of 
MCC have different fundamental properties including their morphology, particle size, 
surface area, porosity and density (Rojas & Kumar, 2011). These physicochemical properties 
poses the different characteristics to them for example, smaller particle size MCC grades 
have good compressibility and poor flowability whereas the larger particle size grades have 
poor compressibility and excellent flowability. Particle size of MCC varies from 20 to 270 
micrometer based on the manufacturer and type of application. MCC is available in three 
public brand names including Avicel® (FMC BioPolymer), VIVAPUR®/EMCOCEL® (JRS 
Pharma) and TABULOSE® (Blanver). Various grades of commercially available Avicel® and 
their particle size are shown in table 1 (Colorcon official website).  
 

brand name Application MCC grade Particle size 
Avicel® Roller compaction DG 45 

Wet granulation PH-101 50 
Direct compression PH-102 100 

HFE-102 100 
Superior compactability PH-105 20 

Superior Flowability PH-102 SCG 150 
PH-200 180 

High Density PH-301 50 
PH-302 100 

Low Humidity PH-103 50 
PH-113 50 
PH-112 100 

PH-200LM 180 
Mouthfeel improvement CE-15 75 

Table 1. Various grenades of Avicel® 

The effects of size, shape and porosity of MCC particles on flowability and compatibility 
have also been investigated by several researchers (Johansson et al., 2001). Various types of 
MCCs are extensively used in direct compression and dry granulation methods especially in 
roller compaction for preparing compressed tablets or pellets (Strydom et al., 2011; 
Bultmann, 2002). Microcrystalline cellulose type II (MCC-II) was recently introduced as new 
pharmaceutical excipients. MCC-II has a fibrous structure with lower compactability than 
MCC grades and suitable for using in rapid disintegrating dosage forms (Rojas et al., 2011; 
Reus-Medina & Kumar, 2006). In recent years, the new methods have been established for 
improving mechanical characteristics of MCCs. One of these innovative methods is 
lubricating or silisfying for improving compactability of low compressible grades of MCCs 
such as MCC-II or large particle size MCC grades. In this method, amorphous silicon 
dioxide (SiO2) is used as companion excipient for co-processing with low compressible 
MCC grades. Cellulose/SiO2 ratio is 98:2 and resulted product is called lubricated or 
silisified microcrystalline cellulose (SMCC). This method can be used for both MCC-I or 
MCC-II for production SMCC-I or SMCC-II (Rojas & Kumar, 2011; Van Veen et al., 2005). 
SMCC-I have excellent  compaction  properties and less  stickiness  to  the  lower  punches 
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coating polymers include cellulose acetate phthalate (CAP), cellulose acetate trimelitate 
(CAT), hydroxypropylmethyl cellulose phthalate (HPMCP), carboxymethylethyl cellulose 
(CMEC) and hydroxypropylmethyl cellulose acetate succinate (HPMCAP) (Williams III & 
Liu, 2000). Apart from the main enteric polymer, the type and amount o plasticizer(s) is very 
important for achieving uniform, smooth and resistant enteric films. Some of mostly used 
plasticizers in enteric coated formulations are diethyl phthalate, glyceryl triacetate, glyceryl 
monocaprylate and triethyl citrate (Williams III & Liu, 2000; Gosh et al., 2011). In some 
cases, hydrophilic cellulose ether derivatives especially HPMC are used with enteric 
polymer for improving the film forming and plasticity of main enteric polymer. HPMC is 
also used in enteric coating process as pre-coating or sub-coating polymer due to its very 
good film forming properties and suitable polymer-to-polymer adhesion with enteric 
coating polymers especially with cellulose ester derivatives such as CAP, HPMCP, 
HPMCAS, CMEC and CAT (Williams III & Liu, 2000). Three commercially available enteric 
coating preparations included solid forms of enteric polymers which should be dissolved in 
suitable organic solvent mixture before coating process, ready-to-use organic enteric coating 
solutions and aqueous polymeric dispersions. Aqueous nanodispersions of enteric coating 
polymers such as HPMCP have also been investigated for improving physicochemical and 
mechanical characteristics of coating (Kim et al., 2003). 

3.6. Application as compressibility enhancers 

More than 80 percent of all dosage forms available or administered to man are tablets. The 
main reason of this great popularity is the advantages of tablets over other forms of 
pharmaceuticals. Ease of manufacturing, convenience dosing and greater stability in 
compared with liquid or semisolid dosage forms are some of these advantages. Two 
common ways for tablet manufacturing are compression and molding. Except of a few 
cases, tablets are made by compression technique. The simplest and fastest kind of 
compression is named direct compression method in which the drug and all of other 
excipients are mixed and compressed in one-stage process with proper compression force to 
form tablet. This method commonly used for tabletting of medium to high potency drugs 
where the drug content in them is less than 30% of formulation (Jivari et al., 2000). In the 
other cases with higher amounts of low compactable drugs, dry or wet granulation 
techniques are used for preparing tablets. In dry granulation method, compression of 
ingredients are performed in two or multi-stage process to improve compressibility of the 
ingredients. Slugging and roller compaction techniques used for initial compression of 
powder mixtures before final tabletting process.  

One of the common difficulties in direct compression and dry granulation is low 
compactability of the drug content especially when the drug amount is higher than 30% of 
formulation. In these cases, an efficient compressibility enhancer can help to achieving a 
good tablet with pharmaceutically accepted characteristics. Although, all of the cellulose 
based polymers are good compactable, however special grades of microcrystalline cellulose 
exhibit excellent compatibility. These grades can significantly improve compressibility of 
low compactable powder mixtures so they are widely used as compressibility enhancers in 
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tablet manufacturing by direct compression and dry granulation methods. Various grades of 
MCC have different fundamental properties including their morphology, particle size, 
surface area, porosity and density (Rojas & Kumar, 2011). These physicochemical properties 
poses the different characteristics to them for example, smaller particle size MCC grades 
have good compressibility and poor flowability whereas the larger particle size grades have 
poor compressibility and excellent flowability. Particle size of MCC varies from 20 to 270 
micrometer based on the manufacturer and type of application. MCC is available in three 
public brand names including Avicel® (FMC BioPolymer), VIVAPUR®/EMCOCEL® (JRS 
Pharma) and TABULOSE® (Blanver). Various grades of commercially available Avicel® and 
their particle size are shown in table 1 (Colorcon official website).  
 

brand name Application MCC grade Particle size 
Avicel® Roller compaction DG 45 

Wet granulation PH-101 50 
Direct compression PH-102 100 

HFE-102 100 
Superior compactability PH-105 20 

Superior Flowability PH-102 SCG 150 
PH-200 180 

High Density PH-301 50 
PH-302 100 

Low Humidity PH-103 50 
PH-113 50 
PH-112 100 

PH-200LM 180 
Mouthfeel improvement CE-15 75 

Table 1. Various grenades of Avicel® 

The effects of size, shape and porosity of MCC particles on flowability and compatibility 
have also been investigated by several researchers (Johansson et al., 2001). Various types of 
MCCs are extensively used in direct compression and dry granulation methods especially in 
roller compaction for preparing compressed tablets or pellets (Strydom et al., 2011; 
Bultmann, 2002). Microcrystalline cellulose type II (MCC-II) was recently introduced as new 
pharmaceutical excipients. MCC-II has a fibrous structure with lower compactability than 
MCC grades and suitable for using in rapid disintegrating dosage forms (Rojas et al., 2011; 
Reus-Medina & Kumar, 2006). In recent years, the new methods have been established for 
improving mechanical characteristics of MCCs. One of these innovative methods is 
lubricating or silisfying for improving compactability of low compressible grades of MCCs 
such as MCC-II or large particle size MCC grades. In this method, amorphous silicon 
dioxide (SiO2) is used as companion excipient for co-processing with low compressible 
MCC grades. Cellulose/SiO2 ratio is 98:2 and resulted product is called lubricated or 
silisified microcrystalline cellulose (SMCC). This method can be used for both MCC-I or 
MCC-II for production SMCC-I or SMCC-II (Rojas & Kumar, 2011; Van Veen et al., 2005). 
SMCC-I have excellent  compaction  properties and less  stickiness  to  the  lower  punches 



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 58 

over MCC-I or MCC-I/SiO2 physical mixtures (Rojas & Kumar, 2011). SMCC-II has also 
better mechanical properties especially higher compactability than MCC-II without 
detriment if it's self-disintegrating characteristics. SMCC-I grades are commercially 
available under trade name of ProSolv® (JRS Pharma) but SMCC-II is not commercialized 
yet. Apart from MCC, other forms of cellulose are existed such as powdered cellulose (PC) 
and low cristallinity powdered cellulose (LCPC). LCPC and MCC have agglomerated and 
PC has fibrous structure. PC applications in pharmaceutical industries is similar that MCC. 
It is widely used in direct compression formulation and in dry granulation by either 
slugging or roller compaction methods. LCPC is a new direct compression cellulose 
excipient which is prepared by controlled decrystallization and depolymerization of 
cellulose with phosphoric acid (Rojas & Kumar, 2011). LCPC was shown superior tabletting 
properties than direct compression grades of MCC like Avicel®PH-101 (Kothari et al., 2002). 

3.7. Application as gelling agents 

Gels are semisolid systems consisting of dispersions of very small particles or large 
molecules in an aqueous liquid vehicle rendered jellylike by the addition of a gelling agent. 
In recent decades, synthetic and semi-synthetic macromolecules are mostly used as gelling 
agents in pharmaceutical dosage forms. Some of these agents include: carbomers, cellulose 
derivatives and natural gums. Cellulose derivatives such as HPMC and CMC are the most 
popular gelling agents used in drug formulations. These polymers are less sensitive for 
microbial contamination than natural gelling agents such as tragacanth, acacia, sodium 
algininate, agar, pectin and gelatin. Cellulose derivatives generally dissolve better in hot 
water (except MC grades) and their mechanisms of jellification is thermal. For preparing gel, 
powder of these polymers with suitable amount initially dispersed in cold water by using 
mechanical mixture and then, the dispersion is heated to about 60-80°C and gradually 
cooled to normal room temperature to form a gel (except MC grades). The resulted gels 
from these polymers are single-phase gels. Adding of electrolytes in the low concentrations 
increase the viscosity of these gels by salting out mechanism and higher concentrations 
(above 3-4%) can precipitate the polymer and breakup the gel system (Allen, et al., 1995). 
Maximum stability and transparency of the gels prepared by these polymers is about 
neutral range (pH= 7-9) and acidic pHs can precipitate them from gel system. Minimum gel-
forming concentrations of cellulose derivatives are different based on the type and the 
molecular weights of them but the medium range is about 4-6%w/v. The type of cellulose 
derivative in pharmaceutical gels can significantly affect drug release from gel formulations 
(Tas, et al., 2003). These gels also can be used as the base of novel drug delivery systems 
such as liposomal formulations (Gupta, et al., 2012). 

3.8. Application as thickening and stabilizing agents 

Cellulose derivatives are extensively used for thickening of pharmaceutical solutions and 
disperse systems such as emulsions and suspensions (Adibkia et al., 2007a, 2007b). 
Furthermore, these polymers can increase viscosity of non-aqueous pharmaceutical solution 
likes organic-based coating solutions. Viscosity enhancing of drug solutions poses many 
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advantages such as improving consuming controllability and increasing residence time of 
drugs in topical and mucosal solutions which lead to improve bioavailability of topical, 
nasal or ocular preparations (Grove et al., 1990; Adibkia et al., 2007a, 2007b). It has been 
revealed that viscosity enhancement, in some cases, can increase absorption of some poorly-
absorb drugs like insulin from oral dosage forms (Mesiha, M. & Sidhom, M.). Cellulose 
ethers in concentrations lower than minimum gel-forming amounts are used as thickening 
agents or viscosity builder. These polymers play an important role in stabilizing of 
pharmaceutical disperse systems especially in suspensions and coarse emulsions. By 
increasing the viscosity of suspension, based on the stock's equation, the sedimentation rate 
of dispersant decreased and thus, the uniformity of dispersion after shaking of product will 
improve. In the case of emulsions, these polymers can increase the shelf life and their 
resistance against mechanical and thermal shocks. Among cellulose derivatives, cellulose 
ethers especially their higher molecular weight grades are more suitable for using as viscosity 
enhancer and stabilizer for liquid pharmaceutical disperse systems such as suspensions and 
emulsions. There is a direct proportionality between viscosity of cellulose ether solutions and 
molecular weights of them.  

3.9. Application as fillers in solid dosage forms 

Cellulose and related polymers are commonly used in solid dosage forms like tablets and 
capsules as filler. Various forms of cellulose have been used in pharmaceutical preparations 
as multifunctional ingredients thus; they are concerned as precious excipients for 
formulation of solid dosage forms. Cellulose and its derivatives have many advantages in 
using as filler in solid pharmaceuticals such as their compatibility with the most of other 
excipients, pharmacologically inert nature and indigestibility by human gastrointestinal 
enzymes. These polymers do not cause any irritancy potential on stomach and esophagus 
protective mucosa. Various forms of pure cellulose and cellulose ether derivatives can be 
used as filler in these formulations. 

3.10. Application as binders in granulation process 

Binders are the essential components of solid drug formulations made by wet granulation 
process. In wet granulation process, drug substance is combined with other excipients and 
processed with the use of a solvent (aqueous or organic) with subsequent drying and 
milling to produce granules. Cellulose and some derivatives have excellent binding effects 
in wet granulation process. A number of MCC grades such as PH-101 are widely used as 
binder in wet granulation. Other cellulose derivatives such as MC, HPMC and HPC have 
good binding properties in wet granulation. Low substituted cellulose ethers such as low 
substituted HPC (L-HPC) also used as binder in wet granulation process (Desai et al., 2006; 
Wan & Prasad, 1988). Even though, low substituted cellulose ethers have lower water 
solubility compared with normal grades, however they have very good binding efficacy. 
Cross-linked cellulose (CLC) and cross-linked cellulose derivatives such as cross-linked 
NaCMC can be used as excellent binders in pharmaceuticals as well (Chebli & Cartilier, 
1998).  
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over MCC-I or MCC-I/SiO2 physical mixtures (Rojas & Kumar, 2011). SMCC-II has also 
better mechanical properties especially higher compactability than MCC-II without 
detriment if it's self-disintegrating characteristics. SMCC-I grades are commercially 
available under trade name of ProSolv® (JRS Pharma) but SMCC-II is not commercialized 
yet. Apart from MCC, other forms of cellulose are existed such as powdered cellulose (PC) 
and low cristallinity powdered cellulose (LCPC). LCPC and MCC have agglomerated and 
PC has fibrous structure. PC applications in pharmaceutical industries is similar that MCC. 
It is widely used in direct compression formulation and in dry granulation by either 
slugging or roller compaction methods. LCPC is a new direct compression cellulose 
excipient which is prepared by controlled decrystallization and depolymerization of 
cellulose with phosphoric acid (Rojas & Kumar, 2011). LCPC was shown superior tabletting 
properties than direct compression grades of MCC like Avicel®PH-101 (Kothari et al., 2002). 

3.7. Application as gelling agents 

Gels are semisolid systems consisting of dispersions of very small particles or large 
molecules in an aqueous liquid vehicle rendered jellylike by the addition of a gelling agent. 
In recent decades, synthetic and semi-synthetic macromolecules are mostly used as gelling 
agents in pharmaceutical dosage forms. Some of these agents include: carbomers, cellulose 
derivatives and natural gums. Cellulose derivatives such as HPMC and CMC are the most 
popular gelling agents used in drug formulations. These polymers are less sensitive for 
microbial contamination than natural gelling agents such as tragacanth, acacia, sodium 
algininate, agar, pectin and gelatin. Cellulose derivatives generally dissolve better in hot 
water (except MC grades) and their mechanisms of jellification is thermal. For preparing gel, 
powder of these polymers with suitable amount initially dispersed in cold water by using 
mechanical mixture and then, the dispersion is heated to about 60-80°C and gradually 
cooled to normal room temperature to form a gel (except MC grades). The resulted gels 
from these polymers are single-phase gels. Adding of electrolytes in the low concentrations 
increase the viscosity of these gels by salting out mechanism and higher concentrations 
(above 3-4%) can precipitate the polymer and breakup the gel system (Allen, et al., 1995). 
Maximum stability and transparency of the gels prepared by these polymers is about 
neutral range (pH= 7-9) and acidic pHs can precipitate them from gel system. Minimum gel-
forming concentrations of cellulose derivatives are different based on the type and the 
molecular weights of them but the medium range is about 4-6%w/v. The type of cellulose 
derivative in pharmaceutical gels can significantly affect drug release from gel formulations 
(Tas, et al., 2003). These gels also can be used as the base of novel drug delivery systems 
such as liposomal formulations (Gupta, et al., 2012). 

3.8. Application as thickening and stabilizing agents 

Cellulose derivatives are extensively used for thickening of pharmaceutical solutions and 
disperse systems such as emulsions and suspensions (Adibkia et al., 2007a, 2007b). 
Furthermore, these polymers can increase viscosity of non-aqueous pharmaceutical solution 
likes organic-based coating solutions. Viscosity enhancing of drug solutions poses many 
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advantages such as improving consuming controllability and increasing residence time of 
drugs in topical and mucosal solutions which lead to improve bioavailability of topical, 
nasal or ocular preparations (Grove et al., 1990; Adibkia et al., 2007a, 2007b). It has been 
revealed that viscosity enhancement, in some cases, can increase absorption of some poorly-
absorb drugs like insulin from oral dosage forms (Mesiha, M. & Sidhom, M.). Cellulose 
ethers in concentrations lower than minimum gel-forming amounts are used as thickening 
agents or viscosity builder. These polymers play an important role in stabilizing of 
pharmaceutical disperse systems especially in suspensions and coarse emulsions. By 
increasing the viscosity of suspension, based on the stock's equation, the sedimentation rate 
of dispersant decreased and thus, the uniformity of dispersion after shaking of product will 
improve. In the case of emulsions, these polymers can increase the shelf life and their 
resistance against mechanical and thermal shocks. Among cellulose derivatives, cellulose 
ethers especially their higher molecular weight grades are more suitable for using as viscosity 
enhancer and stabilizer for liquid pharmaceutical disperse systems such as suspensions and 
emulsions. There is a direct proportionality between viscosity of cellulose ether solutions and 
molecular weights of them.  

3.9. Application as fillers in solid dosage forms 

Cellulose and related polymers are commonly used in solid dosage forms like tablets and 
capsules as filler. Various forms of cellulose have been used in pharmaceutical preparations 
as multifunctional ingredients thus; they are concerned as precious excipients for 
formulation of solid dosage forms. Cellulose and its derivatives have many advantages in 
using as filler in solid pharmaceuticals such as their compatibility with the most of other 
excipients, pharmacologically inert nature and indigestibility by human gastrointestinal 
enzymes. These polymers do not cause any irritancy potential on stomach and esophagus 
protective mucosa. Various forms of pure cellulose and cellulose ether derivatives can be 
used as filler in these formulations. 

3.10. Application as binders in granulation process 

Binders are the essential components of solid drug formulations made by wet granulation 
process. In wet granulation process, drug substance is combined with other excipients and 
processed with the use of a solvent (aqueous or organic) with subsequent drying and 
milling to produce granules. Cellulose and some derivatives have excellent binding effects 
in wet granulation process. A number of MCC grades such as PH-101 are widely used as 
binder in wet granulation. Other cellulose derivatives such as MC, HPMC and HPC have 
good binding properties in wet granulation. Low substituted cellulose ethers such as low 
substituted HPC (L-HPC) also used as binder in wet granulation process (Desai et al., 2006; 
Wan & Prasad, 1988). Even though, low substituted cellulose ethers have lower water 
solubility compared with normal grades, however they have very good binding efficacy. 
Cross-linked cellulose (CLC) and cross-linked cellulose derivatives such as cross-linked 
NaCMC can be used as excellent binders in pharmaceuticals as well (Chebli & Cartilier, 
1998).  
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3.11. Application as disintegrating agents 

Solid oral dosage forms such as tablets undergo several steps before systemic absorption of 
the drug. Disintegration is the first step immediately after administration of oral dosage 
forms that breakup the dosage forms into the smaller fragments in an aqueous environment. 
Converting of solid dosage forms to smaller fragments, increase the available surface area 
and promote a more rapid release of the drug substances from dosage forms. The earliest 
known disintegrant is Starch. Corn Starch or Potato Starch was recognized as being the 
ingredient in tablet formulations responsible for disintegration as early as 1906. Due to low 
compressibility of starch, pre-gelatinized starch was invented for using as disintegrant. Pre-
gelatinized starch and MCC are two main types of classic disintegrants. In recent years, the 
classic disintegrnts have been gradually replaced with the newer ones called super 
disintegrants. Super disintegrants can acts in lower concentrations than starch and have not 
detriment effect on compressibility and flowability of formulations. Three main groups of 
these excipients are: modified starches like sodium starch glycolate (Primogel®, Explotab®) 
with 4-6% effective concentration, cross-linked polyvinyl pyrrolidones like crospovidone 
(Polyplasdone XL, Kollidon CL) with 2-4% effective concentration and modifies cellulose 
like cross-linked sodium carboxymethyl cellulose or croscarmellose (Ac-Di-SolTM and 
Nymcel) with 2-4% effective concentration in wet granulation process. Modified cellulose 
compounds are very efficient disintegrants and additionally, can accelerate the dissolution 
rate of drugs in aqueous environment (Chebli & Cartilier, 1998).  

3.12. Application as taste masking agents 

There are numerous drugs with unfavorable tastes. The most prevalent unpleasant taste of 
the drugs is bitter taste. Unpleasant-tasting dosage forms leads to lack of patient compliance 
of oral drug preparations. Various tastes are feeling by taste buds on the tongue. Taste buds 
are onion-shaped structures containing between 50 to 100 taste cells. Chemicals from food or 
oral ingested medicine are dissolved by the saliva and enter via the taste pore. They either 
interact with surface proteins known as taste receptors or with pore-like proteins called ion 
channels. These interactions cause electrical changes within the taste cells that trigger them 
to send chemical signals that translate into neurotransmission to the brain. Salt and sour 
responses are of the ion channel type of responses, while sweet and bitter are surface protein 
responses. 

Taste masking is an important consideration in formulation of oral dosage forms especially 
in the case of high dose, poorly tasting drugs. Improving the taste of liquid dosage forms is 
more important because of better sensitivity and faster stimulation of taste receptors by 
liquids in compared than solids. Taste masking in solid dosage forms can be performed by 
coating (in the case of tablets, pellets, pills or coarse granules) or micro-coating (in the case 
of fine granules, powders or microcapsules) of them by a gastro-soluble polymeric coating. 
These coats can prevent from contacting of the drug with taste buds without detriment of 
release characteristics of the drug formulations in gastrointestinal tract. Soluble cellulose 
ether derivatives are suitable for this purpose. These polymers like HPMC, HEC, MC and 
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HPC are completely water soluble and they have very good film forming properties. Some 
grades of MCC also can improve tooth-feel such as Avicel® CE-15. These coats can produce 
additional benefits in drug formulations such as protection of the active ingredients against 
moisture, oxygen of the air and light due to their barrier effects. Masking of the taste in 
liquid dosage forms especially in drug solutions is more sophisticated. In these cases test 
receptor blockers, flavoring agents and viscosity enhancers are simultaneously needed.  
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3.11. Application as disintegrating agents 

Solid oral dosage forms such as tablets undergo several steps before systemic absorption of 
the drug. Disintegration is the first step immediately after administration of oral dosage 
forms that breakup the dosage forms into the smaller fragments in an aqueous environment. 
Converting of solid dosage forms to smaller fragments, increase the available surface area 
and promote a more rapid release of the drug substances from dosage forms. The earliest 
known disintegrant is Starch. Corn Starch or Potato Starch was recognized as being the 
ingredient in tablet formulations responsible for disintegration as early as 1906. Due to low 
compressibility of starch, pre-gelatinized starch was invented for using as disintegrant. Pre-
gelatinized starch and MCC are two main types of classic disintegrants. In recent years, the 
classic disintegrnts have been gradually replaced with the newer ones called super 
disintegrants. Super disintegrants can acts in lower concentrations than starch and have not 
detriment effect on compressibility and flowability of formulations. Three main groups of 
these excipients are: modified starches like sodium starch glycolate (Primogel®, Explotab®) 
with 4-6% effective concentration, cross-linked polyvinyl pyrrolidones like crospovidone 
(Polyplasdone XL, Kollidon CL) with 2-4% effective concentration and modifies cellulose 
like cross-linked sodium carboxymethyl cellulose or croscarmellose (Ac-Di-SolTM and 
Nymcel) with 2-4% effective concentration in wet granulation process. Modified cellulose 
compounds are very efficient disintegrants and additionally, can accelerate the dissolution 
rate of drugs in aqueous environment (Chebli & Cartilier, 1998).  

3.12. Application as taste masking agents 

There are numerous drugs with unfavorable tastes. The most prevalent unpleasant taste of 
the drugs is bitter taste. Unpleasant-tasting dosage forms leads to lack of patient compliance 
of oral drug preparations. Various tastes are feeling by taste buds on the tongue. Taste buds 
are onion-shaped structures containing between 50 to 100 taste cells. Chemicals from food or 
oral ingested medicine are dissolved by the saliva and enter via the taste pore. They either 
interact with surface proteins known as taste receptors or with pore-like proteins called ion 
channels. These interactions cause electrical changes within the taste cells that trigger them 
to send chemical signals that translate into neurotransmission to the brain. Salt and sour 
responses are of the ion channel type of responses, while sweet and bitter are surface protein 
responses. 

Taste masking is an important consideration in formulation of oral dosage forms especially 
in the case of high dose, poorly tasting drugs. Improving the taste of liquid dosage forms is 
more important because of better sensitivity and faster stimulation of taste receptors by 
liquids in compared than solids. Taste masking in solid dosage forms can be performed by 
coating (in the case of tablets, pellets, pills or coarse granules) or micro-coating (in the case 
of fine granules, powders or microcapsules) of them by a gastro-soluble polymeric coating. 
These coats can prevent from contacting of the drug with taste buds without detriment of 
release characteristics of the drug formulations in gastrointestinal tract. Soluble cellulose 
ether derivatives are suitable for this purpose. These polymers like HPMC, HEC, MC and 
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HPC are completely water soluble and they have very good film forming properties. Some 
grades of MCC also can improve tooth-feel such as Avicel® CE-15. These coats can produce 
additional benefits in drug formulations such as protection of the active ingredients against 
moisture, oxygen of the air and light due to their barrier effects. Masking of the taste in 
liquid dosage forms especially in drug solutions is more sophisticated. In these cases test 
receptor blockers, flavoring agents and viscosity enhancers are simultaneously needed.  
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1. Introduction 

The integration of biomolecules with electronic elements to form multifunctional devices 
has been recently the subject of intense scientific research. The need of new sensors 
exhibiting a high selectivity and a total reliability in connection with smart systems and 
actuators for real time diagnostic and monitoring of diseases has driven wonderful 
developments in sensors and particularly in biosensors. Biosensors can be regarded as 
complementary tools to classical analytical methods due to their inherent simplicity, relative 
low cost, rapid response and proneness to miniaturization, thereby allowing continuous 
monitoring. They can integrate portable and implantable devices and be used in biological 
and biomedical systems. However, the development of biocompatible, nontoxic and 
lightweight power sources devices is still challenging. It would enable the production of 
various functional devices mechanically flexible and auto-sustained, allowing their 
integration into a wide range of innovative products such as in implantable medical devices. 

2. Bioelectronics 

Bioelectronics is a new multidisciplinary scientific area that results from the combination of 
biology, electronics and nanotechnology. Multifunctional devices can be made by 
integrating biological materials with electronic elements providing a novel and broad 
platform for biochemical and biotechnological processes. These functional devices can be 
used to develop sensing devices, such as enzyme-based biosensors [1], DNA-sensors [2], 
immunosensors [3], and to develop implantable biofuel cells [4] for biomedical applications, 
self-powered biosensors [1], autonomously operated devices, among others.  

2.1. Biosensors 

Functional devices can successfully convert (bio)chemical information into electronic one by 
means of an appropriate transducer which contains specific molecular recognition 
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structures. In this way, biosensors can be described as integrated receptor-transducer 
devices which provide selective quantitative or semi-quantitative analytical information 
using biological recognition elements. The main advantages of biosensors, over traditional 
analytical detection techniques, are their cost-effectiveness, fast and portable detection, 
which makes in situ and real time monitoring possible. Implantable biosensors can made a 
continuous monitoring of metabolites providing an early signal of metabolic balances and 
assist in the prevention and cure of various disorders, for instance diabetes and obesity [5].  

Enzymes are well-known biological sensing materials used in the development of 
biosensors due to their specificity. However, since they have poor stability in solution, 
enzymes need to be stabilized by immobilization. Enzyme immobilization can be made by 
covalent linkage, physical adsorption, cross-linking, encapsulation or entrapment [6, 7]. The 
choice of the immobilization method depends on the nature of the biological element, the 
type of transducer used, the physicochemical properties of the analyte and the conditions in 
which the biosensor should operate [8, 9]. Moreover, it is essential that the biological 
element exhibit maximum activity in its immobilized environment.  

As a result, the development of a sensing device based on enzymes is in a good agreement 
with the present concerns of Green Chemistry due to inherently being a clean process. 
Notwithstanding some shortcomings such as high sensitivity to environmental factors (like 
pH, ionic strength and temperature), dependence on some cofactors and limited lifetime 
hinder the utilization of enzymes in some specific situations. 

To overcome the drawbacks, enzyme-free biosensors have been actively developed owing to 
their simple fabrication, stability and reproducible characteristics. Novel nanoparticle (NP)-
modified electrodes and other functionalized electrodes have been tested in the design of 
enzyme-free biosensors [10, 11]. Nanostructured materials have the advantage to be easily 
functionalized exhibiting high electrocatalytic activity and stability. For instance, carbon-
based nanostructures have been widely studied as a platform which can hybridize with 
other functionalized materials, such as metal and metal oxides, forming nanocomposites 
with improved electrochemical properties [12]. Overall, these nanostructures can provide 
optimal composite electrode materials for high-performance enzyme-free biosensors. 

2.2. Implantable energy harvesting devices 

The rising interest in Micro Electrical Mechanical Systems (MEMS) due to expanding 
application areas and new products opportunities, gave rise to the need for reliable and cost 
effective MEMS, especially in areas such as biosensors, energy harvesting, and drug delivery 
[13, 14]. 

Biomedical technology usually requires various portable, wearable, easy-to-use, and 
implantable devices that can interface with biological systems. Currently, implantable 
medical microsystems are powered by small batteries with limited lifetime. Although, the 
scientific progress in this area has enabled a decrease in the electrical requirements of the 
miniaturized devices, the development of a suitable power source remains a major challenge 
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for many devices in the bioengineering and medical fields. (MEMS)-based electrical power 
generation devices can allow the autonomous operation of implantable biosensors by direct 
power supply or supplement the existing battery-based power systems. Harvesting energy 
directly from the environment is one of the most effective and promising approaches for 
powering nanodevices. Mechanical energy surrounds us in our daily life, taking the form of 
sonic waves, mechanical vibrations and impacts. These vibrations can be converted into 
electricity via electrostatic, electromagnetic, and piezoelectric microgenerators [15-17]. For 
instance, harvesting energy from the human body can be possible by converting hydraulic 
energy from blood flow, heart beats and blood vessels contraction [18]. Another consideration 
is to use body heat to generate electricity using a thermoelectric generator [19].  

More recently, biofuel cells have also been considered for energy harvesting. Implantable 
fuel cell systems, convert endogenous substances and oxygen into electricity by means of a 
spatially separated electrochemical reaction. Unlike conventional fuels cells, which rely on 
expensive rare metal catalyst and/or operate on reformed fossil fuels, biofuel cells rely on 
the chemical reactions driven by diverse biofuels and biological catalyst. Biofuel cells can be 
classified according to the biocatalyst. Almost all biochemical processes are catalyzed by 
enzymes. Systems using specific isolated enzymes at least for a part of their operation are 
known as enzymatic fuel cells [20], while those utilizing whole organisms containing 
complete pathways are known as microbial fuel cells [21]. 

After all, energy harvesting devices and their applications are expanding and becoming 
more attractive especially with advance in microelectronics and MEMS. MEMS-based 
generation techniques have many characteristics that make them appealing for biological 
applications, including the ability to control their physical and chemical characteristics on 
the micrometer and nanometer scale.  

3. Cellulose 

The demand for products made from renewable and sustainable resources, non-petroleum 
based, and with low environmental safety risk is persistently increasing. For that reason, 
renewable materials have been widely explored by consumers, industry, and government. 
Half of the biomass produced by photosynthetic organisms such as plants, algae, and some 
bacteria is made up of cellulose, which is the most abundant molecule on the planet. Natural 
cellulose-based materials, such as wood and cotton, have been used by our society as 
engineering materials for thousands of years. Cellulose exhibit excellent characteristics, which 
include hydrophilicity, chirality, biodegradability, capacity for broad chemical modication, 
and ability to form semicrystalline ber morphologies, which drawn considerably increased 
interest and encouraged interdisciplinary research on cellulose-based materials. 

3.1. Cellulose source materials 

Cellulose plays a significant role in the structural support of wood, plants, and composites 
because of its high mechanical properties. Wood remains the most important raw material 
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More recently, biofuel cells have also been considered for energy harvesting. Implantable 
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Cellulose – Medical, Pharmaceutical and Electronic Applications 70 

source of cellulose. The structure of wood is highly complex due to the presence of lignin, a 
three-dimensional polymer network that binds to carbohydrates (hemicellulose and 
cellulose) to form a tight and compact structure. The compact structure of wood biomass is 
particularly challenging because in its native state is impossible to dissolve it in 
conventional solvents. Traditionally, cellulose is extracted from wood through the Kraft 
pulping process [22] which involves toxic chemicals and the intensive processing conditions. 
Recently, research studies focused on a “greener” process which uses Ionic Liquids (ILs) for 
wood dissolution [23]. A wide variety of plant materials have been studied for the extraction 
of cellulose including cotton, potato tubers, sugar beet pulp, soybean stock, and banana 
rachis[24, 25]. Furthermore, cellulose microfibrils can be produced by several species of 
algae, such as green, gray, red, and yellow-green. Among the algae species, differences in 
cellulose microfibrils structures can be obtained due to the different biosynthesis process 
[26]. The cellulose obtained from algal species contains porous or spongy like structure, 
which is substantially different from the higher plant cellulose. Cellulose microfibrils can 
also be segregate by bacteria under special culturing conditions. Bacteria can produce a 
thick gel composed by cellulose microfibrils and water (97% of water content). The major 
advantage found in bacterial cellulose is the possibility to modify microfibrils structure by 
changing the culture conditions [27]. 

3.2. Cellulose functionalization 

The solubility of cellulose depends on many factors especially on its structure, molecular 
weight and source. Polysaccharides are well-known to manifest a strong tendency to 
aggregate or to incomplete solubilization due to the formation of hydrogen bonds. The 
hydrogen bonding patterns in cellulose are considered as one of the most relevant factors on 
its physical and chemical properties. The solubility, crystalinity and hydroxyl reactivity can 
be directed affected by intra- and intermolecular bond formation (Figure 1) [28].  

 
Figure 1. The structure and intra- (1) and interchain (2) hydrogen bonding pattern in cellulose. 
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Moreover, cellulose can be chemically modified to yield cellulose derivatives. The cellulose 
derivatives were designed and fine-tuned to obtain certain desired properties and the 
chemical functionalization of cellulose is done by changing the inherent hydrogen bond 
network and by introducing different substituents (Figure 2). Indeed, the properties of 
cellulose derivatives are mainly determined by the group of substituents and the degree of 
substitution. These substituents can prevent spontaneous formation of hydrogen bonding or 
even create new interactions between the cellulose chains. With this insight, recent progress 
has been made in cellulose chemical modification achieving new routes that are now  

 
Figure 2. The most relevant cellulose derivatives and their synthesis pathways. 
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available for the production of functional and sustainable cellulose–based materials [29]. 
The chemical modification of cellulose surface is a classical approach to transform the polar 
hydroxyl groups sitting at the surface of cellulose into moieties able to enhance interactions 
with the matrix. Indeed, the high density of free hydroxyl groups in cellulose makes it a 
helpful solid substrate that can undergo functionalization to come into novel advanced 
applications. Owing to cellulose chain rigidity, some cellulose derivatives can form 
thermotropic or lyotropic mesophases (in suitable solvents). Among cellulose ethers, 
hydroxypropylcellulose (HPC) have encouraged the scientific community due to its 
cholesteric liquid crystalline organization at high concentration [30]. These liquid crystalline 
phases, with an internal periodic modulation of the refractive index, exhibit many 
remarkable optical properties as a result of their photonic band structure, which have 
applications such as polarized light sources, information displays, and storage devices [31]. 
These phases may also mimic the structural organization of type I collagen and are good 
analogues of the extracellular matrix, with a structure close to that of biological tissues. 
These materials can be used either in tissue repair or as models for the culture of cells in 3D, 
the study of their migration and signaling activities, in a manner close to physiological 
conditions [32]. 

In the next section, the functionalization of cellulose will be addressed in detail. Novel 
functionalized cellulose-based materials have been developed for biosensors and energy 
storage devices. Some approaches for enzyme immobilization methods including covalent 
attachment of enzymes by reaction with chemically modified cellulose as well as by 
adsorption of proteins will be described.  

4. Cellulose-based bioelectronic devices 

4.1. Cellulose-based matrices for biological immobilization 

Both cellulose and cellulose derivatives, such as cellulose nitrate, cellulose acetate and 
carboxymethyl cellulose, exhibit an excellent biocompatibility which makes them 
appropriate for immobilization of biological compounds [33, 34]. As is known, the ideal 
support for enzymes should be inert, stable and mechanically resistant making the use of 
cellulose matrices ideal for adsorption and covalent bond immobilization. 

The modification of cellulose with dendritic structures is a novel and interesting path to 
synthesize functional and unconventional cellulose-based supports for the immobilization 
of enzymes. Moreover, the introduction of reactive groups into the cellulose structure may 
allow a covalent nonreversible attachment of biomolecules. Maria Montanez [35] and her 
team suggested the hybridization of cellulose surface with branched dendritic entities that 
improves the sensitivity toward biomolecules. The described methodology delivers a new 
toolbox for the design of sophisticated biosensors with advantages such as low detection 
limit, versatility and suppression of nonspecic interactions providing highly sophisticated 
cellulose surfaces with unprecedented tunability. Dendrimers are synthetic macromolecules 
with highly branched structure and globular shape. They possess unique properties such as 
high density of active groups, good structural homogeneity, internal porosity, and good 
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biocompatibility [36]. When addressed to biosensor applications, the well dened dendritic 
structures generate surfaces with increased reproducibility and high affinity for 
biomolecular immobilization. This is due to the extraordinary control over the architecture 
coupled to the possibility of designing a large number of accessible active sites at the 
periphery of the dendritic scaffolds. 

A further approach is the modification of cellulose-based structures with ionic liquids (ILs). 
Ionic liquids are often used in the preparation of functional materials by its covalent 
attachment to the support surface forming a stable composite. Moccelini [37] have reported 
the development of a novel polymeric support based on cellulose acetate and 1-n-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide-based IL, BMI.N(Tf)2 IL, for enzyme 
immobilization. The introduction of the IL probably causes an increase in the distance 
between the cellulose chains due to the interactions of the anion of the IL and the hydrogen 
bond networks of the cellulose acetate. Thus, the enzyme can be entrapped within the 
interstitial space of the formed composite, which results in a considerable stabilization of the 
enzyme structure, and consequently increases its activity. The study performed 
demonstrates that this material was able to immobilize Laccase, leading to high efficient and 
robust biocatalysts thus improving the electrochemical performance of the biosensor. 

The use of ILs is an alternative either for cellulose dissolution or to facilitate the dispersion 
of carbon nanotubes. For that reason, Xuee Wu [38] describes a method to immobilize 
enzymes in a cellulose-multiwalled carbon nanotube (MWCNT) matrix via the IL 
reconstitution process. This method consists in the dissolution of cellulose in the IL, 
followed by dispersion of MWCNT in the solution and enzyme addition. Subsequently, the 
IL is removed by dissolution, leaving the cellulose-MWCNT matrix with the enzyme 
encapsulated on the surface. The cellulose–MWCNT matrix possesses a porous structure 
which allows the immobilization of a large amount of enzyme close to the electrode surface, 
where direct electron communication between active site of enzyme and the electrode is 
enabled. The –OH groups of cellulose can also provide a good environment for the 
encapsulation of the enzyme. The authors have employed the resulting porous matrix in the 
immobilization of Glucose oxidase (GOx). The encapsulated GOx showed good 
bioelectrochemical activity, enhanced biological affinity as well as good stability. 

The simple electrode fabrication methodology and the biocompatibility of the cellulose–
MWCNT matrix mean that the immobilization matrix can be extended to diverse proteins, 
thus providing a promising platform for further research and development of biosensors 
and other bioelectronics devices. 

The use of ILs as an intermediary solvent to facilitate the combination of cellulose and CNTs 
has been suggested by Jun Wan [39]. A cellulose and single wall carbon nanotube (SWNTs) 
composite was utilized to immobilize leukemia K562 cells on a gold electrode to form a cell 
impedance sensor.  

Envisaging the immobilization of other biomolecules, Alpat and Telefoncu [40] describes the 
development of a novel biosensor based on the co-immobilization of TBO (Toluidine Blue 
O), NADH (Nicotinamide adenine dinucleotide) and ADH (alcohol dehydrogenase) on a 
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available for the production of functional and sustainable cellulose–based materials [29]. 
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of enzymes. Moreover, the introduction of reactive groups into the cellulose structure may 
allow a covalent nonreversible attachment of biomolecules. Maria Montanez [35] and her 
team suggested the hybridization of cellulose surface with branched dendritic entities that 
improves the sensitivity toward biomolecules. The described methodology delivers a new 
toolbox for the design of sophisticated biosensors with advantages such as low detection 
limit, versatility and suppression of nonspecic interactions providing highly sophisticated 
cellulose surfaces with unprecedented tunability. Dendrimers are synthetic macromolecules 
with highly branched structure and globular shape. They possess unique properties such as 
high density of active groups, good structural homogeneity, internal porosity, and good 
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biocompatibility [36]. When addressed to biosensor applications, the well dened dendritic 
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coupled to the possibility of designing a large number of accessible active sites at the 
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A further approach is the modification of cellulose-based structures with ionic liquids (ILs). 
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immobilization. The introduction of the IL probably causes an increase in the distance 
between the cellulose chains due to the interactions of the anion of the IL and the hydrogen 
bond networks of the cellulose acetate. Thus, the enzyme can be entrapped within the 
interstitial space of the formed composite, which results in a considerable stabilization of the 
enzyme structure, and consequently increases its activity. The study performed 
demonstrates that this material was able to immobilize Laccase, leading to high efficient and 
robust biocatalysts thus improving the electrochemical performance of the biosensor. 

The use of ILs is an alternative either for cellulose dissolution or to facilitate the dispersion 
of carbon nanotubes. For that reason, Xuee Wu [38] describes a method to immobilize 
enzymes in a cellulose-multiwalled carbon nanotube (MWCNT) matrix via the IL 
reconstitution process. This method consists in the dissolution of cellulose in the IL, 
followed by dispersion of MWCNT in the solution and enzyme addition. Subsequently, the 
IL is removed by dissolution, leaving the cellulose-MWCNT matrix with the enzyme 
encapsulated on the surface. The cellulose–MWCNT matrix possesses a porous structure 
which allows the immobilization of a large amount of enzyme close to the electrode surface, 
where direct electron communication between active site of enzyme and the electrode is 
enabled. The –OH groups of cellulose can also provide a good environment for the 
encapsulation of the enzyme. The authors have employed the resulting porous matrix in the 
immobilization of Glucose oxidase (GOx). The encapsulated GOx showed good 
bioelectrochemical activity, enhanced biological affinity as well as good stability. 

The simple electrode fabrication methodology and the biocompatibility of the cellulose–
MWCNT matrix mean that the immobilization matrix can be extended to diverse proteins, 
thus providing a promising platform for further research and development of biosensors 
and other bioelectronics devices. 

The use of ILs as an intermediary solvent to facilitate the combination of cellulose and CNTs 
has been suggested by Jun Wan [39]. A cellulose and single wall carbon nanotube (SWNTs) 
composite was utilized to immobilize leukemia K562 cells on a gold electrode to form a cell 
impedance sensor.  
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development of a novel biosensor based on the co-immobilization of TBO (Toluidine Blue 
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cellulose acetate coated glassy carbon electrode for ethanol identification. In fermentation 
and distillation processes, ethanol can reach toxic concentrations that may cause 
inflammation and conjunctiva of the nasal mucous membrane and irritation of the skin. 
Therefore proper detection and quantification of ethanol is of extreme importance. The 
detector is made by simply deposition on the surface of a glassy carbon electrode and an 
active layer was prepared by covalent linkage between the mediator TBO and a cellulose 
acetate membrane. This mediator is commonly used for the oxidation and determination of 
NADH. Then, a NADH solution and the ADH were added to the cellulose acetate-TBO-
modified glassy carbon electrode and tested. The developed biosensor exhibited good 
thermal stability and long-term storage stability. 

The immobilization of proteins on solid surfaces is a key step for the development of medical 
diagnostic systems. An alternative approach for the immobilization of specific proteins is the 
chemical modification of cellulose. Stephan Diekmann [41] and his colleagues have described a 
targeted chemical modification of cellulose to be used as substrate for proteins and biocatalysts 
bonding. A new cellulose derivative obtained by modification of cellulose with nitrilotriacetic 
acid (NTA) was used for the complexation of nickel (II). The complex formed was used to 
immobilize labeled molecules. In that way, the Ni-cellulose derivative allows the development 
of specific and sensitive molecular diagnostic systems. Another approach is proposed by 
Jianguo Juang [42] using protein-functionalized cellulose sheets. The surface of the individual 
cellulose nanofibers was coated with an ultrathin titania gel. The titania coated surfaces were 
then biotinylated creating a biotin monolayer on each nanofiber by the coordination of 
carboxyl group. Subsequently, bovine serum albumin (BSA) was added to the functionalized 
surface to prevent nonspecific adsorption of streptavin. The immobilization of streptavin 
molecules on its surface was made through biotin-streptavin interaction. Streptavidin has two 
pairs of binding sites for biotin on opposite’s faces of molecule. When immobilized on the 
cellulose nanofiber with one pair, the other pair is available for further attachment of 
biotinylated species. The cellulose sheet, composed by numerous nanofibers modified with 
titania/biotin/BSA layers with anchored streptavidin molecules, gives a large surface area to 
detect biotin-tagged biomolecules. Thus, biofunctionalized cellulose is a promising substract 
for specific biomolecular detection.  

As previously described, the immobilization of biological compounds can be an important 
parameter for implantable biosensors due to the fact that it dictates the sensitivity, 
selectivity and long-term stability of the device. Thus, cellulose appears as an easy 
functionalized material and an ideal support for adsorption and covalent bond 
immobilization of biomolecules. 

4.2. Cellulose-based energy storage devices 

There is currently a strong demand for the development of new inexpensive, exible, 
lightweight and environmentally friendly energy storage devices. As a result of these needs, 
research is currently carried out to develop new versatile and exible electrode materials as 
alternatives to the materials used in batteries and fuel cells. 
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Bacterial cellulose membranes have been widely used as an active layer for the construction 
of electrodes for fuel cells. Barbara Evans [43] and her colleagues describe the ability of 
bacterial cellulose to catalyze the precipitation of palladium within its structure. Since 
bacterial cellulose fibrils are extruded by bacteria and then self-assemble to form a three-
dimensional network configuration, a structure with a high surface area with catalytic 
potential is generated. Bacterial cellulose has reducing groups able to promote the 
precipitation of palladium, and others metals such as gold, and silver from aqueous 
solution. Then, the metalized bacterial cellulose can be used as anode or cathode in biofuel 
cells and in biosensors. The possibility of bacterial cellulose to be used for the anodic 
oxidation of H2 envisaging an energy conversion device has been proved. Another 
combination of bacterial cellulose and carbon based electrodes was suggested by Yan Liang 
[44]. He proposes the fabrication of a novel composite based on the combination of 
carbonized bacterial cellulose nanonofibers and carbon paste electrode. Due to its nano-
dimension, lower cost and prominent electrochemical properties, bacterial cellulose-based 
carbonaceous materials would be an ideal candidate for the preparation of novel carbon 
paste electrodes. A conductive polyaniline (PANI)/bacterial cellulose nanocomposite 
membrane was reported by Weili Hu [45]. The author reports on the oxidative 
polymerization of aniline using the tridimensional structure of the bacterial cellulose as a 
template. The resulting PANI-coated bacterial cellulose composite formed a uniform and 
flexible membrane with a high conductivity and good mechanical properties which could be 
applied in sensors and flexible electrodes. 

A different approach is proposed by Xueyan Zhao [46]. He reports on the use of cellulose 
materials for the preparation of hierarchical carbon materials. A novel method of fabrication 
of CNT-carbon fibers was developed through carbonization of cellulose bers being the 
growth of CNT in the presence of a metal catalyst. A single CNT modified carbon fiber was 
used as a microelectrode, and then tested for the efficiency of oxidation reaction of NADH 
(Nicotinamide adenine dinucleotide) generated from the glycerol oxidation reaction. The 
single ber microelectrode is promising for applications such as enzyme, glycerol, and 
NADH biosensors. Also, Sungryul Yun [47] suggests the fabrication of MWCNTs/cellulose 
composites. In this work, MWCNTs were covalently grafted to cellulose. The covalently 
grafted MWCNTs improve the mechanical properties of cellulose due to their homogeneous 
distribution in the composite. Moreover, if MWCNTs can be aligned by the cellulose chains 
the mechanical properties will be greatly enhanced. Thus, homogeneous distribution of 
MWCNTs covalently grafted to a cellulose matrix allows the construction of stable electron 
pathways for cellulose-based electronics and mechanical reinforcing. 

Recently, cellulose paper has been (re)discovered as a smart material that can be utilized for 
sensors and actuators. Celulose-based energy storage devices have significant inherent 
advantages in comparison with many currently employed batteries and supercapacitors 
regarding environmental friendliness, flexibility, cost and versatility. The development of 
cellulose-based flexible energy storage devices is particularly interesting due to the simple 
procedures for manufacturing these cellulosic composites being, consequently, relatively 
inexpensive. Various types of devices, such as thin film transistors [48], active matrix 
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acid (NTA) was used for the complexation of nickel (II). The complex formed was used to 
immobilize labeled molecules. In that way, the Ni-cellulose derivative allows the development 
of specific and sensitive molecular diagnostic systems. Another approach is proposed by 
Jianguo Juang [42] using protein-functionalized cellulose sheets. The surface of the individual 
cellulose nanofibers was coated with an ultrathin titania gel. The titania coated surfaces were 
then biotinylated creating a biotin monolayer on each nanofiber by the coordination of 
carboxyl group. Subsequently, bovine serum albumin (BSA) was added to the functionalized 
surface to prevent nonspecific adsorption of streptavin. The immobilization of streptavin 
molecules on its surface was made through biotin-streptavin interaction. Streptavidin has two 
pairs of binding sites for biotin on opposite’s faces of molecule. When immobilized on the 
cellulose nanofiber with one pair, the other pair is available for further attachment of 
biotinylated species. The cellulose sheet, composed by numerous nanofibers modified with 
titania/biotin/BSA layers with anchored streptavidin molecules, gives a large surface area to 
detect biotin-tagged biomolecules. Thus, biofunctionalized cellulose is a promising substract 
for specific biomolecular detection.  

As previously described, the immobilization of biological compounds can be an important 
parameter for implantable biosensors due to the fact that it dictates the sensitivity, 
selectivity and long-term stability of the device. Thus, cellulose appears as an easy 
functionalized material and an ideal support for adsorption and covalent bond 
immobilization of biomolecules. 

4.2. Cellulose-based energy storage devices 

There is currently a strong demand for the development of new inexpensive, exible, 
lightweight and environmentally friendly energy storage devices. As a result of these needs, 
research is currently carried out to develop new versatile and exible electrode materials as 
alternatives to the materials used in batteries and fuel cells. 
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oxidation of H2 envisaging an energy conversion device has been proved. Another 
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template. The resulting PANI-coated bacterial cellulose composite formed a uniform and 
flexible membrane with a high conductivity and good mechanical properties which could be 
applied in sensors and flexible electrodes. 

A different approach is proposed by Xueyan Zhao [46]. He reports on the use of cellulose 
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distribution in the composite. Moreover, if MWCNTs can be aligned by the cellulose chains 
the mechanical properties will be greatly enhanced. Thus, homogeneous distribution of 
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pathways for cellulose-based electronics and mechanical reinforcing. 
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displays, sensors, batteries [49] and capacitors [50] have been fabricated on paper substrate 
[51]. Liangbing Hu [50] and his colleagues have demonstrated that the application of paper 
can be expanded to energy storage devices by coating it with a simple solution of CNTs. 
Because paper absorbs solvents easily and binds with CNTs strongly, the fabrication process 
for the conductive paper is much simpler than that for other substrates, such as glass or 
plastics. CNTs deposited on porous paper are more accessible to ions in the electrolyte than 
those on flat substrates which can result in high power density. Because of the high 
conductivity and the large surface area, the conductive paper was studied in 
supercapacitors applications as active electrodes and current collectors.  

A new design and fabrication method for a supercapacitor based on a flexible CNT-
cellulose-IL nanocomposite sheets was developed by Victor Pushparaj [52]. They used 
unmodified plant cellulose dissolved in an IL and subsequently embedded in the MWCNTs. 
The nanocomposite paper formed, which has a few tens of microns thickness, contains 
MWCNTs as the working electrode and the cellulose surrounding individual MWNTs, as 
well as the IL in cellulose, as the self-sustaining electrolyte. In addition to using the IL 
electrolyte, the authors propose the use of a suite of electrolytes based on body fluids, 
suggesting the possibility of the device being useful as a dry-body implant. Indeed, the use 
of biological fluids as an electrolyte for energy applications became an ideal alternative for 
implantable medical devices and disposable diagnostic kits. The earliest urine-activated 
paper batteries have been developed and reported by Ki Bang Lee [53]. This device consists 
in a copper chloride (CuCl)-doped filter paper between a copper layer and a magnesium 
one. Then, the whole assembly is sandwiched between two plastic layers and later 
laminated by passing it through heated rollers at 120ºC. Magnesium and copper chloride are 
used as the anode and the cathode of the device respectively, and the Cu layer acts as an 
electron-collecting layer. When a droplet of human urine is added to the battery, the urine 
soaks through the paper between the Mg and Cu layers, and after that the chemicals 
dissolve and react to produce electricity. The chemical composition of urine is widely used 
as a way of testing various diseases and also as an indicator of a general state of health. For 
instance, the concentration of glucose in urine can be a useful diagnostic tool for diabetics. 
Thus, the described work has demonstrated the viability of a urine-activated paper battery 
for biological application devices including home based health test kits. 

Undeniably paper substrates are widely used for flexible electronics not only for being by 
far the cheapest but also for being one of the most flexible and lightweight material for that 
purpose. Since paper is manly composed by cellulosic fibers it also exhibits a high surface 
area which is an advantage for energy applications.  

Recently, the electrospinning technique has attracted attention for the preparation of 
functional materials. Electrospinning is a broadly used technology for electrostatic fiber 
formation which utilizes electrical forces to produce polymer fibers with diameters ranging 
from 2 nm to several micrometers using polymer solutions of both natural and synthetic 
polymers (Figure 3). This technique allows the production of nanobers, nanotubes, 
nanobelts and highly porous membranes. Electrospun nanofibers offer several advantages 
such as, an extremely high surface-to-volume ratio, tunable porosity, and exhibit a wide 
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variety of cross-sectional shapes [31]. Because of these advantages, electrospun 
nanomaterials have unique properties applicable to a wide range of elds, including the 
fabrication of nanomaterials for use in energy conversion devices.  

 
Figure 3. Scanning electron microscopy image of an electrospun cellulose acetate membrane. 

Thus, the electrospinning of cellulose and derivatives has been actively studied [31, 54]. Due 
to their extraordinary properties, such as porosity and large specic surface area, 
electrospun polysaccharide bers have been used in biomedical applications such as tissue 
engineering [55], drug delivery [56], antimicrobial medical implants [57] and biosensors [58, 
59].  

Liu Shuiping [59] describes the fabrication of photochromic nanofibrous mats through the 
electrospinning technique. The spiropyrans (SP) are a well-known class of materials that 
have reversible photochromic properties. On this work a blend solution of cellulose acetate 
and NO2SP (1, 3’, 3’-trimethyl-6-nitrospiro (2H-1-benzopyran-2, 2’-indoline) was electrospun 
forming a homogeneous and highly porous membrane. The photochromic and fluorescent 
properties of the functionalized nanofibers were determined, showing that the nanofibers 
exhibited an excellent photosensitivity. These nanofibers have a great potential for 
application in optical devices and biosensors. Another approach is described by Nafiseh 
Sharifi [60] selecting the electrospinning technique to develop a nanostructure with 
electrocatalytic properties. This study focuses on a new, simpler and low cost fabrication 
method of silver nanostructures by using cellulose as a template. Silver nanoparticles were 
deposited onto electrospun cellulose fibers followed by thermal removal of the cellulose 
template. The self-standing silver nanostructure formed is highly porous and exhibited a 
specific surface area which is in fact appropriate for applications in high surface area 
electrodes in electrochemistry such as fuel cells. 

In fact, the use of electrospun fibers in the development of functionalized materials opens a 
new path for the creation of novel, lightweight and flexible nanostructures. Our research 
team is currently working on the development of a bio-battery based on an electrospun 
cellulose acetate membrane [54]. The bio-battery reported by us is composed by an ultrathin 
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displays, sensors, batteries [49] and capacitors [50] have been fabricated on paper substrate 
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application in optical devices and biosensors. Another approach is described by Nafiseh 
Sharifi [60] selecting the electrospinning technique to develop a nanostructure with 
electrocatalytic properties. This study focuses on a new, simpler and low cost fabrication 
method of silver nanostructures by using cellulose as a template. Silver nanoparticles were 
deposited onto electrospun cellulose fibers followed by thermal removal of the cellulose 
template. The self-standing silver nanostructure formed is highly porous and exhibited a 
specific surface area which is in fact appropriate for applications in high surface area 
electrodes in electrochemistry such as fuel cells. 

In fact, the use of electrospun fibers in the development of functionalized materials opens a 
new path for the creation of novel, lightweight and flexible nanostructures. Our research 
team is currently working on the development of a bio-battery based on an electrospun 
cellulose acetate membrane [54]. The bio-battery reported by us is composed by an ultrathin 
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monolithic structure in which the separator and the electrodes are physically integrated into 
a thin and flexible polymeric structure. A highly porous structure is produced by 
electrospinning to work as a bio-battery after the deposition of metallic layers (electrodes) in 
each one of the faces (Figure 4). In order to power electronic medical implants, power-
supply systems must be able to operate independently over a prolonged period of time, 
without the need of external recharging or refueling. This cellulose-based structure 
demonstrated the ability to generate electrical energy from physiological uids showing a 
power density of 3µW.cm-2 [54]. This is a really promising achievement since a typical 
power required for a pacemaker operation is around 1µW. Besides the supplying of low 
power consumption devices, biochemical monitoring systems and artificial human muscles 
stimulation mechanisms can also be foreseen as potential field of applications where it is 
desirable this kind of implantable micro power sources.  

 
Figure 4. Schematic and macroscopic image of the bio-battery developed by our group. It consists in a 
cellulose acetate membrane, produced by electrospinning, covered with metallic layers to form the 
electrodes. 

The inspiring advances in the development of innovative cellulose-based bioelectronic 
devices and its promising perspectives make it a challenging field of study. Electronics can 
be made lightweight, flexible, and capable of intimate, non-invasive integration with the 
soft, curvilinear surfaces of biological tissues offering important opportunities for 
diagnosing and energy harvesting.  

5. Conclusion 

Cellulose and its derivatives have demonstrated to be a versatile material with a unique 
chemical structure which provides a good platform for the construction of new biomaterials 
and biodevices. Indeed, the high density of free hydroxyl groups in the cellulose structure 
makes it a helpful solid substrate that can undergo functionalization allowing the 
production of new materials for novel advanced applications. From biological 
immobilization to energy storage devices, the progresses in cellulose functionalization are 
described as innovative and challenging. Future advances in cellulose-based devices can 
envisage the development of essential medical implantable devices and healthcare systems. 
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1. Introduction 

A biomaterial is defined as a material, either man-made or natural, intended to interact with 
biological systems. It does not have a chemical effect in the organism, nor thus it need to be 
metabolised to be active like for example drugs 1. When inserted into the body, a local 
tissue inflammatory reaction called foreign body reaction is induced 2. This reaction may 
either favour or adversely affect the tissue repair process. 

Cellulose and its derivatives are well tolerated by most tissues and cells 3-5. These non-
toxic materials have good biocompability, therefore, they offer several possibilities in 
medical applications. Regenerated cellulose sponges have also been used in experimental 
surgery for decades as it does not affect the healing process, but acts as a chemoattractant 
inducing cells involved in the repair process to migrate towards it 6-8.  

We have studied different biomaterials including cellulose in search for an optimal bone 
substitute. In bone defects, regenerated cellulose supported with cotton fibres was shown to 
allow new bone in-growth to some degree 9-11. Oxidation with periodate and hydrogen 
peroxide, or carbamination further improved its biocompability but not enough to be used 
as bone substitutes. We also expected to increase the osteostimulating property of 
regenerated cellulose by coating it with a silica-rich hydroxyapatite (HA) as it resembles the 
mineral composition of bone. To our disappointment, the HA-coated cellulose did not 
promote bone formation but favoured instead inflammation and fibroplasia. Since the bone 
implant study revealed unexpectedly an enormous ability of the HA-implants to induce 
granulation tissue, the coated cellulose was tested subcutaneously as well. These studies 
showed that the HA-coated cellulose not only attracted inflammatory cells but also bone 
marrow-derived progenitor cells of both haematopoietic and mesenchymal origin (see box 
1). In this chapter, we will discuss cellulose as implant material with emphasis on the cell 
guiding properties of regenerated cellulose coated with silica-rich HA. 
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granulation tissue, the coated cellulose was tested subcutaneously as well. These studies 
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marrow-derived progenitor cells of both haematopoietic and mesenchymal origin (see box 
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2. Cellulose for medical applications and as a tissue engineering matrix  

Cellulose, the most common organic compound on Earth, is degraded by microbial 
enzymes. Animal cells cannot cleave the β(1→4)-bond between the two glucose moieties in 
cellulose. Thus, cellulose degradation in tissues takes place by a slow non-enzymatic 
hydrolysis of the β(1→4)-bond and therefore cellulose can be regarded as an almost stable 
matrix. Despite this, cellulose and its derivatives are well tolerated by cells and tissues and 
induce a moderately strong foreign body reaction in the tissue [3-8].  

 

BOX 1. ADULT BONE MARROW-DERIVED STEM CELLS 

Adult stem cells are immature cells, dispersed in tissues throughout the body after 
development. Like all stem cells, they are capable of either making identical copies of 
themselves or to differentiate depending on their local environment into mature cell types 
with characteristic morphology and function. Stem cells usually generate an intermediate, 
partly differentiated, cell type, called precursor or progenitor cell, before they achieve their 
fully differentiated state. Adult stem cells are rare, however. Their primary functions are to 
replenish dying cells, and with limitations, to regenerate damaged tissues. 

The best characterised adult stem cells are those found in the bone marrow, which 
provides a unique niche for haematopoietic stem cells (HSCs) and the mesenchymal stem 
or stromal cells (MSCs). HSCs are responsible for the production and replacement of all 
blood cells during the entire lifetime 13. The earliest haematopoietic precursor, the 
haemangioblast, is not only a precursor of haematopoietic cell lineages but also of cells that 
line all blood vessels and lymphatics, namely the endothelial cells 14. 

Mesenchymal stromal cells are a heterogenous population of stem/progenitor cells able to 
differentiate into several cell types such as chondrocytes, osteocytes, fibroblasts, myocytes, 
adipocytes, epithelial and neuron-like cells. When stimulated by specific signals, these cells 
can be released from their niche in the bone marrow into circulation and recruited to the 
target tissues where they undergo in situ differentiation and contribute to tissue 
homeostasis and repair 15. MSCs also secrete factors that promote survival and 
differentiation of endogenous cells as well as angiogenetic factors essential for blood vessel 
formation. MSCs possess remarkable immunosuppressive properties and can inhibit the 
proliferation and function of the major immune cell population 16, 17 as well as 
antimicrobial properties 18. Furthermore, these multipotential stromal stem and 
progenitor cells at different stages of maturation contribute to the formation of HSC stem 
cell niche and play a critical role in haematopoiesis 19.The characteristic of MSCs makes 
these cells exceptionally suitable for various therapeutic possibilities such as supporting 
tissue regeneration, correcting inherited disorders, dampening chronic inflammation, and 
delivering biological agents 15. 
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Cellulose is non-toxic and has good biocompability, therefore, it offers several possibilities 
in medical applications. Cellulose and its derivatives are used, among other things, as 
coating materials for drugs, additives of pharmaceutical products, blood coagulant, 
supports for immobilized enzymes, artificial kidney membranes, stationary phases for 
optical resolution, in wound care and as implant material and scaffolds in tissue engineering 
3, 12. 

2.1. Regenerated cellulose 

Cellulose sponges can be manufactured by adding supportive strengthening fibres (8-10 
mm long cotton fibres; about 20% of the weight of the cellulose) and sodium sulphate 
crystals as pore forming material to a cellulose viscose (sodium xantogenate) solution (4-6 g 
cellulose/100 g viscose). The cellulose is regenerated by heating the solution in a water bath 
after which the sponge is washed with hot water, treated with a dilute acid and sodium 
hypochlorite bleaching solution, and finally washed repetitively in distilled water before 
drying and sterilisation 20, 21. When inserted subcutaneously, a vital and well 
vascularised repair tissue, called granulation tissue, grows rapidly into this cellulose 
sponge. Due to this good granulation tissue formation ability, cellulose sponges have been 
used in experimental surgery for decades 6, 7, 22 and the subcutaneous implantation of the 
cellulose sponge is widely accepted method for wound healing (see box 2) studies 8, 23. 
Several cellulose products for wound healing purposes (e.g. Cellospon®, Cellstick®, 
Sponcal®, Visella®, and Absorpal®) are commercially available. These products are made 
from the sponge form viscose cellulose and have homogenous porous structure, 
characterized by thin pore walls with one or more inter-pore openings. They are elastic and 
can be compressed and expanded repeatedly with no damage to their internal structure, 
hence providing free entrance for the invading cells to the inner parts of the sponge 24.  

Host reactions following implantation of biomaterials include injury, blood-material 
interactions, provisional matrix formation, inflammation, granulation tissue development, 
foreign body reaction, and fibrosis/fibrous capsule development 25. When implanted 
subcutaneously, a blood-material interaction occurs with protein adsorption to the cellulose 
sponge and a blood-based transient provisional matrix, a blood clot; is formed on and 
around the sponge. The platelets, originated from the injured blood vessels, not only 
participate to haemostasis but also liberate bioactive agents like cytokines and growth 
factors that will attract inflammatory and phagocytosing cells. The first cells to arrive are 
polymorphonuclear leucocytes, i.e. neutrophils, which are characteristic for the acute 
inflammatory response. These cells secrete pro-inflammatory cytokines that, in turn, attract 
circulating monocytes, which are activated and converted in the tissue to macrophages that 
kill bacterial pathogens, scavenge tissue debris and destroy remaining neutrophils. 
Biomaterial surface adherent macrophages can also fuse to form multinucleated foreign 
body giant cells. In their attempt to phagocytose the biomaterial, adherent macrophages 
become active 25. By releasing a variety of chemotactic, neovasculogenic and growth 
factors that stimulate cell migration, proliferation and formation of new blood vessels and 
tissue matrix, macrophages mediate the transition from the inflammatory phase to the 
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proliferative phase. During the proliferative phase, the provisional extracellular matrix in 
the cellulose sponge is gradually replaced with granulation tissue, which is formed from 
infiltrated mature fibroblasts and rapidly proliferating mesenchymal stromal cells (MSCs) 
differentiating to fibroblasts in situ. The newly formed extracellular matrix is rich in blood 
vessels, which carry oxygen and nutrients to maintain the metabolic processes. The sponge 
is surrounded by a well-vascularised fibrous capsule, which becomes somewhat thinner 
during the final remodelling phase [38].  

Similar biocompatible regenerated cellulose developed for wound healing studies has also 
been tested as a scaffold for cartilage tissue engineering. Although the cellulose sponge 
provided a non-toxic environment for cartilage cells, the construct remained soft and lacked 
the extracellular matrix composition typical for normal articular cartilage 26. When 
implanted into bone defects, regenerated cellulose strengthened by cotton fibres allowed 
new bone in-growth to some extent 9-11.  

2.1.2. Hydroxyapatite-coating of regenerated cellulose 

The number of cells and tissue in-growth are affected to a certain limit by the porosity, size 
of pores, and the thickness of the pore walls of the cellulose sponge 8. We hypothesised 
that coating the regenerated cellulose with hydroxyapatite (HA) that resembles the mineral 
composition of bone, would improve its bone forming properties. The mineral originated 
from a specific bioactive glass, S53P4 (23% Na2O, 20% CaO, 4% P2O5, 53% SiO2) that has a 
good osteoconductivity and is in clinical use 27-32. However, glass as such, is difficult to 
trim to the desired size and form. Furthermore, it is brittle and fragile, and therefore, not 
suited in sites subjected to load like in femoral and tibial bone defects. 

In our studies, the calcium phosphate layer was precipitated on cellulose sponges (10 x 100 x 
100 mm) with average pore sizes between 50 and 350 m by the biomimetic method of 
Kokubo et al 33. Mineralisation was initiated in 500 ml of sterile simulated body fluid 
(SBF) supplemented with a 2.0 g of the bioactive glass at 37C for 24h and was then grown in 
500 ml sterile 1.5 x SBF for 14 days at the same temperature under continuous shaking. The 
SBF solution was changed every second day. The formed calcium phosphate layer rich in 
silica was verified by scanning electron microscope (figure 1) and characterised with Fourier 
transform infrared spectroscopy 11. (1 x SBF = 136.8 mM NaCl, 4.2 mM NaHCO3, 3.0 mM 
KCl, 1.0 mM K2HPO4 x 3H2O, 1.5 mM MgCl2 x 6H2O, 2.5 mM CaCl2 and 0.5 mM Na2SO4, pH 
7.4; ion concentration close to that of human plasma) 

Sterile HA-cellulose and untreated cellulose sponges, sized 2.3 x 3 x 8 mm, were implanted 
into femoral bone defects of male rats aged 10-13 weeks (for further details see 11) and 
were followed up for 52 weeks. The implants were analysed histologically and with 
biochemical and molecular biologic methods. The HA layer did not improve the bone in-
growth into the cellulose sponge. In fact, the new bone was instead mainly formed beneath 
the implant at the bottom of the defect leaving the implant filled with a well vascularised 
fibrous tissue rich in inflammatory cells (figure 2). The inflammatory reaction was much 
stronger than in the uncoated cellulose indicated by the larger number of inflammatory cells  
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Figure 1. SEM micrograph of regenerated uncoated and HA-coated cellulose sponges (bar = 50 m). 
The hydroxyapatite layer was initiated in sterile 1 x SBF with bioactive glass at 37 °C for 24 h and was 
then grown in sterile 1.5 x SBF at the same temperature for 14 days under continuous shaking.  

 
Figure 2. HA-coating of cellulose prevents bone in-growth. One year after implantation into rat femoral 
bone defect, new bone (nb) growth is mainly observed beneath (arrows) the HA-implant (a), which has 
been pushed out from the defect area. The HA-implant itself (b) is mostly filled with soft connective 
tissue containing abundant giant cells (arrow heads). Uncoated cellulose implant (c) allows new bone 
in-growth and the non-ossified parts contain less inflammatory cells. (a and c; van Gieson stain; b and d 
haematoxylin-eosin stain; cf = cellulose fragment; scale bar = 100 m, modified from 11). 
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including macrophages and foreign body cells, which also is a sign of chronic inflammation. 
Activated inflammatory cells produce many pro-inflammatory bioactive agents, such as 
tumour necrosis factor-alpha (TNF-which is known to interfere with the bone specific 
transcription factor Cbfa1 and to depress the function of differentiated osteoblasts 34,35. 
Continuous exposure to these agents may, thus, inhibit differentiation of the progenitor cells 
into bone forming osteoblasts explaining, as least partly, the less osteoid tissue in HA-coated 
cellulose implants. Furthermore, the HA layer did intensify the attachment of transforming 
growth factor beta 1 (TGF) 11, a growth factor involved in fibroplasia. Hence, the HA 
surface did not offer any advantages in comparison with untreated cellulose in cortical bone 
defect healing. 

2.2. The effect of increased biodegradability of cellulose 

Another approach to improve the biocompatibility of cellulose was to alter its chemical 
structure in order to increase its biodegradability. The mild bleaching and oxidation of 
regenerated cellulose with sodium hypochlorite carried out during the preparation of 
cellulose sponge does not cleave the glucose ring and the resultant cellulose is not 
biodegradable, which probably prevented complete ossification of the implanted sponge. 
Therefore, in the search for suitable bone defect fillers, we extended the material 
development with a two sequential oxidation steps. Firstly, the cellulose was oxidated by 
periodate for 1-3 hours. This treatment opens some glucose molecules and should 
theoretically make them more susceptible to glucosidases and other enzymes capable for 
carbohydrate degradation. Excess periodate was washed by ascorbate or thiosulphate and 
water before the second oxidation by hydrogen peroxide (H2O2) for 3 or 4 hours. As the 
oxidation reactions were not complete, the resultant materials are combinations of 2,3-
dialdehyde and 2,3-dicarboxyl celluloses. The biogradability of the celluloses was tested in 
SBF for 7, 15 and 30 days. Oxidations for 3 h in periodate followed by 4 h in H2O2 turned out 
to be the best combination as 70% of the material was dissolved. Therefore, this material was 
used for further testing. No cytotoxicity was observed in fibroblast cultures. The material 
has to be sterilised by 70-95 % ethanol or ethylene oxide because autoclaving destroys the 
porous structure of the scaffolds.  

The results of the bone implantation experiments (figure 3 a, b) showed that oxidised 
scaffolds were flattened, their pores had disappeared and the material was completely 
replaced by cells so that no visible cellulose fibrils were observed in the implantation sites. 
The degradation was not complete as the phagocytosing cells were full of homogenous 
material. It is conspicuous, however, that no giant cells were observed in the oxidised 
samples, whereas normal cellulose always induces a number of foreign body giant cells. If 
the sponges were oxidised more extensively their structures collapsed and the material 
could not be used for implantation. The implanted scaffolds did not show, on the other 
hand, any significant bone in-growth. Instead they consisted of cell masses that 
histologically were strikingly homogeneous. New bone had been grown on the opposite site 
of the implant strengthening the defect site. Despite improved biodegradability, oxidised 
cellulose was considered to have no value as a bone substitute.  
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Figure 3. Oxidations with periodate and H2O2 increase the biocompability and degradation of cellulose. 
Oxidised cellulose (a, b) allows new bone (nb) formation when implanted into femoral bone (fb) defects 
of rat. (cs = cellulose scaffold, bm = bone marrow, m=muscle overlaying the implant site, arrow heads 
point at osteoblasts lining the new bone; haematoxylin-eosin stain; scale bars = 100 m (a), and 25 m 
(b)). 

Biodegradation of cellulose can also be improved by treating it with urea. The resultant 
carbamino cellulose showed increased solubility that could be regulated by the duration of 
treatment. The fundamental aim was to develop material that could be used as a vehicle for 
drugs in tablets, or perhaps for subcutaneous long-lasting administration of drugs. Small, 
round or oval cellulose pearls with 50-500 m diameters can be manufactured from regular 
or carbamino cellulose by dropping viscose into a solution containing 100 g H2SO4 and 200 g 
Na2SO4/l at 20°C followed by centrifugation 36. Four and six per cent viscose solutions 
were used to make the 0.5 mm diameter cellulose pearls. The material was collected, washed 
with distilled water and 5g H2SO4/l and dried for 24 hours at 40°C. Sterilisation was carried 
out by autoclaving or with 70% ethanol.  

For implantation studies, several pearls were glued together with alginate 37 in moulds. 
The results from the subcutaneous implantation experiment (Figure 4 a, b) were 
encouraging as implanted 4% cellulose pearls were infiltrated with new granulation tissue 
and most of the pearls showed signs of nearly complete degradation where as 6%-pearls 
were more resistant during the observation period of two weeks. Intramedullary 
implantation into rat femoral bone (figure 3 c-e) showed similar behaviour: many of the 4 %-
pearls were infiltrated by new granulation tissue and some were surrounded by new 
osteoid tissue. There was some variation in the degree of degradation; while some pearls 
had been digested completely, some remained almost intact. No foreign body giant cells 
were observed, however. We do not know whether alginate surroundings affected the 
degradation of pearls in the bony environment, but to make the carbamino cellulose more 
useful in medical applications, the structure should be further altered to become even more 
vulnerable to hydrolytic enzyme attacks, especially if used for subcutaneous administration 
of drugs. 
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scaffolds were flattened, their pores had disappeared and the material was completely 
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Figure 4. Tissue reactions of carbamino cellulose two weeks after implantation. Subcutaneously 
implanted 6%-cellulose pearls (p) stayed intact and showed only modest degradation (a), whereas b) 
4%-cellulose pearls were degraded and infiltrated with new granulation tissue (gf). Similar behaviour 
was observed in bone implants: c) 6%-cellulose pearls were surrounded by a thin connective tissue 
capsule (arrow) whereas about half of the b) 4%-cellulose pearls were partially degraded and 
surrounded by bone (nb) or a thin osteoid layer (ol) even in the bone marrow (bm) area. (van Gieson 
stain; equal magnifications; scale bar 200 m).  

2.3. The biological effect of subcutaneously implanted hydroxyapatite-coated 
cellulose  

The bone defect study showed that HA-coated cellulose favoured rapid fibrous tissue 
proliferation instead of bone formation 11. Therefore, it was considered to have no value as 
a bone replacement material but might be useful in other applications in which accelerated 
granulation tissue formation is needed. Subcutaneously (figure 5 a, b) implanted silica rich 
HA-implants showed a massive inflammatory reaction with an intense foreign body 
reaction and increased invasion of fibrovascular tissue already 1-3 days after implantation. 
Such strong tissue reaction was not seen with any other subcutaneously implanted cellulose 
sponge. Tissue growth into uncoated regenerated cellulose was much slower and took place 
mainly on their surface (figure 6). 38  

Subcutaneously implanted HA-sponges activate the inflammatory response and the 
secretion of cytokines and growth factors important to wound healing, such as TGF-1, 
TNF-, vascular endothelial growth factor (VEGF) and platelet derived growth factor A 
(PDGF-A) The long-term study revealed, however, that the excessive connective tissue  
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Figure 5. a). A schematic presentation of the subcutaneous implantation model used in our studies. 
Two midline incisions were made on the back of the rats, and sterilised, moistened sponge implants (10 
x 5 mm) were inserted bilaterally into subcutaneous pockets under general anaesthesia. b). 
Subcutaneously implanted cellulose sponges 7 days after implantation. HA-coated implants are darker 
in colour as a sign of high cellularity and rich neovascularisation, whereas the uncoated implants are 
pale.  

 
Figure 6. The HA-coating accelerated tissue growth into subcutaneously implanted cellulose sponges 
as well as the inflammatory response and blood vessel formation. a) Haematoxylin-eosin–stained 
sections 1 (upper), 3 (middle), and 7 (lower) days after implantation. The arrows in HA-coated sponges 
point at the border between the implant and the surrounding capsule (scale bar = 100 m). b) HA-
coated sponges contain large clusters (arrows) of accumulated macrophages (brownish coloured cells). 
Macrophages favour gathering near to cellulose fibres (arrow head) (day 5; scale bar = 50 m). c) More 
blood vessels, as indicated by CD31-staining, can bee seen in 5-day-old HA-coated sponge compared to 
uncoated one (scale bar = 50 m). 
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formation, which is histologically normal, does not disturb the animals in any way. After 14 
days postoperatively, the foreign body reaction in HA-coated sponges starts to diminish. At 
one month, the difference between the HA-coated and uncoated cellulose had levelled off 
and at the end of the study, at one year no obvious histological difference between the 
coated and uncoated were detected (figure 7). 38 

 

 
Figure 7. Histology of subcutaneous cellulose implants. a) At 14 days HA-coated sponge is filled with 
granulation tissue (van Gieson-stained whole implants, scale bar = 1000 m). b) Haematoxylin-eosin-
stained sections one and three months after implantation, scale bar 100 m. c) At one year no significant 
difference can be observed between HA-coated and uncoated sponges (van Gieson-stained whole 
implants, scale bar = 1000 m. Modified from 38).  

2.3.1. Cell trafficking and homing to regenerated cellulose  

Cellular movement and re-localisation are essential for many fundamental physiologic 
properties, not only during embryonic development, but also during wound healing and 
organ repair. At the wound site, local and infiltrated cells release chemokines that recruit 
blood-circulating stem and progenitor cells. These bioactive agents also increase bone 
marrow cell mobility, thus facilitating cell mobilisation into the peripheral blood and 
consequently into the sites of wound healing 39. Stromal-derived factor-1 (SDF-1) is one 
powerful chemokine in stem cell trafficking that regulates both haematopoietic, endothelial 
and mesenchymal progenitor cells. The biological effects of SDF-1 are mediated by the 
chemokine receptor CXCR4 40-43. During the early stages of wound healing, SDF-1 seems 
to be up-regulated by the influence of pro-inflammatory factors like TNF- which creates a 
SDF-1 concentration gradient that triggers the recruitment of CXCR4-expressing cells from 
the blood stream to the site of injury, where these cells further differentiate into other 
functional repair cells 44.  

Mineralised cellulose implant not only attracts more inflammatory cells than uncoated 
cellulose but also circulating bone marrow-derived stem cells of both haematopoietic and 
mesenchymal origin 45. SDF-1 expression (GEO series accession no. GSE19748 and 
GSE19749; http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSExxx) is upregulated in 
HA-sponges together with its receptor CXCR4 (figure 8). This strongly indicates that the 
HA-coated implant has a better homing capacity of circulating bone marrow-derived stem 
cells than the uncoated one. 
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Figure 8. HA-coated cellulose contain large amount of CXCR4-positive cells. Numerous clusters (arrow 
heads) of and individual CXCR4-positive (brownish coloured) cells are detected throughout the HA-
coated sponge at day 7.  

Haematopoietic stem cells seem to be the first stem cells to invade the empty centres of the 
HA-coated cellulose implants (figure 9 a-c). The more abundant occurrence of HSCs is most 
probably responsible for the augmented blood vessel formation in HA-coated cellulose. The 
earliest haematopoietic precursor, the haemangioblast, is namely the precursor for both 
haematopoietic and endothelial cell lineages, not only during embryogenesis but also in 
adults 14, 46. The haematopoietic progenitors, especially in the HA-coated implants, were 
located in close contact with the cellulose fragments (figure 10 a). Hence, the coating of 
cellulose with HA creates an environment that facilitates stem cell homing more efficiently 
than uncoated cellulose. In the bone marrow, undifferentiated HSCs are detected near the 
inner surface of the medullary cavity, i.e. the endosteum, in the so-called endosteal stem cell 
niche. At this site, the bone is in constant turnover: bone is formed by the osteoblasts and 
removed by specific macrophages, the osteoclasts. Due to bone degradation, soluble calcium 
ions (Ca2+) are released into the bone marrow fluid. Various cells, including primitive HSCs, 
respond to extracellular ionic calcium concentrations through a calcium sensing receptor, 
CaSR. This receptor seems to have a function of holding HSCs in close physical nearness to 
the endosteal surface 47. The mineral layer on the cellulose resembles that of bone. When 
the numerous foreign body giant cells/macrophages gathered around the mineralised 
cellulose try to get rid of the foreign material, Ca2+ is released generating a beneficial milieu 
for the primitive HSCs as it resembles the endosteal stem cell niche in the bone marrow. 
This theory is supported by the numerous CaSR-positive cells near the mineralised cellulose 
fibres, in the same areas as cells positive for CD34, a common marker for endothelial cells, 
are observed. These cells are not only found in the granulation tissue but also in the central 
parts of the implant. Similar cells are seen in uncoated cells, but in remarkably less quantity 
(figure 9 d-e).  
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than uncoated cellulose. In the bone marrow, undifferentiated HSCs are detected near the 
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niche. At this site, the bone is in constant turnover: bone is formed by the osteoblasts and 
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ions (Ca2+) are released into the bone marrow fluid. Various cells, including primitive HSCs, 
respond to extracellular ionic calcium concentrations through a calcium sensing receptor, 
CaSR. This receptor seems to have a function of holding HSCs in close physical nearness to 
the endosteal surface 47. The mineral layer on the cellulose resembles that of bone. When 
the numerous foreign body giant cells/macrophages gathered around the mineralised 
cellulose try to get rid of the foreign material, Ca2+ is released generating a beneficial milieu 
for the primitive HSCs as it resembles the endosteal stem cell niche in the bone marrow. 
This theory is supported by the numerous CaSR-positive cells near the mineralised cellulose 
fibres, in the same areas as cells positive for CD34, a common marker for endothelial cells, 
are observed. These cells are not only found in the granulation tissue but also in the central 
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Figure 9. Stem cells are located near the cellulose fragments. a) General histology showing cells 
gathering around the cellulose fragments (cf) at day 7. The arrows point at pores (scale bar = 50 m). b). 
HA-coated implants contains numerous cells (arrowhead) positive for c-kit, a marker for premature 
cells (day 7; scale bar = 25 m). c) Small rounded cells (arrowhead) positive for CD34, a commonly used 
marker for HSCs (day 7; scale bar = 25 m). More CaSR-positive cells (red fluorescence) are observed in 
HA-coated implants at day 7 (d) than in uncoated (e) sample (scale bar = 25 m). 

In the cellulose implants, mesenchymal stem cells are mainly found in the forming 
granulation tissue 45 in line with the fact that these primitive cells home to the wound site 
and differentiate into connective tissue cells that produce the extracellular matrix of the 
granulation tissue 48. In addition, MSCs secrete signals that limit systemic and local 
inflammation, decrease apoptosis in the threatened tissue, stimulate neovascularisation, 
activate local stem cells, modulate the immune cells, and exhibit direct antimicrobial activity 
18, 49, 50. Therefore, the more abundant occurrence of MSCs in the HA-coated cellulose 
sponge most probably contribute to the enhanced blood vessel formation compared to 
uncoated cellulose and to the declining of the foreign body reaction during the second week 
of implantation. MSCs also secrete many cytokines that stimulate haematopoiesis, mainly 
the myeoloid cell lineage, but MCSs seems to have a supportive effect on erythropoiesis, the 
process of red blood cell formation, as well 51. 

2.3.2. Experimental granulation tissue expresses haemoglobin 

An unexpected finding was that the granulation tissue induced by cellulose sponge contains 
haemoglobin producing glycophorin A-positive cells (figure 10 a-d) indicating that the 
haematopoietic precursor cells are also able to differentiate into the erythropoietic lineage 
52. This, in turn, suggests that this repair tissue is capable of making blood. In healthy 
adults, globin has been considered to be expressed only in the bone marrow area by 
immature erythropoietic precursors. When the mature red blood cell or erythrocyte emerges 
from the bone marrow, it has lost its nucleus, ribosomes and mitochondria, which means 
that the cell is no longer capable of gene expression. As in bone marrow, where erythroid 
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progenitors mature in association with macrophages 53, 54, the plentiful macrophages, 
especially in the HA-coated implants, might further back up the erythropoietic 
differentiation of HSCs in the granulation tissue. Microarray data (GEO series accession no. 
GSE19748 and GSE19749; http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSExxx) 
revealed many genes related to erythropoiesis like erythropoietin and its receptor EpoR, the 
transciption factors Hif-1gata-1 and -2, and particularly Alas2, which is exclusively 
expressed in developing red blood cells called erythroblasts and is required for the 
expression of -globin 55. 

Haemoglobin has traditionally been thought to serve as the main oxygen transporter in 
erythrocytes. Many studies, including ours 56-65, show, however, that haemoglobin 
expression is much more versatile than previously has been assumed. During granulation 
tissue formation in the cellulose sponges, the haemoglobin expression pattern showed a 
biphasic pattern 52. The first peak appeared during the most intense inflammatory 
response in the initiation of the healing process before invasion of HSCs, indicating that also 
another cell type is participating in the haemoglobin expression. Since active macrophages 
are known to express globin 64, these cells (figure 10 e-g) are most likely responsible for 
the early globin expression in the granulation tissue. In macrophages, the globins are most 
probably involved in processes different from oxygen transport and delivery to tissues. 
There is accumulating evidence that haemoglobin also binds, stores and transports nitric 
oxide. Nitric oxide is an important gaseous signalling molecule in wound healing 66 
involved, among other things, in the formation of granulation tissue and new blood vessels 
67-69. While nitric oxide is a prerequisite for successful wound healing, an excess of this 
signalling molecule may be as harmful as its underproduction 67. The fact that an intense 
expression of inducible nitric oxidase synthase (iNOS), an enzyme that catalyses the  

 
Figure 10. Double staining confirmed different haemoglobin positive cell types in cellulose implants. 
The granulation tissue in cellulose sponges contains haemoglobin (a) -producing glycophorin A-
positive cells (b) implying that haematopoietic precursor cells are able to differentiate into red blood 
cells. c) Merged image of haemoglobin- and glycophorin A-positive cells. d). Red blood cells in a blood 
vessel in the capsule area of HA-implant; haemoglobin (upper) positive, glycophorin A (middle) and 
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modified from 52). 
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progenitors mature in association with macrophages 53, 54, the plentiful macrophages, 
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There is accumulating evidence that haemoglobin also binds, stores and transports nitric 
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formation of nitric oxide, which reflects the production of nitric oxide observed in 3-day-old 
HA-implant, but not at day 10 52, coincides with the strong inflammatory reaction that 
starts to decline during the second week of implantation 38. The production of 
haemoglobin during this phase might eliminate the excess nitric oxide and prevent its 
negative effect on matrix deposition, neovascularisation and apoptosis. In uncoated 
cellulose implants, iNOS is detected at day 10, which supports the observation of slower 
sequence of events in the granulation tissue formation in these uncoated implants 

3. Conclusions and future perspectives 

Regenerative medicine involves tissue formation and healing in order to restore the 
functionality of damaged organs or tissues. As tissue repair and regeneration after injury 
involve the selective recruitment of circulating or resident stem cell populations, stem cell 
therapy is often employed as one mean to promote tissue regeneration. Its success might, 
nevertheless, be complicated by strong immune-rejection of transplanted cells or shortage of 
autologous cell supply. Furthermore, if a scaffold, with or without bioactive agents, is used 
to administrate the stem cells, poor integration between the scaffold/implant and the host 
tissue might affect the outcome. 

An interesting tissue engineering concept is cell guidance aimed at total in vivo tissue 
engineering without the need of adding bioactive agents or cells. Numerous studies have 
shown that cellulose itself functions as a chemoattracant and is able to stimulate granulation 
tissue formation. Uncoated cellulose sponge has been tested in treatment of chronic leg 
ulcers (Pajarre, unpublished data) and in severe burn injuries (Lagus, unpublished data) in 
the 1990’s with good results. The cellulose sponge adsorbs debris and bacteria from the 
wound site and attracts inflammatory cells. In these cases, a short-term, powerful 
inflammatory response is actually necessary. After cleaning the wound bed, the cellulose 
induces vital granulation tissue formation, and smoothens and prepares the wound bed for 
successful skin transplantation. 

The fascinating property of HA-coated cellulose sponge is its ability to even further amplify 
the healing mechanisms of the body. The HA-coated cellulose acts as a cell-guiding material, 
attracting stem cell reserves. The novel finding of haemoglobin expression during wound 
healing brought into daylight new data concerning blood formation and development of 
neovascularisation. The clinical relevance of this is the production of more vascularised 
granulation tissue in the critical early phases of wound healing.  

We hypothesise that the cell guiding property of the HA-coated cellulose is due to the 
combination of silica and calcium phosphate. Preliminary results (Stark et al, unpublished) 
from our on-going study show that a mineral layer induced by dipping the cellulose sponge in 
a calcium phosphate solution has not the same beneficial feature on granulation tissue 
formation (not shown) than the mineral layer induced by the bioactive glass in simulated body 
fluid. Although there was a somewhat stronger inflammatory reaction when compared to 
uncoated cellulose it was not as intense as in HA-coated cellulose. Our deduction is that the 
silica elevates the inflammatory reaction with enhanced level of bioactive agent production 
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that attracts more circulating bone marrow-derived progenitor cells whereas the calcium 
phosphate layer contributes to hastened stem cell homing to the cellulose sponge. 

Due to the cell-guiding property of silica rich HA-coated regenerated oxidised cellulose in 
combination with the capacity to promote proliferation of richly vascularised connective 
tissue, this material might have potential in clinical situations when rapid granulation tissue 
growth is needed as in treatment of poorly healing wounds. The contact with the HA-
cellulose sponge would be local and temporary, therefore minimizing any possible 
disadvantages. In addition to safety issues, the manufacturing process of coating cellulose 
with HA is relatively simple and cheap, and the HA-coated cellulose sponge is easy to 
handle, form and sterilise. 

 

BOX 2. BIOLOGY OF WOUND HEALING 

Wound healing is a complex and dynamic process of restoring cellular structures and 
tissue layers in the body. The physiological and coordinated response to injury is 
practically similar in all tissues and involves three distinct but overlapping phases that can 
be divided into inflammation, new tissue formation and remodelling 70. In turn, these 
three phases comprehend coordinated series of events that includes chemotaxis, 
phagocytosis, neocollagenesis, collagen degradation, and collagen remodelling. 
Furthermore, neovascularisation, epithelisation, and the production of new 
glycosaminoglycans (GAGs) and proteoglycans are vital during wound healing process. 

The key initiators of the healing process are the platelets, which within minutes after injury 
aggregate and form fibrin clot in aim to control bleeding. In addition to their important 
role in hemostasis, platelets also liberate growth factors that will attract inflammatory and 
phagocytosing cells. The first cells to arrive are polymorphonuclear leucocytes, i.e. 
neutrophils that secrete proinflammatory cytokines. Shortly thereafter circulating 
monocytes will appear, are activated and converted in the tissue to macrophages that kill 
bacterial pathogens, scavenge tissue debris and destroy remaining neutrophils. 
Macrophages also mediate the transition from the inflammatory phase to the proliferative 
phase by releasing a variety of chemotactic agents and growth factors that stimulate cell 
migration, proliferation and formation of tissue matrix.  

The second phase of wound healing is often called the proliferative phase or the 
granulation tissue formation phase. This stage starts normally two to three days after 
injury and lasts approximately two to three weeks. During this phase the provisional 
extracellular matrix is gradually filled with granulation tissue. The phenomenal feature is 
to diminish the area of tissue loss by contraction and fibroplasia. The infiltrated cells 
produce a new extracellular matrix, rich in blood vessels, which carry oxygen and 
nutrients to maintain the metabolic processes. Although new collagen and other 
extracellular matrix proteins are continuously actively synthesised, the earlier formed 
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formation of nitric oxide, which reflects the production of nitric oxide observed in 3-day-old 
HA-implant, but not at day 10 52, coincides with the strong inflammatory reaction that 
starts to decline during the second week of implantation 38. The production of 
haemoglobin during this phase might eliminate the excess nitric oxide and prevent its 
negative effect on matrix deposition, neovascularisation and apoptosis. In uncoated 
cellulose implants, iNOS is detected at day 10, which supports the observation of slower 
sequence of events in the granulation tissue formation in these uncoated implants 

3. Conclusions and future perspectives 

Regenerative medicine involves tissue formation and healing in order to restore the 
functionality of damaged organs or tissues. As tissue repair and regeneration after injury 
involve the selective recruitment of circulating or resident stem cell populations, stem cell 
therapy is often employed as one mean to promote tissue regeneration. Its success might, 
nevertheless, be complicated by strong immune-rejection of transplanted cells or shortage of 
autologous cell supply. Furthermore, if a scaffold, with or without bioactive agents, is used 
to administrate the stem cells, poor integration between the scaffold/implant and the host 
tissue might affect the outcome. 

An interesting tissue engineering concept is cell guidance aimed at total in vivo tissue 
engineering without the need of adding bioactive agents or cells. Numerous studies have 
shown that cellulose itself functions as a chemoattracant and is able to stimulate granulation 
tissue formation. Uncoated cellulose sponge has been tested in treatment of chronic leg 
ulcers (Pajarre, unpublished data) and in severe burn injuries (Lagus, unpublished data) in 
the 1990’s with good results. The cellulose sponge adsorbs debris and bacteria from the 
wound site and attracts inflammatory cells. In these cases, a short-term, powerful 
inflammatory response is actually necessary. After cleaning the wound bed, the cellulose 
induces vital granulation tissue formation, and smoothens and prepares the wound bed for 
successful skin transplantation. 

The fascinating property of HA-coated cellulose sponge is its ability to even further amplify 
the healing mechanisms of the body. The HA-coated cellulose acts as a cell-guiding material, 
attracting stem cell reserves. The novel finding of haemoglobin expression during wound 
healing brought into daylight new data concerning blood formation and development of 
neovascularisation. The clinical relevance of this is the production of more vascularised 
granulation tissue in the critical early phases of wound healing.  

We hypothesise that the cell guiding property of the HA-coated cellulose is due to the 
combination of silica and calcium phosphate. Preliminary results (Stark et al, unpublished) 
from our on-going study show that a mineral layer induced by dipping the cellulose sponge in 
a calcium phosphate solution has not the same beneficial feature on granulation tissue 
formation (not shown) than the mineral layer induced by the bioactive glass in simulated body 
fluid. Although there was a somewhat stronger inflammatory reaction when compared to 
uncoated cellulose it was not as intense as in HA-coated cellulose. Our deduction is that the 
silica elevates the inflammatory reaction with enhanced level of bioactive agent production 
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that attracts more circulating bone marrow-derived progenitor cells whereas the calcium 
phosphate layer contributes to hastened stem cell homing to the cellulose sponge. 

Due to the cell-guiding property of silica rich HA-coated regenerated oxidised cellulose in 
combination with the capacity to promote proliferation of richly vascularised connective 
tissue, this material might have potential in clinical situations when rapid granulation tissue 
growth is needed as in treatment of poorly healing wounds. The contact with the HA-
cellulose sponge would be local and temporary, therefore minimizing any possible 
disadvantages. In addition to safety issues, the manufacturing process of coating cellulose 
with HA is relatively simple and cheap, and the HA-coated cellulose sponge is easy to 
handle, form and sterilise. 

 

BOX 2. BIOLOGY OF WOUND HEALING 

Wound healing is a complex and dynamic process of restoring cellular structures and 
tissue layers in the body. The physiological and coordinated response to injury is 
practically similar in all tissues and involves three distinct but overlapping phases that can 
be divided into inflammation, new tissue formation and remodelling 70. In turn, these 
three phases comprehend coordinated series of events that includes chemotaxis, 
phagocytosis, neocollagenesis, collagen degradation, and collagen remodelling. 
Furthermore, neovascularisation, epithelisation, and the production of new 
glycosaminoglycans (GAGs) and proteoglycans are vital during wound healing process. 

The key initiators of the healing process are the platelets, which within minutes after injury 
aggregate and form fibrin clot in aim to control bleeding. In addition to their important 
role in hemostasis, platelets also liberate growth factors that will attract inflammatory and 
phagocytosing cells. The first cells to arrive are polymorphonuclear leucocytes, i.e. 
neutrophils that secrete proinflammatory cytokines. Shortly thereafter circulating 
monocytes will appear, are activated and converted in the tissue to macrophages that kill 
bacterial pathogens, scavenge tissue debris and destroy remaining neutrophils. 
Macrophages also mediate the transition from the inflammatory phase to the proliferative 
phase by releasing a variety of chemotactic agents and growth factors that stimulate cell 
migration, proliferation and formation of tissue matrix.  

The second phase of wound healing is often called the proliferative phase or the 
granulation tissue formation phase. This stage starts normally two to three days after 
injury and lasts approximately two to three weeks. During this phase the provisional 
extracellular matrix is gradually filled with granulation tissue. The phenomenal feature is 
to diminish the area of tissue loss by contraction and fibroplasia. The infiltrated cells 
produce a new extracellular matrix, rich in blood vessels, which carry oxygen and 
nutrients to maintain the metabolic processes. Although new collagen and other 
extracellular matrix proteins are continuously actively synthesised, the earlier formed 
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fibrin clot is enzymatically degraded. This process allows the proceeding of re-
epithelisation that is needed to control the growth of the repair tissue and wound closure. 
The proteolytic activity is also a prerequisite of the neovascularisation. 

Usually by three weeks after injury, new tissue formation starts to decrease, and the 
emphasis of wound healing process turns to the remodelling and maturation. The main 
objective of this phase is to achieve maximum tensile strength by reorganisation, 
degradation and re-synthesis of the extracellular matrix. This final process may last even 
several years, before the new granulation tissue rich in cells and vascular capillaries has 
matured into a relatively acellular and avascular scar that lacks appendages, including hair 
follicles, sebaceous glands, and sweat glands 70. 

 

apoptosis programmed cell death 
biocompability the ability of a material to perform with an appropriate host 

response in a specific application 
chemoattracant a chemical (chemotactic) agent that induces an organism or a cell to 

migrate toward it 
chemokine small chemotactic pro-inflammatory cytokine 
chemotaxis directional movement in response to the influence of chemical 

stimulation 
cytokine a small cell-signalling protein molecule secreted by numerous cells; 

involved in intercellular communication 
endosteum a thin layer of connective tissue lining the medullary cavity of bone 
fibroplasia the process of forming fibrous tissue 
growth factor  a naturally occurring substance capable of stimulating cell growth, 

proliferation and cell differentiation  
haemostasis the process that causes bleeding to stop 
haematopoiesis production of all types of blood cells including formation, 

development, and differentiation of blood cells 
phagocytosis  an important defence mechanism against infection by 

microorganisms (e.g. bacteria) and the process of removing cell 
debris (e.g. dead tissue cells) and other foreign bodies 

receptor a structure on the surface of or inside a cell that selectively receives 
and binds a specific substance 

stem cell niche a local tissue microenvironment that maintains and regulates stem 
cells 

transcription 
factors 

molecules, usually proteins, which are involved in regulating gene 
expression 

Table 1.  
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1. Introduction 

Magnetically responsive cellulose materials are specific subset of smart materials, in which 
magnetic nanoparticles are embedded in the polymer matrix, which can adaptively change 
their physical properties due to an external magnetic field. These kind of materials are 
expected to exhibit interesting magnetic field-dependent mechanical behavior with a wide 
range of potential applications, such as fibers and fabrics for protective clothing for military 
use (Raymond et al., 1994), magnetic filters (Pinchuk et al., 1995), sensors (Epstein & Miller, 
1996), information storage, static and low frequency magnetic shielding (Dikeakos et al., 
2003) and health care or biomedical products (Wang et al., 2004). In general, magnetic 
cellulose materials can be prepared with different morphologies, such as films, fibers, 
microspheres, hydrogels and aerogels, and they respond differently to externally applied 
magnetic field because of the different natures and structures. The main purpose of the 
present review is to overview on recent advances in the development of magnetic field-
responsive cellulose composites with emphasis on the fabrication, properties and possible 
applications. 

2. Magnetic cellulose fibers 

Natural cellulose fibers are composed of microfibrils of 10-30nm width and three-
dimensionally connected with each other (Mark & Kroschwitz, 1985). The surface of the 
fiber is rough and consists of pores with diameter of 30-70 nm, with specific surface area of 
30-55 m2·g-1 (Kaewprasit et al., 1998). These nanopores may allow guest molecules to 
penetrate into their inner spaces. The preparation of magnetically responsive fibers based on 
cellulose and magnetic nanoparticles has been investigated by several approaches. In the 
past 2 to 3 decades, magnetically responsive cellulose fibers have been prepared by 
vigorously agitation of cellulose pulp in a concentrated suspension of iron oxide particles 
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use (Raymond et al., 1994), magnetic filters (Pinchuk et al., 1995), sensors (Epstein & Miller, 
1996), information storage, static and low frequency magnetic shielding (Dikeakos et al., 
2003) and health care or biomedical products (Wang et al., 2004). In general, magnetic 
cellulose materials can be prepared with different morphologies, such as films, fibers, 
microspheres, hydrogels and aerogels, and they respond differently to externally applied 
magnetic field because of the different natures and structures. The main purpose of the 
present review is to overview on recent advances in the development of magnetic field-
responsive cellulose composites with emphasis on the fabrication, properties and possible 
applications. 

2. Magnetic cellulose fibers 

Natural cellulose fibers are composed of microfibrils of 10-30nm width and three-
dimensionally connected with each other (Mark & Kroschwitz, 1985). The surface of the 
fiber is rough and consists of pores with diameter of 30-70 nm, with specific surface area of 
30-55 m2·g-1 (Kaewprasit et al., 1998). These nanopores may allow guest molecules to 
penetrate into their inner spaces. The preparation of magnetically responsive fibers based on 
cellulose and magnetic nanoparticles has been investigated by several approaches. In the 
past 2 to 3 decades, magnetically responsive cellulose fibers have been prepared by 
vigorously agitation of cellulose pulp in a concentrated suspension of iron oxide particles 
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such as magnetite and maghemite particles, followed by a mild washing step to remove all 
the unbound-magnetic particles. This preparation process is called lumen-loading (Chia et 
al., 2009; Rioux et al., 1992). The process proceeds in three stages. Firstly, a short initial stage 
with an advancing diffusion front penetrating the lumen with negligible deposition of filler 
particles on the internal surface. Secondly, a quasi-steady state regime (the main stage) in 
which the number of fillers particles entering the lumen equals the number being deposited 
on the lumen wall, and for which the concentration of filler particles suspended in the 
lumen is approximately constant, and finally the rate determining step switches from being 
the rate at which particles can enter into the lumen, and particle deposition occurs on the 
remaining empty spots of the lumen. The lumen-loading is a physical approach, and the 
diffusion kinetics of the method is mainly limited by the transport of filler particles through 
the pit apertures in the fiber walls (Zakaria et al., 2004 a, 2004b). It often results in a 
heterogeneous composite with deleterious particle dispersion, aggregation and therefore 
inferior performance. In contrast, the latter co-deposits both matrices and particles 
simultaneously from a premixed precursor offer more homogeneous and uniform 
composites. One common procedure is the integrating of pre-synthesized Fe3O4 particles 
into the lumens of disintegrated cellulose fibers with the aid of certain retention agent (Chia 
et al., 2006; Zakaria et al., 2005). After impregnation with an agitation and washing step to 
remove the unwanted particles, the filler particles are introduced exclusively into the lumen 
of the fibers while leaving the external surfaces free of filler. The filler is protected by the cell 
wall from dislodgement and the particles do not interfere with interfiber bonding. In 
addition, the resultant material shows relatively higher saturation magnetization and 
coercivity. However, the particles are spatially aggregated presumably due to the effect of 
the magnetic dipole within the short range. This represents a phenomenon commonly 
encountered in particle nanocomposite. Moreover, this morphology also lowers the 
mechanical properties, such as tensile strength and results in brittle material as compared to 
the host matrix (Zakaria et al., 2004; Middleton & Scallan, 1989). 

To circumvent these problems, a modified pathway has been performed by using surface 
coating method. In this process, a colloidal suspension of magnetic nanoparticles is 
prepared firstly, and then cellulose fibers are dispersed in it and stirred vigorously. After 
successive washing and sonication, the particles remain bonded to the surface of the fibers. 
One significant finding is that, a new bonding phase of α-FeOOH is formed at the interface 
between the Fe3O4 particles and cellulose fibers. The formation of such a bridge is crucial to 
the integrity of heterogonous hybrid materials in processing and practical applications. In 
the meanwhile, it allows the inherent properties of the fiber, e.g. tensile strength and 
flexibility, to be retained while enabling the magnetic properties to the matrix. In addition, 
the surface of the fibers is completely and uniformly encapsulated by the nanoparticles 
(Small & Johaston, 2009). 

Another approach to prepare magnetically responsive cellulose fibers involves synthesis of 
iron oxide particles within the cellulosic matrix itself by vigorously agitation of cellulose pulp 
in iron ion solution, and then iron ions are converted to iron oxide particles within cellulosic 
matrix by the addition of an excess NaOH solution. This preparation method is called in situ 
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co-precipitation method. This method offers better control of both the magnetic properties and 
the variety of magnetic particles that are incorporated into the final product than the lumen-
loaded method (Marchessault et al., 1992a, 1992b). This method is widely used for the 
preparation of magnetic cellulose materials. Recently, a modification of the in situ co-
precipitation method has been carried out. In this method, bacterial cellulose pellicles are 
firstly dipped in a solution of FeCl2•4H2O, followed by dipping in a fresh solution of NaOH. 
The suspension is then heated in a water bath at 65 oC, followed by adding H2O2 solutions. 
Finally, samples are washed with distilled water. By using this method, the individual reaction 
is exclusively occurred step by step inside the bacterial cellulose. However, this stepwise 
dipping process still has some drawbacks. The obtained samples show the non-uniform 
dispersion of the precipitated nanoparticles across the cross-sectional area of bacterial 
cellulose. Formation of the darker skin at the surface results from the predominant forming of 
ferrites at the surface of the processed bacterial cellulose. Moreover, the dipping process is 
done under ambient condition. As a result, the presence of oxygen gas in the atmospheric air 
promotes the formation of maghemite (γ-Fe2O3) and hematite (α-Fe2O3). In order to make 
homogeneous dispersion and control the crystalline phase of magnetic nanoparticles in 
cellulose matrix, ammonia gas-enhancing in co-precipitation method operated in a closed 
system without oxygen has been used (Katepetch & Rujiravanit, 2011). The use of ammonia 
gas, instead of conventional aqueous basic solutions, can prevent the magnetic particles from 
accumulation at the surface of cellulose fibers, resulting in the homogeneous dispersion of the 
magnetic nanoparticles throughout the cellulose matrix. Accordingly, the as-prepared 
magnetic nanoparticles-incorporated cellulose sheet exhibits the uniform magnetic properties 
throughout the cellulose matrix. Moreover, the homogeneous dispersion of the magnetic 
nanoparticles throughout the cellulose matrix can enhance the percent incorporation of 
magnetic nanoparticles into cellulose samples, leading to high and uniform magnetic 
properties throughout the matrix of cellulose. Regarding to the use of cellulose pellicle and 
ammonia gas-enhancing in situ co-precipitation method, magnetic particles in the crystal form 
of magnetite (Fe3O4) are obtained and the diameter of the as-synthesized magnetic particles are 
ranged in nanoscale. The average particle size of the magnetic nanoparticles is in the range of 
20–39 nm. The particle size and particle size distribution of magnetic nanoparticles are 
controllable by adjusting the concentration of aqueous iron ion solution. The saturation 
magnetization of the magnetic nanoparticle-incorporated cellulose sheet ranges from 1.92 to 
26.20 emu•g-1 with very low remnant magnetization (0.15–2.67 emu•g-1) and coercive field 
(40–65 G) at room temperature. Moreover, the responsiveness to an externally applied 
magnetic field of the magnetic nanoparticle-incorporated bacterial cellulose sheet is exhibited 
by its deflection in the direction of increasing magnetic field.  

Magnetic cellulose fibers can also be obtained by adding ferro-magnetic powders into the 
cellulose solution, and then spun into fibers. This technique is one of the most effective 
methods of imparting new features to fibers as it guarantees stability of their properties, due 
to the fact that the stabile magnetic modifier is firmly integrated in the polymer matrix, and 
its percentage content does not change while using the fibers. N-methylmorpholine-N-oxide 
hydrate (NMMO) is a direct solvent for cellulose, a ferromagnetic compound can be added 
into the solution, and magnetic cellulose fibers can be spun directly from the mixed solution 
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such as magnetite and maghemite particles, followed by a mild washing step to remove all 
the unbound-magnetic particles. This preparation process is called lumen-loading (Chia et 
al., 2009; Rioux et al., 1992). The process proceeds in three stages. Firstly, a short initial stage 
with an advancing diffusion front penetrating the lumen with negligible deposition of filler 
particles on the internal surface. Secondly, a quasi-steady state regime (the main stage) in 
which the number of fillers particles entering the lumen equals the number being deposited 
on the lumen wall, and for which the concentration of filler particles suspended in the 
lumen is approximately constant, and finally the rate determining step switches from being 
the rate at which particles can enter into the lumen, and particle deposition occurs on the 
remaining empty spots of the lumen. The lumen-loading is a physical approach, and the 
diffusion kinetics of the method is mainly limited by the transport of filler particles through 
the pit apertures in the fiber walls (Zakaria et al., 2004 a, 2004b). It often results in a 
heterogeneous composite with deleterious particle dispersion, aggregation and therefore 
inferior performance. In contrast, the latter co-deposits both matrices and particles 
simultaneously from a premixed precursor offer more homogeneous and uniform 
composites. One common procedure is the integrating of pre-synthesized Fe3O4 particles 
into the lumens of disintegrated cellulose fibers with the aid of certain retention agent (Chia 
et al., 2006; Zakaria et al., 2005). After impregnation with an agitation and washing step to 
remove the unwanted particles, the filler particles are introduced exclusively into the lumen 
of the fibers while leaving the external surfaces free of filler. The filler is protected by the cell 
wall from dislodgement and the particles do not interfere with interfiber bonding. In 
addition, the resultant material shows relatively higher saturation magnetization and 
coercivity. However, the particles are spatially aggregated presumably due to the effect of 
the magnetic dipole within the short range. This represents a phenomenon commonly 
encountered in particle nanocomposite. Moreover, this morphology also lowers the 
mechanical properties, such as tensile strength and results in brittle material as compared to 
the host matrix (Zakaria et al., 2004; Middleton & Scallan, 1989). 

To circumvent these problems, a modified pathway has been performed by using surface 
coating method. In this process, a colloidal suspension of magnetic nanoparticles is 
prepared firstly, and then cellulose fibers are dispersed in it and stirred vigorously. After 
successive washing and sonication, the particles remain bonded to the surface of the fibers. 
One significant finding is that, a new bonding phase of α-FeOOH is formed at the interface 
between the Fe3O4 particles and cellulose fibers. The formation of such a bridge is crucial to 
the integrity of heterogonous hybrid materials in processing and practical applications. In 
the meanwhile, it allows the inherent properties of the fiber, e.g. tensile strength and 
flexibility, to be retained while enabling the magnetic properties to the matrix. In addition, 
the surface of the fibers is completely and uniformly encapsulated by the nanoparticles 
(Small & Johaston, 2009). 

Another approach to prepare magnetically responsive cellulose fibers involves synthesis of 
iron oxide particles within the cellulosic matrix itself by vigorously agitation of cellulose pulp 
in iron ion solution, and then iron ions are converted to iron oxide particles within cellulosic 
matrix by the addition of an excess NaOH solution. This preparation method is called in situ 
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co-precipitation method. This method offers better control of both the magnetic properties and 
the variety of magnetic particles that are incorporated into the final product than the lumen-
loaded method (Marchessault et al., 1992a, 1992b). This method is widely used for the 
preparation of magnetic cellulose materials. Recently, a modification of the in situ co-
precipitation method has been carried out. In this method, bacterial cellulose pellicles are 
firstly dipped in a solution of FeCl2•4H2O, followed by dipping in a fresh solution of NaOH. 
The suspension is then heated in a water bath at 65 oC, followed by adding H2O2 solutions. 
Finally, samples are washed with distilled water. By using this method, the individual reaction 
is exclusively occurred step by step inside the bacterial cellulose. However, this stepwise 
dipping process still has some drawbacks. The obtained samples show the non-uniform 
dispersion of the precipitated nanoparticles across the cross-sectional area of bacterial 
cellulose. Formation of the darker skin at the surface results from the predominant forming of 
ferrites at the surface of the processed bacterial cellulose. Moreover, the dipping process is 
done under ambient condition. As a result, the presence of oxygen gas in the atmospheric air 
promotes the formation of maghemite (γ-Fe2O3) and hematite (α-Fe2O3). In order to make 
homogeneous dispersion and control the crystalline phase of magnetic nanoparticles in 
cellulose matrix, ammonia gas-enhancing in co-precipitation method operated in a closed 
system without oxygen has been used (Katepetch & Rujiravanit, 2011). The use of ammonia 
gas, instead of conventional aqueous basic solutions, can prevent the magnetic particles from 
accumulation at the surface of cellulose fibers, resulting in the homogeneous dispersion of the 
magnetic nanoparticles throughout the cellulose matrix. Accordingly, the as-prepared 
magnetic nanoparticles-incorporated cellulose sheet exhibits the uniform magnetic properties 
throughout the cellulose matrix. Moreover, the homogeneous dispersion of the magnetic 
nanoparticles throughout the cellulose matrix can enhance the percent incorporation of 
magnetic nanoparticles into cellulose samples, leading to high and uniform magnetic 
properties throughout the matrix of cellulose. Regarding to the use of cellulose pellicle and 
ammonia gas-enhancing in situ co-precipitation method, magnetic particles in the crystal form 
of magnetite (Fe3O4) are obtained and the diameter of the as-synthesized magnetic particles are 
ranged in nanoscale. The average particle size of the magnetic nanoparticles is in the range of 
20–39 nm. The particle size and particle size distribution of magnetic nanoparticles are 
controllable by adjusting the concentration of aqueous iron ion solution. The saturation 
magnetization of the magnetic nanoparticle-incorporated cellulose sheet ranges from 1.92 to 
26.20 emu•g-1 with very low remnant magnetization (0.15–2.67 emu•g-1) and coercive field 
(40–65 G) at room temperature. Moreover, the responsiveness to an externally applied 
magnetic field of the magnetic nanoparticle-incorporated bacterial cellulose sheet is exhibited 
by its deflection in the direction of increasing magnetic field.  

Magnetic cellulose fibers can also be obtained by adding ferro-magnetic powders into the 
cellulose solution, and then spun into fibers. This technique is one of the most effective 
methods of imparting new features to fibers as it guarantees stability of their properties, due 
to the fact that the stabile magnetic modifier is firmly integrated in the polymer matrix, and 
its percentage content does not change while using the fibers. N-methylmorpholine-N-oxide 
hydrate (NMMO) is a direct solvent for cellulose, a ferromagnetic compound can be added 
into the solution, and magnetic cellulose fibers can be spun directly from the mixed solution 
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(Rubacha et al., 2007). The obtained composite fibers can be used to build textile magnetic 
coils with a textile core. The magnetic properties of the composite fibers depend on the kind 
of implemented magnetic filler and the percentage content by volume in the fiber matter, 
and the composite fibers have an increase in the efficiency of shielding the magnetic field. 
However, mechanical mixing magnetic fills into dissolved cellulose solution often results in 
an inhomogeneous dispersion of particles in the cellulose matrix, thus considerable 
attention has been paid to the in situ chemical synthesis of metal nanoparticles in polymer 
matrices. In our previous works, 7wt% NaOH/12wt% urea aqueous solvent at low 
temperature is used for cellulose dissolving, and regenerated cellulose fibers can be spun 
from this solution (Chen et al., 2006; Mao et al., 2008). The cellulose fiber at swollen state 
exhibits an interpenetrating macroporous structure with a mean pore diameter of about 150 
nm. This unique structure makes the porous structured cellulose fibers can be used as 
reacting sites for the in situ synthesis of inorganic nanoparticles. Magnetic Fe2O3 
nanoparticles can be synthesized in situ in the cellulose fibers for the preparation of 
magnetic cellulose fibers (Liu et al., 2008a, 2008b), as it is shown in Fig. 1. The synthesized 
Fe2O3 nanoparticles with a mean diameter of 18 nm are uniformly dispersed in the cellulose 
matrix. There has strong interaction between Fe2O3 nanoparticles and cellulose matrix, the 
composite fibers are kept in water for a long time, and the Fe2O3 nanoparticles can hardly 
move out from the composite fibers. The composite fibers exhibit improved mechanical 
strength and a strong capability to absorb UV rays, superparamagnetic properties, as well as 
a relatively high dielectric constant; it indicated that the composite fibers can be used as 
protective materials for low frequency magnetic shielding. 

 
Figure 1. SEM images of surface (a) and cross section (b) for a single swollen RC (regenerated cellulose) 
fiber (insert is its enlarged image and the scale bar is 1 μm), as well as photographs of the composite 
fibers F001(FeCl3, 0.01M) (c), F01 (FeCl3, 0.1M) (d), and F05(FeCl3, 0.5M) (e), respectively. 
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3. Magnetic cellulose films 

Cellulose products are used traditionally in paper, packagings and artificial fibers, but 
technologies such as magnetic nanopapers open up opportunities for entirely new product 
areas. By using the lumen-loading technology, commercially available magnetic pigments 
can be introduced into the lumens of softwood fibers from which magnetic paper may be 
prepared. Lumen-loaded fibers act as magnetic dipoles allowing manipulation of fiber 
orientation in papermaking (Marchessault et al., 1992b). Another classic mixing of magnetic 
nanoparticles in the cellulose solution often results in the aggregation of magnetic 
nanoparticles in the composite films, because of the interparticle dipolar forces worsens 
their dispersion, which often decreases the properties of the composites and the single 
function of the magnetic nanomaterials. Precipitation of nano-sized ferrite (Fe3O4 and 
CoFe2O4) particles with the presence of cellulose fibers has also been used to produce films 
with good magnetic properties (Chia et al., 2008). The magnetic properties of the films 
increased with the loading of the magnetic particles. The coercivity of the magnetic films 
prepared with CoFe2O4 is higher than that with Fe3O4, and the thermal stability of the 
magnetic film depends on the degree of crystallinity of the precipitated particles. The 
magnetic particles deposited on the surface of the fibers have detrimental effects on the film 
strength. However, it is difficult to control the dispersion or particles size of the loaded 
magnetic particles for the above mentioned methods. 

An interesting advance in the development of nanofibril cellulose (NFC) template materials 
may further enable nanocomposites to have tunable properties and open up many new 
multifunctional utilities. In-situ precipitation of the magnetic nanoparticles onto the 
individual cellulose nanofibrils has been used for the preparation of magnetic cellulose films 
(Galland, 2012). In this process, aqueous nanofibril suspension is used for magnetic 
functionalization. This method is based on aqueous co-precipitation of cobalt and iron 
species by forced hydrolysis to form cobalt-ferrite (CoFe2O4) magnetic nanoparticles. The 
stable suspension of NFC is favorable for the black suspension of magnetic NFC, and it is 
then used for membrane formation by a suitable vacuum filtration procedure. In the 
magnetically functionalized cellulose nanofibril networks, the processing conditions have a 
major effect on size distribution of magnetic nanoparticles, with the interesting observation 
that presence of NFC during precipitation results in smaller particle formation. In turn, this 
directly has an influence on magnetic properties of the material, with e.g. reduced coercivity 
for materials with smaller nanoparticles. The introduction of nanoparticles results in 
increased porosity and reduced interaction between fibers, which acts negatively on 
stiffness and strength of the magnetic nanopaper membranes. But ductility is preserved 
leading to remarkable tough nanocomposite materials. 

Another alternative method is the in situ co-precipitation method by using the porous 
structured cellulose films as reacting sites. The cellulose hydrogel films prepared from 
LiOH/urea and NaOH/urea aqueous solution have unique fibrous network structure. The 
fibrous network structure, apart from providing high mechanical strength, offers 
macro/mesoporous spaces which can be used as reaction chambers for precipitation of 
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(Rubacha et al., 2007). The obtained composite fibers can be used to build textile magnetic 
coils with a textile core. The magnetic properties of the composite fibers depend on the kind 
of implemented magnetic filler and the percentage content by volume in the fiber matter, 
and the composite fibers have an increase in the efficiency of shielding the magnetic field. 
However, mechanical mixing magnetic fills into dissolved cellulose solution often results in 
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attention has been paid to the in situ chemical synthesis of metal nanoparticles in polymer 
matrices. In our previous works, 7wt% NaOH/12wt% urea aqueous solvent at low 
temperature is used for cellulose dissolving, and regenerated cellulose fibers can be spun 
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exhibits an interpenetrating macroporous structure with a mean pore diameter of about 150 
nm. This unique structure makes the porous structured cellulose fibers can be used as 
reacting sites for the in situ synthesis of inorganic nanoparticles. Magnetic Fe2O3 
nanoparticles can be synthesized in situ in the cellulose fibers for the preparation of 
magnetic cellulose fibers (Liu et al., 2008a, 2008b), as it is shown in Fig. 1. The synthesized 
Fe2O3 nanoparticles with a mean diameter of 18 nm are uniformly dispersed in the cellulose 
matrix. There has strong interaction between Fe2O3 nanoparticles and cellulose matrix, the 
composite fibers are kept in water for a long time, and the Fe2O3 nanoparticles can hardly 
move out from the composite fibers. The composite fibers exhibit improved mechanical 
strength and a strong capability to absorb UV rays, superparamagnetic properties, as well as 
a relatively high dielectric constant; it indicated that the composite fibers can be used as 
protective materials for low frequency magnetic shielding. 
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3. Magnetic cellulose films 

Cellulose products are used traditionally in paper, packagings and artificial fibers, but 
technologies such as magnetic nanopapers open up opportunities for entirely new product 
areas. By using the lumen-loading technology, commercially available magnetic pigments 
can be introduced into the lumens of softwood fibers from which magnetic paper may be 
prepared. Lumen-loaded fibers act as magnetic dipoles allowing manipulation of fiber 
orientation in papermaking (Marchessault et al., 1992b). Another classic mixing of magnetic 
nanoparticles in the cellulose solution often results in the aggregation of magnetic 
nanoparticles in the composite films, because of the interparticle dipolar forces worsens 
their dispersion, which often decreases the properties of the composites and the single 
function of the magnetic nanomaterials. Precipitation of nano-sized ferrite (Fe3O4 and 
CoFe2O4) particles with the presence of cellulose fibers has also been used to produce films 
with good magnetic properties (Chia et al., 2008). The magnetic properties of the films 
increased with the loading of the magnetic particles. The coercivity of the magnetic films 
prepared with CoFe2O4 is higher than that with Fe3O4, and the thermal stability of the 
magnetic film depends on the degree of crystallinity of the precipitated particles. The 
magnetic particles deposited on the surface of the fibers have detrimental effects on the film 
strength. However, it is difficult to control the dispersion or particles size of the loaded 
magnetic particles for the above mentioned methods. 

An interesting advance in the development of nanofibril cellulose (NFC) template materials 
may further enable nanocomposites to have tunable properties and open up many new 
multifunctional utilities. In-situ precipitation of the magnetic nanoparticles onto the 
individual cellulose nanofibrils has been used for the preparation of magnetic cellulose films 
(Galland, 2012). In this process, aqueous nanofibril suspension is used for magnetic 
functionalization. This method is based on aqueous co-precipitation of cobalt and iron 
species by forced hydrolysis to form cobalt-ferrite (CoFe2O4) magnetic nanoparticles. The 
stable suspension of NFC is favorable for the black suspension of magnetic NFC, and it is 
then used for membrane formation by a suitable vacuum filtration procedure. In the 
magnetically functionalized cellulose nanofibril networks, the processing conditions have a 
major effect on size distribution of magnetic nanoparticles, with the interesting observation 
that presence of NFC during precipitation results in smaller particle formation. In turn, this 
directly has an influence on magnetic properties of the material, with e.g. reduced coercivity 
for materials with smaller nanoparticles. The introduction of nanoparticles results in 
increased porosity and reduced interaction between fibers, which acts negatively on 
stiffness and strength of the magnetic nanopaper membranes. But ductility is preserved 
leading to remarkable tough nanocomposite materials. 

Another alternative method is the in situ co-precipitation method by using the porous 
structured cellulose films as reacting sites. The cellulose hydrogel films prepared from 
LiOH/urea and NaOH/urea aqueous solution have unique fibrous network structure. The 
fibrous network structure, apart from providing high mechanical strength, offers 
macro/mesoporous spaces which can be used as reaction chambers for precipitation of 
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nanoparticles with the fibers providing a support structure to hold the particles. (Liu et al., 
2006, 2011a, 2012a). In this method, cellulose films are immersed into FeCl2 or FeCl3 solution 
firstly and metal ions can be readily impregnated into the cellulose films through the pores. 
The incorporated Fe2+ ions can be bound to cellulose macromolecules via electrostatic 
interaction, because the electron-rich oxygen atoms of polar hydroxyl of cellulose are 
expected to interact with electropositive transition metal cations. When the films are treated 
with aqueous NaOH solution, Fe2O3 nanoparticles can be synthesized in the cellulose 
scaffolds in situ. The obtained Fe2O3 nanoparticles in the composite films prepared from 
FeCl2 or FeCl3 solution are -Fe2O3. The Fe2O3 nanoparticles are plate-like, and distribute 
randomly in the cellulose matrix before drying. It is different from those reported works 
about in situ synthesis of inorganic nanoparticles in a polymer matrix. In order to clarify the 
mechanism for the formation of the plate-like inorganic nanoparticles, Fe3O4, CdS, Co(OH)2 
nanoparticles have been synthesized from different precursors through the same pathway 
(Liu et al., 2011b, 2011c; Zhou et al., 2009). It indicates that the prepared nanoparticles are 
irregular particles and are homogeneously dispersed in the cellulose matrix. The possible 
mechanism for the formation of plate-like magnetic nanoparticles is ascribed to the non-
negligible magnetic dipole-dipole interactions between the magnetic nanoparticles, 
transforming from Fe(OH)3 or Fe(OH)2 to Fe2O3. The cellulose films that immersed into 
FeCl2 or FeCl3 solution and Fe2+-cellulose or Fe3+-cellulose are formed, when treated with 
NaOH. Fe(OH)3 or Fe(OH)2 are obtained in the cellulose matrix firstly. After drying, they 
transform into Fe2O3 nanoparticles. During this process, there is an anisotropic growth 
happens to the nanoparticles. While for the preparation of Fe3O4/cellulose films, Fe3O4 
nanoparticles are directly formed in the cellulose matrix when treated with NaOH solution, 
therefore, the morphology of the magnetic nanoparticles is irregular particles, which agrees 
well with the reported works about the preparation of inorganic nanoparticles in polymer 
matrix from one-step method. The concentration of FeCl2 or FeCl3 solution has little 
influence on the crystal structure and morphology of the Fe2O3 nanoparticles, but had an 
obvious influence on the content of the Fe2O3 nanoparticles in cellulose films. The Fe2O3 

nanoparticles in composite films that dried at ambient conditions distribute in a regular 
way, and the composite films have an obvious magnetic anisotropy property, while for the 
freeze-dried composite films, the Fe2O3 nanoparticles distribute randomly, and the resulting 
composite films displayed superparamagnetic properties without magnetic anisotropy. This 
interesting phenomenon may be ascribed to the shrinkage of the composite films during 
drying process and the magnetic dipolar-dipolar interactions between the magnetic 
nanoparticles. The size of the Fe2O3 nanoparticles is far smaller than that of the macropores 
of the wet cellulose film. Magnetic nanoparticles can rotate freely, and randomly align 
within the pores at wet state. When it is fixed and dried in air, the composite films only 
shrink in the longitudinal direction from 300 m in wet state to about 30 m in dry state. 
Furthermore, there is non-negligible magnetic dipole-dipole interaction between the 
magnetic nanoparticles, leading to the regulative distribution of the nanoparticles. In order 
to clarify the regular distribution behavior of the Fe2O3 nanoparticles in the cellulose matrix, 
an exo-magnetic field (static and dynamic magnetic field) is applied during the drying 
process of the composite films at ambient conditions. The regular distribution of Fe2O3 
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nanoparticles in cellulose matrix has been destroyed in the exo-magnetic field, and the 
dynamic exo-magnetic field has a more obvious effect on the distribution of Fe2O3 

nanoparticles than that of static exo-magnetic field. The composite films prepared from 
static-magnetic field have weak ferromagnetic properties, while the composite films 
prepared from dynamic exo-magnetic field display superparamagnetic properties without 
magnetic anisotropy, which indicates that magnetic filed has an influence on the 
distribution of the Fe2O3 nanoparticles in cellulose matrix. The effects of different forces on 
the distribution of the magnetic nanoparticles in cellulose matrix are characterized by using 
TEM, as it is shown in Fig. 2. Moreover, the influence of uniaxial drawing on the 
distribution of Fe2O3 nanoparticles has been investigated. Interestingly, there is no 
rearrangement of the Fe2O3 nanoparticles in cellulose matrix happened after being drawing, 
and the distribution of Fe2O3 nanoparticles are destroyed, as it is shown in Fig. 3. With an 
increase of the draw ratio, the irregularity of the Fe2O3 nanoparticles in cellulose matrix is 
increased, and the magnetic anisotropy of the resulting composite films is decreased. The 
porous structure of the regenerated cellulose filmsare destroyed by uniaxial drawing, 
therefore, the rotation of the Fe2O3 nanoparticles in the pores of cellulose films is hindered, 
leading to the irregular distribution of the Fe2O3 nanoparticles in cellulose matrix. These 
results support that a transformation process took place in the synthesized Fe2O3 from 
Fe(OH)3 or Fe(OH)2. The magnetic dipole-dipole interaction between the Fe2O3 nanoparticles 
is the important factor of the regular distribution of the Fe2O3 nanoparticles in cellulose 
matrix. 

Bacterial cellulose also can be used for the preparation of magnetic cellulose films. Bacterial 
cellulose is synthesized in the form of fibrous structure which constitutes a three-
dimensional non-woven network of nanofibers with diameters less than 100 nm, and it is 
much smaller than the diameter of typical plant cellulose bundles (ca. 100nm). Bacterial 
cellulose fiber has the same chemical structure as plant cellulose, but has higher specific 
surface area than the cellulose nanofibers, indicating that bacterial cellulose has much more 
surface hydroxyl and ether groups than plant cellulose. These hydroxyl groups make up of 
active sites for metal ion adsorption (Li et al., 2009). Moreover, the porous structure of 
nanofibrous bacterial cellulose provides large amount of sub-micron pores. The precipitated 
metal nanoparticles are stabilized by the sub-micron pores of the bacterial cellulose, leading 
to good dispersion of the as-synthesized nanoparticles (Zhang et al., 2011), the detail 
preparation process is shown in Fig. 4. Magnetic ferrite nanoparticles loaded bacterial 
cellulose (BC) membranes have been synthesized earlier. The size of the ferrite particles 
varies from ~2 to 20 nm with the particles existing both individually and as aggregates in the 
matrix. These magnetic BC membranes are superparamagnetic at room temperature with no 
coercivity or remanence (Raymond et al., 1994, 1995; Sourty et al., 1998; Small & Johnston, 
2009).  

The precipitation reaction method of loading magnetic particles in the BC matrix does not 
allow complete control of particles formation-nucleation, growth, aggregation, and density, 
if surfactant molecules which cap the metal particles are not used. As a result, the 
synthesized particles may have a broad distribution of sizes and different interparticle  
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nanoparticles with the fibers providing a support structure to hold the particles. (Liu et al., 
2006, 2011a, 2012a). In this method, cellulose films are immersed into FeCl2 or FeCl3 solution 
firstly and metal ions can be readily impregnated into the cellulose films through the pores. 
The incorporated Fe2+ ions can be bound to cellulose macromolecules via electrostatic 
interaction, because the electron-rich oxygen atoms of polar hydroxyl of cellulose are 
expected to interact with electropositive transition metal cations. When the films are treated 
with aqueous NaOH solution, Fe2O3 nanoparticles can be synthesized in the cellulose 
scaffolds in situ. The obtained Fe2O3 nanoparticles in the composite films prepared from 
FeCl2 or FeCl3 solution are -Fe2O3. The Fe2O3 nanoparticles are plate-like, and distribute 
randomly in the cellulose matrix before drying. It is different from those reported works 
about in situ synthesis of inorganic nanoparticles in a polymer matrix. In order to clarify the 
mechanism for the formation of the plate-like inorganic nanoparticles, Fe3O4, CdS, Co(OH)2 
nanoparticles have been synthesized from different precursors through the same pathway 
(Liu et al., 2011b, 2011c; Zhou et al., 2009). It indicates that the prepared nanoparticles are 
irregular particles and are homogeneously dispersed in the cellulose matrix. The possible 
mechanism for the formation of plate-like magnetic nanoparticles is ascribed to the non-
negligible magnetic dipole-dipole interactions between the magnetic nanoparticles, 
transforming from Fe(OH)3 or Fe(OH)2 to Fe2O3. The cellulose films that immersed into 
FeCl2 or FeCl3 solution and Fe2+-cellulose or Fe3+-cellulose are formed, when treated with 
NaOH. Fe(OH)3 or Fe(OH)2 are obtained in the cellulose matrix firstly. After drying, they 
transform into Fe2O3 nanoparticles. During this process, there is an anisotropic growth 
happens to the nanoparticles. While for the preparation of Fe3O4/cellulose films, Fe3O4 
nanoparticles are directly formed in the cellulose matrix when treated with NaOH solution, 
therefore, the morphology of the magnetic nanoparticles is irregular particles, which agrees 
well with the reported works about the preparation of inorganic nanoparticles in polymer 
matrix from one-step method. The concentration of FeCl2 or FeCl3 solution has little 
influence on the crystal structure and morphology of the Fe2O3 nanoparticles, but had an 
obvious influence on the content of the Fe2O3 nanoparticles in cellulose films. The Fe2O3 

nanoparticles in composite films that dried at ambient conditions distribute in a regular 
way, and the composite films have an obvious magnetic anisotropy property, while for the 
freeze-dried composite films, the Fe2O3 nanoparticles distribute randomly, and the resulting 
composite films displayed superparamagnetic properties without magnetic anisotropy. This 
interesting phenomenon may be ascribed to the shrinkage of the composite films during 
drying process and the magnetic dipolar-dipolar interactions between the magnetic 
nanoparticles. The size of the Fe2O3 nanoparticles is far smaller than that of the macropores 
of the wet cellulose film. Magnetic nanoparticles can rotate freely, and randomly align 
within the pores at wet state. When it is fixed and dried in air, the composite films only 
shrink in the longitudinal direction from 300 m in wet state to about 30 m in dry state. 
Furthermore, there is non-negligible magnetic dipole-dipole interaction between the 
magnetic nanoparticles, leading to the regulative distribution of the nanoparticles. In order 
to clarify the regular distribution behavior of the Fe2O3 nanoparticles in the cellulose matrix, 
an exo-magnetic field (static and dynamic magnetic field) is applied during the drying 
process of the composite films at ambient conditions. The regular distribution of Fe2O3 
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nanoparticles in cellulose matrix has been destroyed in the exo-magnetic field, and the 
dynamic exo-magnetic field has a more obvious effect on the distribution of Fe2O3 

nanoparticles than that of static exo-magnetic field. The composite films prepared from 
static-magnetic field have weak ferromagnetic properties, while the composite films 
prepared from dynamic exo-magnetic field display superparamagnetic properties without 
magnetic anisotropy, which indicates that magnetic filed has an influence on the 
distribution of the Fe2O3 nanoparticles in cellulose matrix. The effects of different forces on 
the distribution of the magnetic nanoparticles in cellulose matrix are characterized by using 
TEM, as it is shown in Fig. 2. Moreover, the influence of uniaxial drawing on the 
distribution of Fe2O3 nanoparticles has been investigated. Interestingly, there is no 
rearrangement of the Fe2O3 nanoparticles in cellulose matrix happened after being drawing, 
and the distribution of Fe2O3 nanoparticles are destroyed, as it is shown in Fig. 3. With an 
increase of the draw ratio, the irregularity of the Fe2O3 nanoparticles in cellulose matrix is 
increased, and the magnetic anisotropy of the resulting composite films is decreased. The 
porous structure of the regenerated cellulose filmsare destroyed by uniaxial drawing, 
therefore, the rotation of the Fe2O3 nanoparticles in the pores of cellulose films is hindered, 
leading to the irregular distribution of the Fe2O3 nanoparticles in cellulose matrix. These 
results support that a transformation process took place in the synthesized Fe2O3 from 
Fe(OH)3 or Fe(OH)2. The magnetic dipole-dipole interaction between the Fe2O3 nanoparticles 
is the important factor of the regular distribution of the Fe2O3 nanoparticles in cellulose 
matrix. 

Bacterial cellulose also can be used for the preparation of magnetic cellulose films. Bacterial 
cellulose is synthesized in the form of fibrous structure which constitutes a three-
dimensional non-woven network of nanofibers with diameters less than 100 nm, and it is 
much smaller than the diameter of typical plant cellulose bundles (ca. 100nm). Bacterial 
cellulose fiber has the same chemical structure as plant cellulose, but has higher specific 
surface area than the cellulose nanofibers, indicating that bacterial cellulose has much more 
surface hydroxyl and ether groups than plant cellulose. These hydroxyl groups make up of 
active sites for metal ion adsorption (Li et al., 2009). Moreover, the porous structure of 
nanofibrous bacterial cellulose provides large amount of sub-micron pores. The precipitated 
metal nanoparticles are stabilized by the sub-micron pores of the bacterial cellulose, leading 
to good dispersion of the as-synthesized nanoparticles (Zhang et al., 2011), the detail 
preparation process is shown in Fig. 4. Magnetic ferrite nanoparticles loaded bacterial 
cellulose (BC) membranes have been synthesized earlier. The size of the ferrite particles 
varies from ~2 to 20 nm with the particles existing both individually and as aggregates in the 
matrix. These magnetic BC membranes are superparamagnetic at room temperature with no 
coercivity or remanence (Raymond et al., 1994, 1995; Sourty et al., 1998; Small & Johnston, 
2009).  

The precipitation reaction method of loading magnetic particles in the BC matrix does not 
allow complete control of particles formation-nucleation, growth, aggregation, and density, 
if surfactant molecules which cap the metal particles are not used. As a result, the 
synthesized particles may have a broad distribution of sizes and different interparticle  
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Figure 2. TEM images of the composite film prepared by freeze-dried (a, b) and being dried at ambient 
conditions (c, d); (a, c), the slice was parallel to the film plane; (b, d), the slice was perpendicular to the 
film plane, and the composite film fixed on a PMMA plate with a static magnetic field and air-dried. (e), 
the slice was parallel to the film plane; (f), the slice was perpendicular to the film plane, and the 
composite film dried on a rotating magnetic field at room temperature. (g), the slice was parallel to the 
film plane; (h), the slice was perpendicular to the film plane. 
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Figure 3. TEM images of the composite films with draw ratios different from 1.04 to 1.22: a, b, c are the 
slices that perpendicular to the surface of the films, e, f, g are the slices that parallel to the surface of the 
films, d and e were HRTEM images of c and g, respectively.  

 
Figure 4. Schematic illustration for the flexible magnetic nanohybrid membrane from bacterial cellulose 
nanofibers.  

distances. Recently, metallic magnetic particles have also been loaded into BC by 
precipitating from the respective salt solutions using NaBH4, KH2PO2, and NaH2PO2 as 
reducing agents. The reaction conditions, type of reducing agent and the reduction medium 
are found to influence the chemical composition, crystallinity, and size of the metal particles. 
The saturation magnetization of Ni impregnated cellulose at room temperature is found to 
be very small compared with that of bulk due to P and B contamination in Ni as well as lack 
of crystallinity, amorphous structure. The amorphous Ni transforms into crystalline Ni on 
heat treatment. In the case of Co, NaH2PO2 reduction is found to result in the formation of 
ordered crystals with size of 5-6 nm and aggregates with micron size. The Co loaded 
cellulose is found to be ferromagnetic at room temperature with obvious coercivity 
(Pirkkalainen et al., 2007, 2008). The room temperature reduction in an aqueous 
environment is also an effective method for the controlling synthesis of magnetic 
nanoparticle with small particle size (Vitta et al., 2010). The formation of crystalline Ni 
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nanoparticles with controlled particle size inside the bacterial cellulose along with Ni(OH)2 
has been performed. The nanocrystals have an equiaxed shape and are found both as 
individual particles as well as small aggregates depending on the porous network structure 
of cellulose matrix. The bacterial cellulose does not undergo any change and retains its 
crystal structure even after chemical reduction reaction. The Ni loaded bacterial cellulose is 
found to be ferromagnetic at room temperature with a saturation magnetization of 2.81 
emu•g−1 which increases by an order of magnitude to 21.8 emu•g−1 at 1.8 K. The coercive 
field also increases by two orders of magnitude from 28 G at 300 K to 2900 G at 1.8 K. The 
zero field cooled magnetization however exhibits a superparamagnetic behavior with a peak 
at 20 K, the blocking temperature and this behavior is observed even in ac magnetization. 
The magnetization decreases with the increase of temperature up to 400 K, when 
extrapolated to high temperature using a power law indicates a Curie transition at 500 K, 
which is much lower than the Curie temperature of bulk Ni. The fraction of isolated 
superparamagnetic nanoparticles present in the composite is estimated from the saturation 
magnetization and is found to be ~88%. These results clearly highlight the presence of two 
separate magnetic phases, superparamagnetic, and ferromagnetic, and the role of various 
magnetic interactions in the collective magnetic behavior of Ni nanoparticles in the 
composite structure. Freeze-dried bacterial cellulose nanofibers can form porous structured 
scaffolds, which can also be used as a template for in-situ chemical reactions to form Co 
nanoparticles for the generation of a tunable multifunctional nanocomposite film. In this 
process, an extremely porous so-called aerogel which consists of only 2% cellulose fibrils 
and 98% pores is obtained, and then dip the porous cellulose aerogel into a saline solution 
and create the magnetic particles. The magnetic particles are 40 nm large and consist of 
cobalt ferrite. The particles bind very strongly with the cellulose. During the production 
process, it is possible to control the amount of magnetic particles that are formed. The 
porous nanopaper can also be compressed to different levels of porosity, due to obtain the 
required strength and the flexibility. 

4. Magnetic cellulose microspheres 

The use of superparamagnetic microspheres (SM) has been widely reported in various 
applications, such as biomedical research and technology (Šafařĭk & Šafařĭková, 1999) and 
environmental protection (Yang et al., 2008; Atia et al., 2009), due to their remote responses 
to external magnetic fields. Ideal magnetic polymer microspheres must have high specific 
saturation magnetization, small size, narrow particle size distribution, biocompatibility, 
biodegradable, good chemical stability, rich functional groups on surface and simple 
process in preparation, cheap as shell. Cellulose, with high biocompatibility, good 
hydrophilic properties, and biodegradable natures, is a good candidate for magnetic 
nanocomposite. 

Encapsulation of magnetic particles with cellulose polymers is the simple and classical 
method to prepare magnetic cellulose particles (Luo & Zhang, 2009). In our previous works, 
maghemite (γ-Fe2O3) nanoparticles are prepared. Subsequently, by blending it with cellulose 
solution and then millimeter-scale magnetic cellulose beads can be prepared via an optimal 
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dropping technology. In this method, other fillers, such as activated carbon (AC) can be 
added into the mixed solution for the preparation of composite cellulose beads with 
improved properties. The cellulose beads containing Fe2O3 nanoparticles exhibit sensitive 
magnetic response, and their recovery can be facilitated by applying a magnetic field. Dyes 
are adsorbed effectively by the AC/magnetic cellulose beads. The Fe2O3 nanoparticles and 
AC in the AC/magnetic cellulose beads can play important roles in both the formation of 
spherical shape beads and the improvement of the adsorption capacity. Furthermore, the 
sorbent can be regenerated and used repeatedly. The magnetic properties of the beads allow 
the separation from the effluent by applying a magnetic field, leading to the development of 
a clean and safe process for water pollution remediation.   

As for the magnetic cellulose microspheres (MCMS), most of the attentions are focused on 
the absorption performance. The absorption capacity of MCMS is important for the 
applications point of view. According to Langmuir theory, the smaller the MCMS, the larger 
the surface area, thereby the stronger the absorption capacity. However, the crystalline 
structure of cellulose, due to the hydrogen bonds between and within its chains and the 
high molecular weight, make the treatment of cellulose very difficult. On one hand cellulose 
exhibits zero solubility in water and common organic solvents, except for some solutions 
(Fischer et al., 2003; Ass et al., 2006; Yoshida et al., 2005). On the other hand an ionic solution 
of cellulose shows considerable viscosity, which causes great difficulty in the dispersal of 
material into small drops. Under conditions without protection from chemical cross-linking 
or contact, magnetic fluids dispersed in cellulose solution are impacted in their stability as 
liquid drops and will easily collapse or coalesce, if dispersing strength solutions are used. 
As a consequence, the average size distribution of MCMS is most often reported from 
dozens to hundreds of micrometers (Wolf, 1997; Guo & Chen, 2005). If a critical condition 
could be found in which the drops could maintain both the smallest diameter and stability, 
MCMS can be fabricated with the maximum absorption capability. A theory of “the smallest 
critical size”(SCS) is proposed and tested for the first time as a guideline for forming the 
desired MCMS (Tang et al., 2010). It indicates that the diameter of the SCS of MCMS is 5.82 
μm, while the IgG absorption capability of the MCMS with SCS is 186.8 mg/mL. An 
innovative approach developed by us has shown that a more controlled nanostructured 
morphology and geometrical shape of the magnetic cellulose microspheres can be obtained 
(Luo et al., 2009a), and the incorporated magnetic nanoparticles has an obvious influence on 
the microstructure of the obtained magnetic microspheres, as it is shown in Fig. 5. In this 
study, cellulose drops in a precooled aqueous solution of sodium hydroxide and urea are 
utilized to form regenerated cellulose microspheres (RCS) using sol-gel process. These 
porous beads are then used as microreactors, which permits in situ co-precipitation of Fe3O4 
nanoparticles into the cellulose pores of RCS in a solution mixture of FeCl3 and FeCl2 to 
finally form magnetic regenerated cellulose microspheres (MRCS). This process is able to 
create MRCS about 6 um in diameter with embedded nanoparticles with particle size of 20 
nm. Transmission electron microscopy (TEM) clearly shows that embedded Fe3O4 
nanoparticles are dispersed uniformly inside MRCS matrix. These ideal nanostructures 
ensure that the micron-sized cellulose beads maintain the superparamagnetic property. 
Such beads can be magnetized and attracted to that field in the presence of an external 
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nanoparticles with controlled particle size inside the bacterial cellulose along with Ni(OH)2 
has been performed. The nanocrystals have an equiaxed shape and are found both as 
individual particles as well as small aggregates depending on the porous network structure 
of cellulose matrix. The bacterial cellulose does not undergo any change and retains its 
crystal structure even after chemical reduction reaction. The Ni loaded bacterial cellulose is 
found to be ferromagnetic at room temperature with a saturation magnetization of 2.81 
emu•g−1 which increases by an order of magnitude to 21.8 emu•g−1 at 1.8 K. The coercive 
field also increases by two orders of magnitude from 28 G at 300 K to 2900 G at 1.8 K. The 
zero field cooled magnetization however exhibits a superparamagnetic behavior with a peak 
at 20 K, the blocking temperature and this behavior is observed even in ac magnetization. 
The magnetization decreases with the increase of temperature up to 400 K, when 
extrapolated to high temperature using a power law indicates a Curie transition at 500 K, 
which is much lower than the Curie temperature of bulk Ni. The fraction of isolated 
superparamagnetic nanoparticles present in the composite is estimated from the saturation 
magnetization and is found to be ~88%. These results clearly highlight the presence of two 
separate magnetic phases, superparamagnetic, and ferromagnetic, and the role of various 
magnetic interactions in the collective magnetic behavior of Ni nanoparticles in the 
composite structure. Freeze-dried bacterial cellulose nanofibers can form porous structured 
scaffolds, which can also be used as a template for in-situ chemical reactions to form Co 
nanoparticles for the generation of a tunable multifunctional nanocomposite film. In this 
process, an extremely porous so-called aerogel which consists of only 2% cellulose fibrils 
and 98% pores is obtained, and then dip the porous cellulose aerogel into a saline solution 
and create the magnetic particles. The magnetic particles are 40 nm large and consist of 
cobalt ferrite. The particles bind very strongly with the cellulose. During the production 
process, it is possible to control the amount of magnetic particles that are formed. The 
porous nanopaper can also be compressed to different levels of porosity, due to obtain the 
required strength and the flexibility. 

4. Magnetic cellulose microspheres 

The use of superparamagnetic microspheres (SM) has been widely reported in various 
applications, such as biomedical research and technology (Šafařĭk & Šafařĭková, 1999) and 
environmental protection (Yang et al., 2008; Atia et al., 2009), due to their remote responses 
to external magnetic fields. Ideal magnetic polymer microspheres must have high specific 
saturation magnetization, small size, narrow particle size distribution, biocompatibility, 
biodegradable, good chemical stability, rich functional groups on surface and simple 
process in preparation, cheap as shell. Cellulose, with high biocompatibility, good 
hydrophilic properties, and biodegradable natures, is a good candidate for magnetic 
nanocomposite. 

Encapsulation of magnetic particles with cellulose polymers is the simple and classical 
method to prepare magnetic cellulose particles (Luo & Zhang, 2009). In our previous works, 
maghemite (γ-Fe2O3) nanoparticles are prepared. Subsequently, by blending it with cellulose 
solution and then millimeter-scale magnetic cellulose beads can be prepared via an optimal 

 
Magnetic Responsive Cellulose Nanocomposites and Their Applications 115 

dropping technology. In this method, other fillers, such as activated carbon (AC) can be 
added into the mixed solution for the preparation of composite cellulose beads with 
improved properties. The cellulose beads containing Fe2O3 nanoparticles exhibit sensitive 
magnetic response, and their recovery can be facilitated by applying a magnetic field. Dyes 
are adsorbed effectively by the AC/magnetic cellulose beads. The Fe2O3 nanoparticles and 
AC in the AC/magnetic cellulose beads can play important roles in both the formation of 
spherical shape beads and the improvement of the adsorption capacity. Furthermore, the 
sorbent can be regenerated and used repeatedly. The magnetic properties of the beads allow 
the separation from the effluent by applying a magnetic field, leading to the development of 
a clean and safe process for water pollution remediation.   

As for the magnetic cellulose microspheres (MCMS), most of the attentions are focused on 
the absorption performance. The absorption capacity of MCMS is important for the 
applications point of view. According to Langmuir theory, the smaller the MCMS, the larger 
the surface area, thereby the stronger the absorption capacity. However, the crystalline 
structure of cellulose, due to the hydrogen bonds between and within its chains and the 
high molecular weight, make the treatment of cellulose very difficult. On one hand cellulose 
exhibits zero solubility in water and common organic solvents, except for some solutions 
(Fischer et al., 2003; Ass et al., 2006; Yoshida et al., 2005). On the other hand an ionic solution 
of cellulose shows considerable viscosity, which causes great difficulty in the dispersal of 
material into small drops. Under conditions without protection from chemical cross-linking 
or contact, magnetic fluids dispersed in cellulose solution are impacted in their stability as 
liquid drops and will easily collapse or coalesce, if dispersing strength solutions are used. 
As a consequence, the average size distribution of MCMS is most often reported from 
dozens to hundreds of micrometers (Wolf, 1997; Guo & Chen, 2005). If a critical condition 
could be found in which the drops could maintain both the smallest diameter and stability, 
MCMS can be fabricated with the maximum absorption capability. A theory of “the smallest 
critical size”(SCS) is proposed and tested for the first time as a guideline for forming the 
desired MCMS (Tang et al., 2010). It indicates that the diameter of the SCS of MCMS is 5.82 
μm, while the IgG absorption capability of the MCMS with SCS is 186.8 mg/mL. An 
innovative approach developed by us has shown that a more controlled nanostructured 
morphology and geometrical shape of the magnetic cellulose microspheres can be obtained 
(Luo et al., 2009a), and the incorporated magnetic nanoparticles has an obvious influence on 
the microstructure of the obtained magnetic microspheres, as it is shown in Fig. 5. In this 
study, cellulose drops in a precooled aqueous solution of sodium hydroxide and urea are 
utilized to form regenerated cellulose microspheres (RCS) using sol-gel process. These 
porous beads are then used as microreactors, which permits in situ co-precipitation of Fe3O4 
nanoparticles into the cellulose pores of RCS in a solution mixture of FeCl3 and FeCl2 to 
finally form magnetic regenerated cellulose microspheres (MRCS). This process is able to 
create MRCS about 6 um in diameter with embedded nanoparticles with particle size of 20 
nm. Transmission electron microscopy (TEM) clearly shows that embedded Fe3O4 
nanoparticles are dispersed uniformly inside MRCS matrix. These ideal nanostructures 
ensure that the micron-sized cellulose beads maintain the superparamagnetic property. 
Such beads can be magnetized and attracted to that field in the presence of an external 
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Figure 5. SEM images of the surface of the regenerated cellulose microspheres (RCS) (a), M10 (mixtured 
solutions of FeCl3/FeCl2 with concentration of 10mmol/5.2mmol) (b), M20(mixtured solutions of 
FeCl3/FeCl2 with concentration of 20mmol/10.6mmol) (c) and M30(mixtured solutions of FeCl3/FeCl2 
with concentration of 30mmol/15.9mmol) (d). The insert illustrates the morphology of RCS and 
magnetic regenerated cellulose microspheres (MRCS).  

magnetic field; however, they will not retain any magnetization when the external field is 
removed and can flow with the carrier medium like non-magnetic beads. As an 
embodiment, it demonstrates the magnetic-induced transference for targeting protein 
delivery and release using these nanocomposite beads. 

In recent research aiming at a biomedical application, magnetic carriers based on proteins 
immobilized onto magnetic cellulose microspheres (MCMS) have also been widely used. 
The biospecific connection using a specific binding between a protein and the biomatrices 
displays an excellent repertoire of advantages, including convenient and simple 
preparation, elimination of toxic compounds, and highly efficient antibody utilization (Luo 
& Zhang, 2010; Hornes & Korsnes, 1990). The resulting extraction of a pure target molecule 
by this technique is both convenient and efficient. A novel method has developed for 
immobilizing antibodies onto MCMS using a cellulose binding domain–protein A (CBD–
ProA) linkage, which allows for a one-step isolation of mRNA from eukaryotic cells and 
tissues (Gao et al., 2009). The produced CBD–SA fusion proteins display binding activities 
for both cellulose and biotin, and are endowed with superior attributes in the linkage 
between the MCMS and biotinylated oligo(dT). Using SA–CBD–MCMS for this application 
allows efficient and rapid isolation of mRNA from eukaryotic cells and tissues and 
represents an improvement over conventional, available techniques. The stability of the 
particles, especially the bound CBD to MCMS has been evaluated (Cao et al., 2007).  
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5. Magnetic cellulose hydrogels and aerogels 

Magnetic responsive gels have become an interesting subject of study for several research 
groups. Cellulose hydrogels can be made stimuli-responsive which makes their study more 
interesting. Preparation of magnetic cellulose gels is similar to that of other filler-loaded 
networks. One way is to prepare and characterize magnetic particles separately and then to 
mix them with polymers, and the cross-linking takes place after mixing the polymer solution 
and the magnetic sol (Haas et al., 1993), one can precipitate well-dispersed colloidalsized 
particles in the polymeric material. The in situ precipitation can be made before, during, and 
after the cross-linking reaction (Mark, 1985). As these gels respond to magnetic stimuli, it can 
be readily applied in the areas of biotechnology/biomedicine, health care, catalysis, magnetic 
resonance imaging, and so on. Chatterjee and coworkers have developed a two-step synthesis 
of magnetic gel (Chatterjee et al., 2004). In the first step, hydroxypropyl cellulose particles are 
formed with surfactant-modified maghemite by the emulsion method. In the second step, 
these particles are cross-linked by a commercial cross-linking agent Zirmel M to give a 
network structure. By this mechanism of network formation, it is possible to introduce a 
homogeneous distribution of maghemite into the polymer matrix. These magnetic gels have a 
network of nanoparticles of hydroxypropyl cellulose (30–100 nm) and a homogeneous 
distribution of nanosized maghemite (~7 nm). The magnetic gel has magnetic moment in an 
applied field, due to the size distribution in maghemite, single blocking temperature can not 
be obtained at temperatures below room temperature. Superparamagnetic behavior is 
observed for the gel. The magnetic gel does not show any unique behavior in terms of the 
magnetic property though there is a possibility for obtaining different magnetic properties due 
to the restricted motion (Chatterjee et al., 2003). In order to improve the magnetic properties of 
the magnetic gels, a modified method has been performed. In this process, HPC is mixed with 
hexadecyl trimethyl ammonium bromide (CTAB) modified γ-Fe2O3 powder in sodium 
hydroxide solution (pH=12). The solution is then sonicated for 30s. When the solution become 
homogeneous, solid crushed pellets of NaOH are added to this solution and mixed 
thoroughly. A reddish brown gel is formed at pH 13 and can separate from the solution. With 
the decrease in pH (at pH 9), the gel break down and form a homogeneous dispersion of the 
HPC–γ-Fe2O3 complex. This brown dispersion again transformed into a gel with an increase in 
the pH to 13. The HPC can be loaded as much as 100% of its weight of iron oxide to form a 
complex structure. Therefore, a large value of magnetic moment is obtained from these gels. 
By this process of gelation with a magnetic material along with the cellulose polymer, heavy 
metals/metal oxides can be captured and separated with the help of an external magnet.  

Cellulose aerogels, consisting of three-dimensional networks, are typically obtained by 
removing the liquid in cellulose gels under freeze drying or supercritical conditions (Li et 
al., 2011; Liebner et al., 2010; Kettunen et al., 2011). The unique properties like high internal 
surface, high porosity, low density, and with the additional advantages and characteristics 
of the renewable biopolymer cellulose makes the cellulose aerogel an interesting candidate 
for various applications. The combination of cellulose nanofibers and magnetic 
nanoparticles allows for the preparation of ultra-flexible porous magnetic aerogels. Strong 
cellulose nanofibrils derived from bacteria or wood can form ductile or tough networks that 
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Figure 5. SEM images of the surface of the regenerated cellulose microspheres (RCS) (a), M10 (mixtured 
solutions of FeCl3/FeCl2 with concentration of 10mmol/5.2mmol) (b), M20(mixtured solutions of 
FeCl3/FeCl2 with concentration of 20mmol/10.6mmol) (c) and M30(mixtured solutions of FeCl3/FeCl2 
with concentration of 30mmol/15.9mmol) (d). The insert illustrates the morphology of RCS and 
magnetic regenerated cellulose microspheres (MRCS).  

magnetic field; however, they will not retain any magnetization when the external field is 
removed and can flow with the carrier medium like non-magnetic beads. As an 
embodiment, it demonstrates the magnetic-induced transference for targeting protein 
delivery and release using these nanocomposite beads. 

In recent research aiming at a biomedical application, magnetic carriers based on proteins 
immobilized onto magnetic cellulose microspheres (MCMS) have also been widely used. 
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displays an excellent repertoire of advantages, including convenient and simple 
preparation, elimination of toxic compounds, and highly efficient antibody utilization (Luo 
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5. Magnetic cellulose hydrogels and aerogels 

Magnetic responsive gels have become an interesting subject of study for several research 
groups. Cellulose hydrogels can be made stimuli-responsive which makes their study more 
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networks. One way is to prepare and characterize magnetic particles separately and then to 
mix them with polymers, and the cross-linking takes place after mixing the polymer solution 
and the magnetic sol (Haas et al., 1993), one can precipitate well-dispersed colloidalsized 
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be readily applied in the areas of biotechnology/biomedicine, health care, catalysis, magnetic 
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formed with surfactant-modified maghemite by the emulsion method. In the second step, 
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the magnetic gels, a modified method has been performed. In this process, HPC is mixed with 
hexadecyl trimethyl ammonium bromide (CTAB) modified γ-Fe2O3 powder in sodium 
hydroxide solution (pH=12). The solution is then sonicated for 30s. When the solution become 
homogeneous, solid crushed pellets of NaOH are added to this solution and mixed 
thoroughly. A reddish brown gel is formed at pH 13 and can separate from the solution. With 
the decrease in pH (at pH 9), the gel break down and form a homogeneous dispersion of the 
HPC–γ-Fe2O3 complex. This brown dispersion again transformed into a gel with an increase in 
the pH to 13. The HPC can be loaded as much as 100% of its weight of iron oxide to form a 
complex structure. Therefore, a large value of magnetic moment is obtained from these gels. 
By this process of gelation with a magnetic material along with the cellulose polymer, heavy 
metals/metal oxides can be captured and separated with the help of an external magnet.  

Cellulose aerogels, consisting of three-dimensional networks, are typically obtained by 
removing the liquid in cellulose gels under freeze drying or supercritical conditions (Li et 
al., 2011; Liebner et al., 2010; Kettunen et al., 2011). The unique properties like high internal 
surface, high porosity, low density, and with the additional advantages and characteristics 
of the renewable biopolymer cellulose makes the cellulose aerogel an interesting candidate 
for various applications. The combination of cellulose nanofibers and magnetic 
nanoparticles allows for the preparation of ultra-flexible porous magnetic aerogels. Strong 
cellulose nanofibrils derived from bacteria or wood can form ductile or tough networks that 
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are suitable as functional materials. A bacterial cellulose hydrogel with a large measured 
surface area is first freeze-dried into a porous cellulose nanofibril aerogel. The dried aerogel 
template is then immersed in an aqueous FeSO4/CoCl2 solution at room temperature before 
heating the system to 90 oC to thermally precipitate the non-magnetic metal 
hydroxides/oxides on the template. Heating changes the color from transparent to 
translucent orange. The precipitated precursors are converted into ferrite crystal 
nanoparticles on immersion in NaOH/KNO3 solution at 90 oC, resulting in highly flexible 
magnetic aerogels that can sustain large deformations, as it is shown in Fig. 6. Micrographs 
of freeze-dried samples show that the nanoparticles are located on the bacterial cellulose 
nanofibril surfaces. Unlike solvent-swollen gels and ferrogels, the magnetic aerogel is dry, 
lightweight, porous (98%), flexible, and can be actuated by a small household magnet. 
Moreover, it can absorb water and release it upon compression. Owing to the flexibility, 
high porosity and surface area, these aerogels are expected to be useful in microfluidics 
devices and as electronic actuators (Olsson et al., 2010). 

In our previous works, regenerated cellulose films that prepared from LiOH/urea or 
NaOH/urea aqueous solution also can be used as templates for the preparation of magnetic 
cellulose aerogels (Liu et al., 2012b). In this process, cellulose hydrogel films are immersed 
in freshly prepared aqueous solutions of FeCl3 and CoCl2 with a molar ratio of  

 
Figure 6. Synthesis of elastic aerogel magnets and stiff magnetic nanopaper. a, Schematic showing the 
synthetic steps. 1, Bacterial cellulose hydrogel (1 vol%) is produced by Acetobacter xylinum FF-88. 2, 
Photograph, scanning electron microscopy (SEM) image and schematic of a cellulose aerogel after 
freeze-drying. 3, Immersion of the dry aerogel in aqueous FeSO4/CoCl2 solution for 15 min followed by 
heating to 90 oC for 3 h transforms soluble Fe/Co hydroxides into insoluble complexes. 4, Cellulose 
networks subjected to NaOH/KNO3 solutions at 90 oC immediately change in colour from red to orange 
to black as nanoparticles precipitate on the cellulose nanofibrils. b, Representative SEM image of a 98% 
porous magnetic aerogel containing cobalt ferrite nanoparticles after freeze-drying. Right inset: 
nanoparticles surrounding the nanofibrils. Left insets: photograph and schematic of the aerogel. c, SEM 
image of a stiff magnetic nanopaper obtained after drying and compression. Inset: higher magnification 
image. 
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[Fe]/[Co] = 2 for 24 h, it allows a homogeneous distribution of the precursor solution 
obtained inside the cellulose networks. The hydrogel films contain precursor solution is 
subsequently treated with NaOH solution (2 mol•L-1). The color of the samples changes 
from red/orange to black immediately, and inorganic nanoparticles can be formed in the 
cellulose matrix. The composite cellulose films are washed with water to remove counter-
ions, and then freeze-dried, and magnetic composite aerogels are obtained. The magnetic 
aerogels are light-weight, flexible. The porosities of the composite aerogels are ranged from 
78 to 52%. The internal specific surface areas and densities of the aerogels are around 300–
320 m2•g-1 and 0.25–0.39 g•cm-3, respectively. The content of the incorporated CoFe2O4 
nanoparticles increases with the increase of the CoFe2O4 precursor concentration, but the 
particle size change hardly. The incorporated CoFe2O4 nanoparticles changed the 
microstructure of the cellulose aerogels obviously, making them different to those of the 
composite aerogels. The hybrid aerogels show superparamagnetic behaviors, improved 
mechanical properties with respect to the corresponding inorganic aerogel. Because the 
concepts of the process are simple and cellulose is sustainable and readily available in large 
quantities from plants (wood). Thus the suggested route is suitable for industrial-scale 
production and may be used with many types of nanoparticles, which will open up the new 
application fields of cellulose based functional materials. 

6. Conclusion  

The magnetic cellulose composites hold great promise in offering both multiple 
functionalities and economic functions. Cellulose is not only abundant, renewable, 
biodegradable, but also the production process is simple. Thus it is very likely to become an 
economically viable technology, in addition to having profound benefits to sustainable 
technology and also to our environment. With the versatile properties and a large variety of 
potential applications revealed in early developments, these new materials have the 
potential to impact many advanced multifunctional areas such as electromagnetically driven 
printing, “smart” magnetic biochips, novel localized drug delivery and other applications 
yet to be envisioned. Furthermore, this research area is expected to grow rapidly, and 
dramatic improvements in materials’ functions will be achieved in the years to come, 
especially in furthering advanced applications as well as the pursuit of environmental 
friendly green technologies worldwide. 

Author details 

Shilin Liu* 
College of Chemical and Material Engineering, Jiangnan University, Wuxi, Jiangsu, China 

Xiaogang Luo 
Key Laboratory of Green Chemical Process of Ministry of Education, Hubei Key Laboratory of Novel 
Chemical Reactor and Green Chemical Technology, Wuhan Institute of Technology, Wuhan, China 
                                                                 
* Corresponding Author 



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 118 

are suitable as functional materials. A bacterial cellulose hydrogel with a large measured 
surface area is first freeze-dried into a porous cellulose nanofibril aerogel. The dried aerogel 
template is then immersed in an aqueous FeSO4/CoCl2 solution at room temperature before 
heating the system to 90 oC to thermally precipitate the non-magnetic metal 
hydroxides/oxides on the template. Heating changes the color from transparent to 
translucent orange. The precipitated precursors are converted into ferrite crystal 
nanoparticles on immersion in NaOH/KNO3 solution at 90 oC, resulting in highly flexible 
magnetic aerogels that can sustain large deformations, as it is shown in Fig. 6. Micrographs 
of freeze-dried samples show that the nanoparticles are located on the bacterial cellulose 
nanofibril surfaces. Unlike solvent-swollen gels and ferrogels, the magnetic aerogel is dry, 
lightweight, porous (98%), flexible, and can be actuated by a small household magnet. 
Moreover, it can absorb water and release it upon compression. Owing to the flexibility, 
high porosity and surface area, these aerogels are expected to be useful in microfluidics 
devices and as electronic actuators (Olsson et al., 2010). 

In our previous works, regenerated cellulose films that prepared from LiOH/urea or 
NaOH/urea aqueous solution also can be used as templates for the preparation of magnetic 
cellulose aerogels (Liu et al., 2012b). In this process, cellulose hydrogel films are immersed 
in freshly prepared aqueous solutions of FeCl3 and CoCl2 with a molar ratio of  

 
Figure 6. Synthesis of elastic aerogel magnets and stiff magnetic nanopaper. a, Schematic showing the 
synthetic steps. 1, Bacterial cellulose hydrogel (1 vol%) is produced by Acetobacter xylinum FF-88. 2, 
Photograph, scanning electron microscopy (SEM) image and schematic of a cellulose aerogel after 
freeze-drying. 3, Immersion of the dry aerogel in aqueous FeSO4/CoCl2 solution for 15 min followed by 
heating to 90 oC for 3 h transforms soluble Fe/Co hydroxides into insoluble complexes. 4, Cellulose 
networks subjected to NaOH/KNO3 solutions at 90 oC immediately change in colour from red to orange 
to black as nanoparticles precipitate on the cellulose nanofibrils. b, Representative SEM image of a 98% 
porous magnetic aerogel containing cobalt ferrite nanoparticles after freeze-drying. Right inset: 
nanoparticles surrounding the nanofibrils. Left insets: photograph and schematic of the aerogel. c, SEM 
image of a stiff magnetic nanopaper obtained after drying and compression. Inset: higher magnification 
image. 

 
Magnetic Responsive Cellulose Nanocomposites and Their Applications 119 

[Fe]/[Co] = 2 for 24 h, it allows a homogeneous distribution of the precursor solution 
obtained inside the cellulose networks. The hydrogel films contain precursor solution is 
subsequently treated with NaOH solution (2 mol•L-1). The color of the samples changes 
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1. Introduction 

1.1. Cellulose and cellulose biomass 

A cellulose molecule is a linear polymer of D-anhydroglucopyranose units linked by β-1, 4-
glucosidic bonds (Figure 1). On its reducing end, a cellulose molecule has an unsubstituted 
hemiacetal. On its non-reducing end, it has a hydroxyl group. 

 
Figure 1. Molecular structure of a cellulose molecule. 

Cellulose is the skeleton structure of almost all green plants. It is particularly abundant in 
non-food plants like trees and grasses, which typically have 40-60% cellulose, 20-40% 
hemicellulose, and 10-25% lignin (Lynd et al., 2002; Yang et al., 2007). There are four major 
polymorphs of cellulose: I, II, III, and IV. Cellulose I, often found in native cellulose, 
contains allomorphs Iα (bacteria and algae) and Iβ (higher plants) (Kontturi et al., 2006; Pérez 
& Samain, 2010). Cellulose I, when treated with a concentrated alkaline solution, turns into 
cellulose II, a thermodynamically more stable crystalline form than cellulose I. Cellulose IIII 
can be obtained when cellulose microcrystal is subjected to supercritical ammonia. The 
structure of another allomorph of cellulose III, IIIII is still being debated. Cellulose IVI and 
IVII are formed when cellulose III is heated in glycerol at 260°C (Peter, 2001). 

© 2013 Xi et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 124 

Yang N, Zhu S, Zhang D, & Xu S. (2008). Synthesis and properties of magnetic Fe3O4-
activated carbon nanocomposite particles for dye removal. Mater. Lett, Vol. 62, No.4-5, 
PP. 645–647, ISSN. 0167-577X. 

Yoshida Y, Yanagisawa M, Isogai A, Suguri N, & Sumikawa N. (2005). Preparation of 
Polymer Brush-Type Cellulose b-Ketoesters using LiCl/1,3-Dimethyl-2-imidazolidinone 
as a Solvent. Polymer, Vol. 46, No. 8, PP. 2548–2557, ISSN. 0032-3861. 

Zakaria S, Ong B H, & Van de Ven T G M. (2004a). Lumen loading magnetic paper II: 
mechanism and kinetics. Colloids. Surf. A, Vol. 251, No. 1-3, PP.31–36, ISSN. 09277757. 

Zakaria S, Ong B H, & Van de Ven T G M. (2004b). Lumen loading magnetic paper I: 
flocculation. Colloids. Surf. A, Vol. 251, No. 1-3, PP. 1–4, ISSN. 09277757. 

Zakaria S, Ong B H, Ahmad S H, Abdullah M, & Yamauchi T. (2005). Preparation of lumen-
loaded kenaf pulp with magnetite (Fe3O4). Mater. Chem. Phys, Vol. 89, No.2-3, PP. 216 -
220, ISSN. 0254-0584. 

Zhou J, Li R, Liu S, Li Q, & Zhang L. (2009). Structure and Magnetic Properties of 
Regenerated Cellulose/Fe3O4 Nanocomposite Films. J. Appl. Polym. Sci, Vol. 111, No. 5, 
PP. 2477-2484, ISSN. 0021-8995. 

Zhang W, Chen S, Hu W, Zhou B, Yang Z, Yin N, & Wang H. (2011). Facile fabrication of 
flexible magnetic nanohybrid membrane with amphiphobic surface based on bacterial 
cellulose. Carbohydr. Polym, Vol. 86, No.4, PP. 1760-1767, ISSN. 0144-8617. 

Chapter 7 

 

 

 
 

© 2013 Xi et al., licensee InTech. This is an open access chapter distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

Probing the Interaction Between Cellulose  
and Cellulase with a Nanomechanical Sensor 

Jun Xi, Wenjian Du, and Linghao Zhong 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/50285 

1. Introduction 

1.1. Cellulose and cellulose biomass 

A cellulose molecule is a linear polymer of D-anhydroglucopyranose units linked by β-1, 4-
glucosidic bonds (Figure 1). On its reducing end, a cellulose molecule has an unsubstituted 
hemiacetal. On its non-reducing end, it has a hydroxyl group. 

 
Figure 1. Molecular structure of a cellulose molecule. 

Cellulose is the skeleton structure of almost all green plants. It is particularly abundant in 
non-food plants like trees and grasses, which typically have 40-60% cellulose, 20-40% 
hemicellulose, and 10-25% lignin (Lynd et al., 2002; Yang et al., 2007). There are four major 
polymorphs of cellulose: I, II, III, and IV. Cellulose I, often found in native cellulose, 
contains allomorphs Iα (bacteria and algae) and Iβ (higher plants) (Kontturi et al., 2006; Pérez 
& Samain, 2010). Cellulose I, when treated with a concentrated alkaline solution, turns into 
cellulose II, a thermodynamically more stable crystalline form than cellulose I. Cellulose IIII 
can be obtained when cellulose microcrystal is subjected to supercritical ammonia. The 
structure of another allomorph of cellulose III, IIIII is still being debated. Cellulose IVI and 
IVII are formed when cellulose III is heated in glycerol at 260°C (Peter, 2001). 

© 2013 Xi et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 126 

 
Figure 2. (A) Hydrophilic and hydrophobic sites of cellulose. (B) Schematic drawing of the intrasheet 
hydrogen-bonding network in cellulose Iα. 

Various noncovalent interactions such as hydrogen bonding and van der Waals interactions 
are present in the ultrastructure of cellulose. While the OH-O hydrogen bonding is mostly 
responsible for cellulose intrasheet interactions, both the weaker CH-O hydrogen bonding 
and van der Waals interactions contribute to cellulose intersheet interactions (Li Q. & 
Renneckar, 2011). Figure 2 shows the arrangement of the intrasheet hydrogen bonding 
network in cellulose Iα and the resulting hydrophilic and hydrophobic sites of the ring plane 
(Brown & Saxena, 2007). Overall, because of these noncovalent interactions, cellulose chains 
aggregate into various forms of ultrastructure, which do not melt or dissolve in any 
common solvents. Such aggregation prevents the potential cleavage sites (i.e., glycosidic 
bonds) of a cellulose chain from being accessed by cellulase. 

1.2. Degradation of cellulose in biomass conversion 

The biomass conversion is the key step to produce biofuel from cellulosic biomass. Such 
conversion is often accomplished either through biochemical methods or thermochemical 
methods, where the polysaccharides in cellulosic biomass are hydrolyzed by biochemical 
agents such as cellulase enzyme, or by thermal treatment such as gasification to produce 
simple sugars that are fermentable to produce biofuel products (Dwivedi et al., 2009). For 
biochemical methods (Gray et al., 2006), cellulases are usually employed to convert the solid 
cellulosic biomass into glucose or small sugar polymers that can be readily fermented with 
microorganism to produce ethanol. Compared to thermochemical methods which often 
require a large amount of acid and energy, biochemical methods are more environmentally 
friendly and economically feasible because of their better conversion efficiencies and milder 
operating conditions. By far the enzyme-based biochemical methods are considered as the 
most promising technologies for biomass conversion. However, because of biomass 
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recalcitrance and high cost of cellulase in biomass conversion, the current process for biofuel 
production is not yet a viable option for the large-scale production (Dwivedi et al., 2009). 
Much research and developmental efforts have been dedicated to the improvement of the 
efficiency of cellulase in biomass conversion. One feasible approach is through the 
incorporation of new features (mutations) into cellulase that accelerate key steps (e.g., rate 
limiting step) of the enzymatic process. This approach requires a comprehensive 
mechanistic understanding of cellulose hydrolysis by cellulase. 

 
Figure 3. The process of biomass conversion through the enzyme-based biochemical method. 

1.3. Cellulase and enzymatic hydrolysis of cellulose 

Cellulase (Lynd et al., 2002; Mosier et al., 1999; Wilson & Irwin, 1999), like all glycosyl 
hydrolase enzymes found in bacteria, fungi, plants and some invertebrate animals, breaks 
down β-1, 4-glycosidic bonds of cellulose through general acid/base catalysis. There are 
mainly three kinds of cellulases: exo-β-1, 4-D-glucanase, endo-β-1, 4-D-glucanase and β-D-
glucosidase. Each enzyme alone cannot hydrolyze the complex crystalline cellulose 
efficiently but working synergistically with other types of cellulases can increase the rate of 
hydrolysis significantly (Dwivedi et al., 2009; Lynd et al., 2002). 

 Exo-β-1, 4-D-glucanase can access individual cellulose chains from the exposed 
reducing end or non-reducing end and cleave two to four glucose units at a time to 
produce tetrasaccharides or disaccharides (i.e., cellobioses) (Figure 4). 

 Endo-β-1, 4-D-glucanase breaks internal glycosidic bonds of individual cellulose chains 
to disrupt the network structure of cellulose and expose individual polysaccharide 
chains (Figure 4). 

 β-D-Glucosidase or cellobiase hydrolyzes cellobiose to release D-glucose units. 

 
Figure 4. Schematic illustration of cellulose hydrolysis by exo-β-1, 4-D-glucanase and endo-β-1, 4-D-
glucanase. 

Most of fungal cellulases have a domain like structure that contains a catalytic domain (CD) 
and a carbohydrate binding module (CBM) (Martin, 2000). These two domains are 
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hydrogen-bonding network in cellulose Iα. 

Various noncovalent interactions such as hydrogen bonding and van der Waals interactions 
are present in the ultrastructure of cellulose. While the OH-O hydrogen bonding is mostly 
responsible for cellulose intrasheet interactions, both the weaker CH-O hydrogen bonding 
and van der Waals interactions contribute to cellulose intersheet interactions (Li Q. & 
Renneckar, 2011). Figure 2 shows the arrangement of the intrasheet hydrogen bonding 
network in cellulose Iα and the resulting hydrophilic and hydrophobic sites of the ring plane 
(Brown & Saxena, 2007). Overall, because of these noncovalent interactions, cellulose chains 
aggregate into various forms of ultrastructure, which do not melt or dissolve in any 
common solvents. Such aggregation prevents the potential cleavage sites (i.e., glycosidic 
bonds) of a cellulose chain from being accessed by cellulase. 

1.2. Degradation of cellulose in biomass conversion 

The biomass conversion is the key step to produce biofuel from cellulosic biomass. Such 
conversion is often accomplished either through biochemical methods or thermochemical 
methods, where the polysaccharides in cellulosic biomass are hydrolyzed by biochemical 
agents such as cellulase enzyme, or by thermal treatment such as gasification to produce 
simple sugars that are fermentable to produce biofuel products (Dwivedi et al., 2009). For 
biochemical methods (Gray et al., 2006), cellulases are usually employed to convert the solid 
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friendly and economically feasible because of their better conversion efficiencies and milder 
operating conditions. By far the enzyme-based biochemical methods are considered as the 
most promising technologies for biomass conversion. However, because of biomass 
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recalcitrance and high cost of cellulase in biomass conversion, the current process for biofuel 
production is not yet a viable option for the large-scale production (Dwivedi et al., 2009). 
Much research and developmental efforts have been dedicated to the improvement of the 
efficiency of cellulase in biomass conversion. One feasible approach is through the 
incorporation of new features (mutations) into cellulase that accelerate key steps (e.g., rate 
limiting step) of the enzymatic process. This approach requires a comprehensive 
mechanistic understanding of cellulose hydrolysis by cellulase. 

 
Figure 3. The process of biomass conversion through the enzyme-based biochemical method. 
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glucosidase. Each enzyme alone cannot hydrolyze the complex crystalline cellulose 
efficiently but working synergistically with other types of cellulases can increase the rate of 
hydrolysis significantly (Dwivedi et al., 2009; Lynd et al., 2002). 

 Exo-β-1, 4-D-glucanase can access individual cellulose chains from the exposed 
reducing end or non-reducing end and cleave two to four glucose units at a time to 
produce tetrasaccharides or disaccharides (i.e., cellobioses) (Figure 4). 

 Endo-β-1, 4-D-glucanase breaks internal glycosidic bonds of individual cellulose chains 
to disrupt the network structure of cellulose and expose individual polysaccharide 
chains (Figure 4). 

 β-D-Glucosidase or cellobiase hydrolyzes cellobiose to release D-glucose units. 

 
Figure 4. Schematic illustration of cellulose hydrolysis by exo-β-1, 4-D-glucanase and endo-β-1, 4-D-
glucanase. 

Most of fungal cellulases have a domain like structure that contains a catalytic domain (CD) 
and a carbohydrate binding module (CBM) (Martin, 2000). These two domains are 
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connected by a peptide linker, which is known to maintain the separation between the CD 
and the CBM (Figure 5). The CD contains the enzyme active site that is responsible for 
cellulose hydrolysis. The CBM is a contiguous amino acid sequence that anchors the CD 
onto the surface of cellulose through hydrogen bonding and van der Waals interactions 
(Boraston et al., 2004; Guillén et al., 2010). Cellulases can be grouped into families according 
to sequence similarities of their amino acid residues within their CDs and CBMs. 

 
Figure 5. The domain like structure of the cellulase cellobiohydrolase I (CBH I) that is bound to 
cellulose Iβ microfibril. (Zhong et al., 2008) 

Cellulose hydrolysis by cellulase is a multi-step process (Chundawat et al., 2011) that is 
initiated with the binding of cellulase (E) onto the surface of cellulose (S), shown in Figure 6. 
After this “initial binding” step, a single cellulose chain will be separated from the cellulose 
aggregate by cellulase and pulled into the active site of cellulase. This is the 
“decrystallization” step which forms a pseudo-Michaelis complex (E*S). E*S will then 
undergo “hydrolytic cleavage” to produce cellobiose as the product (P). 

 
Figure 6. Mechanism of cellulose hydrolysis by cellulase. 

For cellulose hydrolysis, the substrate cellulose is water insoluble and resistant to the attack 
by biological agents. This makes the formation of E*S much more difficult compared to 
those formed with soluble substrates. 

1.4. Knowledge gap 

The initial binding (step 1 in Figure 6) has been extensively studied over the years. A 
Langmuir equation is widely used as a simplified mechanistic model to describe the formation 
of ES resulting from the initial interaction between the cellulase and the cellulose, which often 
reaches steady-state within half an hour (Lynd et al., 2002; Zhang Y. H. & Lynd, 2004). Other 
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equilibrium binding models and dynamic binding models have also been proposed to account 
for the complexities of the binding process including the partially irreversible adsorption of 
cellulase, multiple types of adsorption site, and so on (Lynd et al., 2002).  

For cellulose hydrolysis, most recent studies have been focused on elucidation of the 
mechanism of the hydrolytic cleavage reaction (step 3 in Figure 6) (Divne et al., 1998; Li Y. et 
al., 2007; Parsiegla et al., 2008). Some of the key amino acid residues involved in cleavage 
reactions have been identified. The distinctions between endo- and exo-glucanases, and 
between retention and inversion for the stereo configuration of the products have been 
made after years of biochemical and biophysical studies. The majority of studies on the 
hydrolytic cleavage step were done by measuring the concentration of the sugars (P) 
released during cleavage of soluble cellodextrins or insoluble cellulose. 

Meanwhile, very little success has been achieved in obtaining fundamental knowledge of 
the enzymatic decrystallization reaction in step 2 (DOE/SC-0095, 2006). In particular, the 
importance of enzymatic decrystallization was largely unnoticed until very recently 
(Chundawat et al., 2011; DOE/SC-0095, 2006; Wilson, 2009). Several pieces of biochemical 
and physical evidence have indicated the presence of such an activity. Back to 1997, Wilson 
and his coworker showed that cleavage of the β-1, 4-glycosidic linkage in crystalline 
cellulose is not the rate-limiting step for T. fusca endoglucanase E2 (Zhang S. & Wilson, 
1997). They speculated that the binding of a cellulose chain from a microfibril into the active 
site of a cellulase is the rate-limiting step for degradation of crystalline cellulose (Wilson, 
2009). Lee and coworkers found indentations and paths on the surface of cotton fibers that 
had been treated with a cellulase that was incapable of hydrolytic cleavage (Lee et al., 2000). 
The evidence suggests that such surface modifications on cellulose are likely caused by the 
decrystallization activity of cellulase. 

 
Figure 7. Mechanistic models of enzymatic decrystallization. (A) The CBM model: the CBM serves as a 
wedge to assist the release of a single cellulose chain. (B) The CD model: the protrusion of the CD 
domain serves as a wedge to assist the release of a single cellulose chain. 

The mechanistic model for enzymatic decrystallization proposed by Reilly and coworkers is 
shown in Figure 7A (Mulakala & Reilly, 2005). In this model, the CBM is inserted under a 
cellulose chain like a wedge to separate the chain from the cellulose network. Then the 
released cellulose chain is pulled into the active site of the CD along the top face of the CBM 
to achieve the decrystallization. In this model, the CBM is essential to enzymatic 
decrystallization of cellulose. Numerous biochemical studies, however, have shown that in 
the absence of the CBM, the CD domain alone still retains 20~50% of the hydrolytic activity 
on crystalline cellulose (Reinikainen et al., 1992; Srisodsuk et al., 1993; Van Tilbeurgh et al., 
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connected by a peptide linker, which is known to maintain the separation between the CD 
and the CBM (Figure 5). The CD contains the enzyme active site that is responsible for 
cellulose hydrolysis. The CBM is a contiguous amino acid sequence that anchors the CD 
onto the surface of cellulose through hydrogen bonding and van der Waals interactions 
(Boraston et al., 2004; Guillén et al., 2010). Cellulases can be grouped into families according 
to sequence similarities of their amino acid residues within their CDs and CBMs. 
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cellulose Iβ microfibril. (Zhong et al., 2008) 
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initiated with the binding of cellulase (E) onto the surface of cellulose (S), shown in Figure 6. 
After this “initial binding” step, a single cellulose chain will be separated from the cellulose 
aggregate by cellulase and pulled into the active site of cellulase. This is the 
“decrystallization” step which forms a pseudo-Michaelis complex (E*S). E*S will then 
undergo “hydrolytic cleavage” to produce cellobiose as the product (P). 
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For cellulose hydrolysis, the substrate cellulose is water insoluble and resistant to the attack 
by biological agents. This makes the formation of E*S much more difficult compared to 
those formed with soluble substrates. 

1.4. Knowledge gap 

The initial binding (step 1 in Figure 6) has been extensively studied over the years. A 
Langmuir equation is widely used as a simplified mechanistic model to describe the formation 
of ES resulting from the initial interaction between the cellulase and the cellulose, which often 
reaches steady-state within half an hour (Lynd et al., 2002; Zhang Y. H. & Lynd, 2004). Other 
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equilibrium binding models and dynamic binding models have also been proposed to account 
for the complexities of the binding process including the partially irreversible adsorption of 
cellulase, multiple types of adsorption site, and so on (Lynd et al., 2002).  

For cellulose hydrolysis, most recent studies have been focused on elucidation of the 
mechanism of the hydrolytic cleavage reaction (step 3 in Figure 6) (Divne et al., 1998; Li Y. et 
al., 2007; Parsiegla et al., 2008). Some of the key amino acid residues involved in cleavage 
reactions have been identified. The distinctions between endo- and exo-glucanases, and 
between retention and inversion for the stereo configuration of the products have been 
made after years of biochemical and biophysical studies. The majority of studies on the 
hydrolytic cleavage step were done by measuring the concentration of the sugars (P) 
released during cleavage of soluble cellodextrins or insoluble cellulose. 

Meanwhile, very little success has been achieved in obtaining fundamental knowledge of 
the enzymatic decrystallization reaction in step 2 (DOE/SC-0095, 2006). In particular, the 
importance of enzymatic decrystallization was largely unnoticed until very recently 
(Chundawat et al., 2011; DOE/SC-0095, 2006; Wilson, 2009). Several pieces of biochemical 
and physical evidence have indicated the presence of such an activity. Back to 1997, Wilson 
and his coworker showed that cleavage of the β-1, 4-glycosidic linkage in crystalline 
cellulose is not the rate-limiting step for T. fusca endoglucanase E2 (Zhang S. & Wilson, 
1997). They speculated that the binding of a cellulose chain from a microfibril into the active 
site of a cellulase is the rate-limiting step for degradation of crystalline cellulose (Wilson, 
2009). Lee and coworkers found indentations and paths on the surface of cotton fibers that 
had been treated with a cellulase that was incapable of hydrolytic cleavage (Lee et al., 2000). 
The evidence suggests that such surface modifications on cellulose are likely caused by the 
decrystallization activity of cellulase. 

 
Figure 7. Mechanistic models of enzymatic decrystallization. (A) The CBM model: the CBM serves as a 
wedge to assist the release of a single cellulose chain. (B) The CD model: the protrusion of the CD 
domain serves as a wedge to assist the release of a single cellulose chain. 

The mechanistic model for enzymatic decrystallization proposed by Reilly and coworkers is 
shown in Figure 7A (Mulakala & Reilly, 2005). In this model, the CBM is inserted under a 
cellulose chain like a wedge to separate the chain from the cellulose network. Then the 
released cellulose chain is pulled into the active site of the CD along the top face of the CBM 
to achieve the decrystallization. In this model, the CBM is essential to enzymatic 
decrystallization of cellulose. Numerous biochemical studies, however, have shown that in 
the absence of the CBM, the CD domain alone still retains 20~50% of the hydrolytic activity 
on crystalline cellulose (Reinikainen et al., 1992; Srisodsuk et al., 1993; Van Tilbeurgh et al., 
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1986). To resolve this discrepancy, we propose an alternative mechanistic model, where a 
wedge-like structure at the bottom of the CD can be inserted under the cellulose chain to lift 
it into the active site of the CD (Figure 7B). Since decrystallization by cellulase has been 
speculated to be the rate limiting step for the degradation of crystalline cellulose (DOE/SC-
0095, 2006; Wilson, 2009), understanding the mechanism of this enzymatic activity becomes 
essential to a comprehensive understanding of cellulose hydrolysis by cellulase.  

2. Innovative approach and microcantilever 

2.1. Existing technologies and their technical limitations 

The conventional approaches to study the cellulose hydrolysis by cellulase are based on the 
measurement of the concentration of glucose or other simple sugars that are produced in the 
hydrolytic process. These approaches are not suitable for studying the decrystallization 
process because no new product is formed and released from this process. Spectroscopic 
techniques such as Fourier transform infrared spectroscopy (Fengel et al., 1995), Raman 
spectroscopy (Schenzel et al., 2005), and x-ray photoelectron spectroscopy (Ahola et al., 
2008; Fardim et al., 2005) have been used to study the structural change of cellulose fibers. 
All these techniques focus on the global variations of cellulose. Since cellulose 
decrystallization only occurs on the outer layer within a relative small region of the surface 
of cellulose, these techniques are not sensitive enough for such study. Quartz crystal 
microbalance has been used to study the enzymatic hydrolysis of cellulose (Ahola et al., 
2008; Rojas Orlando et al., 2007; Turon et al., 2008), however, its suitability for studying 
decrystallization has not yet been demonstrated.  

 
Figure 8. Various shapes of AFM probes. 

Atomic force microscopy (AFM) has been used to examine changes of surface morphology 
of cellulose. Typical size of AFM probe is 200 μm x 40 μm x 1 μm (length x width x 
thickness) with various shapes (Figure 8). Lee and coworkers used the tapping mode AFM 
to exam the effects of three different cellulases on the surface of cotton fibers (Lee et al., 
2000). Li and coworkers used the AFM to detect structural changes of cellulose microfibril 
fragments caused by sonication (Li Q. & Renneckar, 2011). With this powerful surface 
imaging tool, we can investigate the surface change caused by enzymatic activities. 
However, AFM imaging is mostly limited to the surface analysis at discrete time points. 
Additionally a high quality image requires that the surface area of cellulose be prepared 
prior to imaging. Any extensive handling may potentially alter the surface properties and 
delay the timely analysis under the assay conditions. Therefore, AFM imaging is not an 
ideal approach for analyzing the dynamic impact of cellulase on cellulose. Both scanning 
electron microscopy and transmission electron microscopy have similar limitations. This has 
led to the development of the microcantilever technique for cellulase study. 
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2.2. Microcantilever and its applications 

The microcantilever is a highly sensitive nanomechanical sensor that originates from a micro-
fabricated AFM probe. Typical dimensions of a microcantilever, which are similar to AFM 
probes, are 200 μm long, 1 μm thick, and 20 μm wide (Goeders et al., 2008; Lavrik et al., 2004). 
The microcantilever is capable of detecting minute changes in interaction energy between 
individual molecules in the thin film of a polymer coating (cellulose, protein, DNA, or 
polymer brush) in the form of a measurable bending (10-6 to 10-12 m) of the microcantilever 
(Moulin et al., 1999; Mukhopadhyay et al., 2005; Shu et al., 2005; Yan et al., 2006; Zhao et al., 
2010; Zhou et al., 2006). The microcantilever bending can be measured based on the deflection 
of a laser beam reflecting from the tip of the microcantilever in the AFM (Figure 9). Overall, the 
microcantilever detection has high specificity, high sensitivity, and quick response.  

 
Figure 9. Working scheme of the microcantilever. 

Dynamic mode (Vashist, 2007): When an analyte is adsorbed on an oscillating microcantilever, 
the microcantilever will oscillate at a lower frequency. The difference in frequency can be used 
to measure properties of adsorbates, such as viscosity and density, etc.  

Static mode (Vashist, 2007): Adsorbates tend to induce a significant change in surface stress 
of a microcantilever, which results in a deflection of the microcantilever (Lavrik et al., 2004; 
Shuttleworth, 1950). The surface stress and the deflection of the microcantilever are 
quantitatively related (Yan et al., 2006): 
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Where Δz is the deflection of the microcantilever at the end of the microcantilever, ν and E 
are Poisson’s ratio and Young’s modulus of the microcantilever, t and l are the thickness and 
length of the microcantilever, and ∆σ is the differential stress on the microcantilever. Using 
the static mode microcantilever sensor, Ji and coworkers investigated the conformational 
change of calmodulin (Yan et al., 2006). Sauers and coworkers successfully detected 2-
mercaptoethanol using a gold-coated microcantilever (Datskos & Sauers, 1999). Zhou and 
coworkers successfully demonstrated the use of the microcantilever bending as a means to 
probe changes in internal structure of polymer brushes in response to changes in pH and 
electrolyte concentration (Zhou et al., 2006). 
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1986). To resolve this discrepancy, we propose an alternative mechanistic model, where a 
wedge-like structure at the bottom of the CD can be inserted under the cellulose chain to lift 
it into the active site of the CD (Figure 7B). Since decrystallization by cellulase has been 
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0095, 2006; Wilson, 2009), understanding the mechanism of this enzymatic activity becomes 
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decrystallization only occurs on the outer layer within a relative small region of the surface 
of cellulose, these techniques are not sensitive enough for such study. Quartz crystal 
microbalance has been used to study the enzymatic hydrolysis of cellulose (Ahola et al., 
2008; Rojas Orlando et al., 2007; Turon et al., 2008), however, its suitability for studying 
decrystallization has not yet been demonstrated.  
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to exam the effects of three different cellulases on the surface of cotton fibers (Lee et al., 
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fragments caused by sonication (Li Q. & Renneckar, 2011). With this powerful surface 
imaging tool, we can investigate the surface change caused by enzymatic activities. 
However, AFM imaging is mostly limited to the surface analysis at discrete time points. 
Additionally a high quality image requires that the surface area of cellulose be prepared 
prior to imaging. Any extensive handling may potentially alter the surface properties and 
delay the timely analysis under the assay conditions. Therefore, AFM imaging is not an 
ideal approach for analyzing the dynamic impact of cellulase on cellulose. Both scanning 
electron microscopy and transmission electron microscopy have similar limitations. This has 
led to the development of the microcantilever technique for cellulase study. 
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Where Δz is the deflection of the microcantilever at the end of the microcantilever, ν and E 
are Poisson’s ratio and Young’s modulus of the microcantilever, t and l are the thickness and 
length of the microcantilever, and ∆σ is the differential stress on the microcantilever. Using 
the static mode microcantilever sensor, Ji and coworkers investigated the conformational 
change of calmodulin (Yan et al., 2006). Sauers and coworkers successfully detected 2-
mercaptoethanol using a gold-coated microcantilever (Datskos & Sauers, 1999). Zhou and 
coworkers successfully demonstrated the use of the microcantilever bending as a means to 
probe changes in internal structure of polymer brushes in response to changes in pH and 
electrolyte concentration (Zhou et al., 2006). 
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2.3. Microcantilever in cellulose study 

In cellulose, the interaction energy arises from noncovalent interactions (hydrogen bonding 
and van der Waals interactions) between tightly packed cellulose chains. To release cellulose 
chains, surface-adsorbed cellulase must break up noncovalent interactions between cellulose 
chains through decrystallization, which results in a change in overall interaction energy in 
the cellulose. If cellulose is deposited onto a microcantilever, such dynamic change in 
interaction energy will be transduced from the cellulose coating into the microcantilever, 
and will result in a measurable bending of the microcantilever. Thus, the unique link 
between the enzymatic decrystallization and the resulting energy alteration in cellulose 
measured by the microcantilever bending has provided a novel strategy to experimentally 
examine this unusual enzymatic activity. 

Such adsorbate-induced bending often occurs in the presence of a specific interaction (e.g., 
decrystallization) between an adsorbate (e.g., cellulase) and a substrate (e.g., cellulose) that 
can alter the internal energy of the substrate. Since a mere adsorption such as the initial 
binding of cellulase on cellulose has a very minimum impact on the internal energy of 
cellulose, it will not induce a measurable bending even though the surface-bound cellulase 
changes the overall gravity (mass) on the microcantilever. Therefore the microcantilever 
bending can be attributed primarily to enzymatic actions (e.g., enzymatic decrystallization 
and hydrolytic cleavage) after the initial binding. Because the extent of bending is linearly 
proportional to the effective concentration of adsorbed species on the microcantilever 
(Berger et al., 1997; Desikan et al., 2006; Velanki & Ji, 2006), the real-time measurement of the 
microcantilever bending will reveal the kinetics for enzymatic actions including enzymatic 
decrystallization by cellulase. To our knowledge, this is the first use of a nanomechanical 
sensor to study mechanistic enzymology and heterogeneous enzymatic catalysis that 
involves a solid substrate (e.g., cellulose). 

3. Investigation of the interaction between cellulase and cellulose 

3.1. Materials and methods 

Materials: Microcrystalline cellulose, dimethyl sulfoxide (DMSO), and N-methylmorpholine 
-N-oxide (NMMO) were purchased from Sigma-Aldrich (St. Louis, MO). Polyvinylamine 
(PVAM) was purchased from BASF (Florham Park, NJ). The microcantilevers (200 μm × 25 
μm × 2 μm, 0.1 N/m) were home-made. 

Preparation of the cellulose-coated microcantilever (Zhao et al., 2010): The cellulose II model 
surface was prepared on the front side of a microcantilever that was made of SiO2. The 
surface of the microcantilever was first treated with UV ozone for 20 min. It was then 
immersed in 0.22% PVAM for 60 min followed by rinsing with water. Both the front side 
and the back side of the microcantilever were coated with PVAM. A suspension of 0.5 mg of 
microcrystalline cellulose powder in 25 mL of 50% NMMO was heated while stirring until a 
transparent brown solution was obtained. While still warm, DMSO was added to afford a 
cellulose solution with a final concentration of 1%. This solution was first evenly applied 
onto the surface of the front side of the PVAM-coated microcantilever and then allowed to 
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sit for about 1 h. Afterwards a drop of water was added to form the cellulose film. The 
resulting cellulose-coated microcantilever was soaked in water for additional 4 h, during 
which the water was replaced every 30 min. Finally the cellulose-coated microcantilever was 
incubated in an oven at 80°C for 1 h to complete the surface coating.  

AFM imaging (Zhao et al., 2010): To characterize the coverage, morphology, roughness, and 
thickness of surface coatings, AFM imaging was performed using a Nanoscope IIIa 
multimode scanning probe microscope from Digital Instruments, Inc. The samples were 
scanned in contact mode in air using silicon nitride cantilevers (MLCT) manufactured by 
Veeco (Camarillo, CA), with a nominal spring constant of 0.05 N/m. Images were obtained 
from at least three different surface areas of the sample with a typical size of 5 μm × 5 μm. 
The images of both height and deflection modes were captured and the surface morphology 
was analyzed using the image-processing software. 

Microcantilever measurement: All the experiments were performed using a modified 
commercial Nanoscope III scanning probe microscope (Digital Instruments/Veeco, Santa 
Barbara, CA). The cellulose-coated microcantilever was mounted with the coating facing 
down in a liquid cell of the AFM with a volume of 50 μL. The solutions were introduced 
through injection. The cellulose-coated microcantilever was usually allowed to equilibrate in 
the assay buffer (25 mM sodium acetate, pH 5.5) for at least 2 h prior to any addition. The 
enzyme solution was prepared in the same buffer 30 min prior to use. Each assay was run 
against a reference to allow the subtraction of the background signal and to control for the 
bulk solvent effect. A desktop PC, running programs written in LabView (National 
Instruments, Austin, TX), was used to record the microcantilever deflection signal from the 
AFM via a data acquisition board with a maximum data acquisition rate of 300 kHz. The 
deflection measurement was monitored using a 5 mW laser diode with a wavelength of 680 
nm, and a split position sensitive detector. During a measurement, 100,000 data points were 
taken every 30 seconds at a rate of 100 kHz. The bending of the microcantilever was 
obtained by simply averaging the data points.  

3.2. Preparation of a cellulose-coated microcantilever 

The surface of a microcantilever was coated with a model film of cellulose II having a 
thickness between 10 to 20 nm. It is generally agreed that the natural substrate is often too 
complicated to be useful for detailed characterizations of cellulases (Kontturi et al., 2006). 
Various cellulose model surfaces have therefore been developed in the past decade 
(Kontturi et al., 2006) and utilized extensively in a variety of studies including the 
investigation of the interaction between cellulose and cellulase. Among all the model 
surfaces, cellulose II has been used most often and there is much technical information 
available about it. In addition, the surface of cellulose II is easy to prepare and characterize. 
All of these make the cellulose II film an ideal model surface for the current study. 

For attaching cellulose to the surface of a microcantilever, an anchoring layer of PVAM was 
first prepared (Figure 10A). The cellulose dissolved in a hot mixture of NMMO and DMSO 
was then deposited onto the top of the anchoring layer (Falt et al., 2003; Zhao et al., 2010). 
The cellulose coating on the microcantilever was characterized with AFM imaging and the 
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2.3. Microcantilever in cellulose study 

In cellulose, the interaction energy arises from noncovalent interactions (hydrogen bonding 
and van der Waals interactions) between tightly packed cellulose chains. To release cellulose 
chains, surface-adsorbed cellulase must break up noncovalent interactions between cellulose 
chains through decrystallization, which results in a change in overall interaction energy in 
the cellulose. If cellulose is deposited onto a microcantilever, such dynamic change in 
interaction energy will be transduced from the cellulose coating into the microcantilever, 
and will result in a measurable bending of the microcantilever. Thus, the unique link 
between the enzymatic decrystallization and the resulting energy alteration in cellulose 
measured by the microcantilever bending has provided a novel strategy to experimentally 
examine this unusual enzymatic activity. 

Such adsorbate-induced bending often occurs in the presence of a specific interaction (e.g., 
decrystallization) between an adsorbate (e.g., cellulase) and a substrate (e.g., cellulose) that 
can alter the internal energy of the substrate. Since a mere adsorption such as the initial 
binding of cellulase on cellulose has a very minimum impact on the internal energy of 
cellulose, it will not induce a measurable bending even though the surface-bound cellulase 
changes the overall gravity (mass) on the microcantilever. Therefore the microcantilever 
bending can be attributed primarily to enzymatic actions (e.g., enzymatic decrystallization 
and hydrolytic cleavage) after the initial binding. Because the extent of bending is linearly 
proportional to the effective concentration of adsorbed species on the microcantilever 
(Berger et al., 1997; Desikan et al., 2006; Velanki & Ji, 2006), the real-time measurement of the 
microcantilever bending will reveal the kinetics for enzymatic actions including enzymatic 
decrystallization by cellulase. To our knowledge, this is the first use of a nanomechanical 
sensor to study mechanistic enzymology and heterogeneous enzymatic catalysis that 
involves a solid substrate (e.g., cellulose). 

3. Investigation of the interaction between cellulase and cellulose 

3.1. Materials and methods 

Materials: Microcrystalline cellulose, dimethyl sulfoxide (DMSO), and N-methylmorpholine 
-N-oxide (NMMO) were purchased from Sigma-Aldrich (St. Louis, MO). Polyvinylamine 
(PVAM) was purchased from BASF (Florham Park, NJ). The microcantilevers (200 μm × 25 
μm × 2 μm, 0.1 N/m) were home-made. 

Preparation of the cellulose-coated microcantilever (Zhao et al., 2010): The cellulose II model 
surface was prepared on the front side of a microcantilever that was made of SiO2. The 
surface of the microcantilever was first treated with UV ozone for 20 min. It was then 
immersed in 0.22% PVAM for 60 min followed by rinsing with water. Both the front side 
and the back side of the microcantilever were coated with PVAM. A suspension of 0.5 mg of 
microcrystalline cellulose powder in 25 mL of 50% NMMO was heated while stirring until a 
transparent brown solution was obtained. While still warm, DMSO was added to afford a 
cellulose solution with a final concentration of 1%. This solution was first evenly applied 
onto the surface of the front side of the PVAM-coated microcantilever and then allowed to 
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sit for about 1 h. Afterwards a drop of water was added to form the cellulose film. The 
resulting cellulose-coated microcantilever was soaked in water for additional 4 h, during 
which the water was replaced every 30 min. Finally the cellulose-coated microcantilever was 
incubated in an oven at 80°C for 1 h to complete the surface coating.  

AFM imaging (Zhao et al., 2010): To characterize the coverage, morphology, roughness, and 
thickness of surface coatings, AFM imaging was performed using a Nanoscope IIIa 
multimode scanning probe microscope from Digital Instruments, Inc. The samples were 
scanned in contact mode in air using silicon nitride cantilevers (MLCT) manufactured by 
Veeco (Camarillo, CA), with a nominal spring constant of 0.05 N/m. Images were obtained 
from at least three different surface areas of the sample with a typical size of 5 μm × 5 μm. 
The images of both height and deflection modes were captured and the surface morphology 
was analyzed using the image-processing software. 

Microcantilever measurement: All the experiments were performed using a modified 
commercial Nanoscope III scanning probe microscope (Digital Instruments/Veeco, Santa 
Barbara, CA). The cellulose-coated microcantilever was mounted with the coating facing 
down in a liquid cell of the AFM with a volume of 50 μL. The solutions were introduced 
through injection. The cellulose-coated microcantilever was usually allowed to equilibrate in 
the assay buffer (25 mM sodium acetate, pH 5.5) for at least 2 h prior to any addition. The 
enzyme solution was prepared in the same buffer 30 min prior to use. Each assay was run 
against a reference to allow the subtraction of the background signal and to control for the 
bulk solvent effect. A desktop PC, running programs written in LabView (National 
Instruments, Austin, TX), was used to record the microcantilever deflection signal from the 
AFM via a data acquisition board with a maximum data acquisition rate of 300 kHz. The 
deflection measurement was monitored using a 5 mW laser diode with a wavelength of 680 
nm, and a split position sensitive detector. During a measurement, 100,000 data points were 
taken every 30 seconds at a rate of 100 kHz. The bending of the microcantilever was 
obtained by simply averaging the data points.  

3.2. Preparation of a cellulose-coated microcantilever 

The surface of a microcantilever was coated with a model film of cellulose II having a 
thickness between 10 to 20 nm. It is generally agreed that the natural substrate is often too 
complicated to be useful for detailed characterizations of cellulases (Kontturi et al., 2006). 
Various cellulose model surfaces have therefore been developed in the past decade 
(Kontturi et al., 2006) and utilized extensively in a variety of studies including the 
investigation of the interaction between cellulose and cellulase. Among all the model 
surfaces, cellulose II has been used most often and there is much technical information 
available about it. In addition, the surface of cellulose II is easy to prepare and characterize. 
All of these make the cellulose II film an ideal model surface for the current study. 

For attaching cellulose to the surface of a microcantilever, an anchoring layer of PVAM was 
first prepared (Figure 10A). The cellulose dissolved in a hot mixture of NMMO and DMSO 
was then deposited onto the top of the anchoring layer (Falt et al., 2003; Zhao et al., 2010). 
The cellulose coating on the microcantilever was characterized with AFM imaging and the 
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results of the modification of the surface topography after each coating step were shown in 
the Figures 10B to D. A typical PVAM-coated surface is shown as a layer of small oval 
particles in Figure 10C. The smoothness and thickness of the coating can be adjusted by 
changing the coating time. The cellulose II model film on the microcantilever exhibits a 
cement-like characteristic with a cover of thick, short fibers (Figure 10D). 

 
Figure 10. Surface coating on the microcantilever (Zhao et al., 2010). (A) The coating scheme. (B) to (D) 
AFM images of surface coatings (5 μm × 5 μm). 

3.3. Examination of morphological and structural changes of cellulose surface 

The microcantilever coated with cellulose II was treated with a successive exposure of 
different water/salt solutions. The result of bending of the microcantilever is presented in 
Figure 11 (Zhao et al., 2010). In the experiment, the cellulose-coated microcantilever was 
allowed to equilibrate in water for 2 h to achieve a stable baseline. The bending of the 
microcantilever was measured based on the deflection of the microcantilever at its apex. The 
measurement was initiated with the injection of water and a constant bending was observed 
during the first 45 min. The level of bending remained virtually constant even after the 
injection of a solution of 0.1 M NaCl. Upon the subsequent treatment of higher 
concentrations of NaCl (0.5 and 1 M), a continuous rise in bending was detected at a pace of 
roughly 1 nm/min and a cumulative bending of more than 100 nm was observed. To 
compensate for bulk effects of the buffer and the salt, we measured the differential bending, 
termed simply ‘‘bending’’ hereafter, which is defined as the difference in deflection of the 
microcantilever with the cellulose coating and without the cellulose coating. 

The observed bending of the microcantilever can be attributed to the change in interaction 
energy within the outlayer of the cellulose surface. It has been shown previously that a 
cellulose model film undergoes a change in internal charge density when exposed to an 
electrolyte solution. And the magnitude of the change in charge density depends on the 
concentration of the electrolyte (Ahola et al., 2008; Freudenberg et al., 2007; Tammelin et al., 
2006). Such change likely alters the intermolecular repulsion among cellulose molecules, 
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which leads to the change in interaction energy. When the cellulose is deposited onto one 
side of the microcantilever (Figure 10A), the change in the interaction energy in the cellulose 
coating can exert a differential mechanical stress between the opposite surfaces of the 
microcantilever, leading to the continuous bending of the microcantilever (Figure 11A). 
Meanwhile, the change in interaction energy also causes the change in surface morphology 
of the cellulose coating as indicated by the image shown in Figure 11D. 

 
Figure 11. The morphological changes of the cellulose coating monitored by means of the 
microcantilever technique (Zhao et al., 2010). (A) The bending of the microcantilever increased with the 
increasing NaCl concentration. (B) AFM image of the surface of the cellulose coating on the 
microcantilever. (C) AFM image of the cellulose surface (as shown in (B)) after being treated with 0.1 M 
NaCl. (D) The cellulose surface (as shown in (C)) after being treated with 1.0 M NaCl. Mean roughness: 
2.59 nm with a Z range of 25 nm. 

Overall, this study validates that the microcantilever technique is highly sensitive and 
specific in detecting real-time changes in interaction energy in the surface layer of the 
cellulose coating on the microcantilever. So, it is feasible of using the microcantilever 
technique to monitor the dynamic change in interaction energy in the surface layer of the 
cellulose caused by enzymatic decrystallization. The microcantilever bending also correlates 
well with the change in molecular structure of the surface region of the cellulose film. 

3.4. Detection of the enzymatic decrystallization by cellulase on cellulose 

The cellulose coating on a microcantilever was treated with the cellulase CBH I 
(cellobiohydrolase I, kd = 1 μM, mw = 66 kD), an exoglucanase from Trichoderma reesei in 25 
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results of the modification of the surface topography after each coating step were shown in 
the Figures 10B to D. A typical PVAM-coated surface is shown as a layer of small oval 
particles in Figure 10C. The smoothness and thickness of the coating can be adjusted by 
changing the coating time. The cellulose II model film on the microcantilever exhibits a 
cement-like characteristic with a cover of thick, short fibers (Figure 10D). 

 
Figure 10. Surface coating on the microcantilever (Zhao et al., 2010). (A) The coating scheme. (B) to (D) 
AFM images of surface coatings (5 μm × 5 μm). 

3.3. Examination of morphological and structural changes of cellulose surface 

The microcantilever coated with cellulose II was treated with a successive exposure of 
different water/salt solutions. The result of bending of the microcantilever is presented in 
Figure 11 (Zhao et al., 2010). In the experiment, the cellulose-coated microcantilever was 
allowed to equilibrate in water for 2 h to achieve a stable baseline. The bending of the 
microcantilever was measured based on the deflection of the microcantilever at its apex. The 
measurement was initiated with the injection of water and a constant bending was observed 
during the first 45 min. The level of bending remained virtually constant even after the 
injection of a solution of 0.1 M NaCl. Upon the subsequent treatment of higher 
concentrations of NaCl (0.5 and 1 M), a continuous rise in bending was detected at a pace of 
roughly 1 nm/min and a cumulative bending of more than 100 nm was observed. To 
compensate for bulk effects of the buffer and the salt, we measured the differential bending, 
termed simply ‘‘bending’’ hereafter, which is defined as the difference in deflection of the 
microcantilever with the cellulose coating and without the cellulose coating. 

The observed bending of the microcantilever can be attributed to the change in interaction 
energy within the outlayer of the cellulose surface. It has been shown previously that a 
cellulose model film undergoes a change in internal charge density when exposed to an 
electrolyte solution. And the magnitude of the change in charge density depends on the 
concentration of the electrolyte (Ahola et al., 2008; Freudenberg et al., 2007; Tammelin et al., 
2006). Such change likely alters the intermolecular repulsion among cellulose molecules, 
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which leads to the change in interaction energy. When the cellulose is deposited onto one 
side of the microcantilever (Figure 10A), the change in the interaction energy in the cellulose 
coating can exert a differential mechanical stress between the opposite surfaces of the 
microcantilever, leading to the continuous bending of the microcantilever (Figure 11A). 
Meanwhile, the change in interaction energy also causes the change in surface morphology 
of the cellulose coating as indicated by the image shown in Figure 11D. 

 
Figure 11. The morphological changes of the cellulose coating monitored by means of the 
microcantilever technique (Zhao et al., 2010). (A) The bending of the microcantilever increased with the 
increasing NaCl concentration. (B) AFM image of the surface of the cellulose coating on the 
microcantilever. (C) AFM image of the cellulose surface (as shown in (B)) after being treated with 0.1 M 
NaCl. (D) The cellulose surface (as shown in (C)) after being treated with 1.0 M NaCl. Mean roughness: 
2.59 nm with a Z range of 25 nm. 

Overall, this study validates that the microcantilever technique is highly sensitive and 
specific in detecting real-time changes in interaction energy in the surface layer of the 
cellulose coating on the microcantilever. So, it is feasible of using the microcantilever 
technique to monitor the dynamic change in interaction energy in the surface layer of the 
cellulose caused by enzymatic decrystallization. The microcantilever bending also correlates 
well with the change in molecular structure of the surface region of the cellulose film. 

3.4. Detection of the enzymatic decrystallization by cellulase on cellulose 

The cellulose coating on a microcantilever was treated with the cellulase CBH I 
(cellobiohydrolase I, kd = 1 μM, mw = 66 kD), an exoglucanase from Trichoderma reesei in 25 
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mM sodium acetate buffer, pH 5.5 at 25°C. Immediately after the addition of 0.15 μM of 
CBH I, a bell-shaped bending curve was obtained (Figure 12A), which implies that the 
cellulase is capable of inducing bending of the cellulose-coated microcantilever. 

 
Figure 12. (A) The progress curves of cellulase actions on cellulose measured by the microcantilever 
sensor. (B) The progress curves of CBM and cellulase actions on cellulose measured by the 
microcantilever sensor. 

Next, the cellulose coating was treated with 0.9 μM of the carbohydrate binding module 
(CBM, kd = 0.6 μM, mw = 17 kD) from Clostridium cellulovorans, the domain that anchors 
cellulase to cellulose at 25°C. Figure 12B clearly shows that exposing the cellulose to the 
CBM does not generate any measurable bending in microcantilever over the course of 120 
min. Over the same time frame of the previous experiment, CBH I that contains both CD 
and CBM domains did induce bending, as shown in Figure 12A. Notably, more weight was 
probably adsorbed onto the surface of the cellulose coating in the presence of the CBM than 
in the presence of CBH I due to the difference in protein concentration used in each 
experiment. This result confirmed that the change in mass (gravity) due to the initial 
binding of the CBM on the surface of the cellulose does not generate any bending in 
microcantilever, which was fully expected for a mere protein binding (physisorption) in 
liquid media. Thus, the cellulase-induced bending shown in Figure 12A was not caused by 
the initial binding between the cellulase (via the CBM of the cellulase) and the cellulose 
coating. This bending can therefore be attributed to the result of the cellulase actions that 
occurred after its initial binding on cellulose. Such actions may include enzymatic 
decrystallization and/or subsequent hydrolytic cleavage (Figure 6). After the addition of the 
CBM, the subsequent addition of CBH I (cellulase) did not generate any bending until 
approximately 6 h later (Figure 12B). This result verified that the CBM was indeed bound to 
the surface of the cellulose and the cellulose-bound CBM prevented the subsequent binding 
of CBH I to the cellulose. We believe that the bending in microcantilever beginning after 500 
min was due to a slow displacement of the cellulose-bound CBM by CBH I. 

4. Conclusion 

These studies have demonstrated that a nanomechanical sensor in microcantilever is capable 
of detecting the interaction between cellulase and cellulose in real time. More specifically, 
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this technique can be used to probe the dynamic process of the enzymatic decrystallization 
of cellulose by cellulase. The bending of the microcantilever is likely a result of the change in 
interaction energy within the cellulose caused by the interaction between cellulase and 
cellulose (e.g., enzymatic decrystallization), not by the adsorption of cellulase onto cellulose. 
The innovative microcantilever sensor approach will be used to determine the kinetics of the 
enzymatic decrystallization by cellulase.  
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mM sodium acetate buffer, pH 5.5 at 25°C. Immediately after the addition of 0.15 μM of 
CBH I, a bell-shaped bending curve was obtained (Figure 12A), which implies that the 
cellulase is capable of inducing bending of the cellulose-coated microcantilever. 

 
Figure 12. (A) The progress curves of cellulase actions on cellulose measured by the microcantilever 
sensor. (B) The progress curves of CBM and cellulase actions on cellulose measured by the 
microcantilever sensor. 

Next, the cellulose coating was treated with 0.9 μM of the carbohydrate binding module 
(CBM, kd = 0.6 μM, mw = 17 kD) from Clostridium cellulovorans, the domain that anchors 
cellulase to cellulose at 25°C. Figure 12B clearly shows that exposing the cellulose to the 
CBM does not generate any measurable bending in microcantilever over the course of 120 
min. Over the same time frame of the previous experiment, CBH I that contains both CD 
and CBM domains did induce bending, as shown in Figure 12A. Notably, more weight was 
probably adsorbed onto the surface of the cellulose coating in the presence of the CBM than 
in the presence of CBH I due to the difference in protein concentration used in each 
experiment. This result confirmed that the change in mass (gravity) due to the initial 
binding of the CBM on the surface of the cellulose does not generate any bending in 
microcantilever, which was fully expected for a mere protein binding (physisorption) in 
liquid media. Thus, the cellulase-induced bending shown in Figure 12A was not caused by 
the initial binding between the cellulase (via the CBM of the cellulase) and the cellulose 
coating. This bending can therefore be attributed to the result of the cellulase actions that 
occurred after its initial binding on cellulose. Such actions may include enzymatic 
decrystallization and/or subsequent hydrolytic cleavage (Figure 6). After the addition of the 
CBM, the subsequent addition of CBH I (cellulase) did not generate any bending until 
approximately 6 h later (Figure 12B). This result verified that the CBM was indeed bound to 
the surface of the cellulose and the cellulose-bound CBM prevented the subsequent binding 
of CBH I to the cellulose. We believe that the bending in microcantilever beginning after 500 
min was due to a slow displacement of the cellulose-bound CBM by CBH I. 

4. Conclusion 

These studies have demonstrated that a nanomechanical sensor in microcantilever is capable 
of detecting the interaction between cellulase and cellulose in real time. More specifically, 
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this technique can be used to probe the dynamic process of the enzymatic decrystallization 
of cellulose by cellulase. The bending of the microcantilever is likely a result of the change in 
interaction energy within the cellulose caused by the interaction between cellulase and 
cellulose (e.g., enzymatic decrystallization), not by the adsorption of cellulase onto cellulose. 
The innovative microcantilever sensor approach will be used to determine the kinetics of the 
enzymatic decrystallization by cellulase.  
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1. Introduction 

For centuries, the pharmaceutical profession has provided services of fundamental value to 
society, such as the procurement, storage, compounding and dispensing of drugs. In recent 
decades, the focus of the pharmacist’s role has shifted from compounding medicines to 
ensuring their safe and effective use by providing information and advice [1,2]. Although 
compounding activity has decreased over time, it is incontestable that this service is 
essential in certain patient specific situations, where industrially produced medicine is not 
available or is inappropriate for a particular reason [3,4]. Thus, compounded medicines are 
mainly important for paediatric and geriatric patients, and patients with special needs such 
as those with dermatological diseases [3,5,6,7,8]. In many countries, nowadays, the activity 
of compounding is a complementary practice to the production of medicines in alternative 
amounts and diversified dosage forms (liquid, semi-solid, solid) in community pharmacies 
(United States of America, The Netherlands), as well as in hospital pharmacies (Canada, 
France, Belgium, Croatia, Denmark, England, Finland, Germany, Ireland, Italy, Norway, 
Scotland, Slovenia, Spain, Sweden, Switzerland) [3,4,8-10]. 

Interestingly, compounded medicines were estimated to make up 10-15% of all dispensed 
drugs in the Netherlands in the early 90’s, 5.5% in 1994 and 6.6% in 1995. By the year 2000 
this estimate was 3.7-5.5% [3]. On the other hand, the compounding field appears to have 
been a considerable and growing business since the 1990’s in the United States. These 
products represented around 1% of all prescriptions dispensed yearly and according to this 
estimate, 30 million medications would have been compounded in 2003 [4]. This shows that 
the population has recognized that compounding pharmacies can provide individualized 
drug therapy benefits [11]. 

The practice of compounding requires not only the drug(s) (active pharmaceutical 
ingredient, API), but also, the excipient(s) (pharmacological inert component) in order to 
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obtain the final medicine. The excipients are chosen according to the characteristics of the 
required dosage form [5]. Each excipient exerts specific functions in the formulation, as, for 
instance, a diluent for hard capsules or powders, a coating agent for solid oral dosage forms, 
a suspending, thickening or stabilizing agent for oral liquids, etc. The excipient function 
depends on the concentration in a particular pharmaceutical formulation [12,13]. 

Cellulose (Figure 1) and its derivatives (ether and ester) are among the excipients frequently 
used in pharmaceutical compounded and industrialized products with various purposes. 
Among their uses, the most frequently reported are as suspending agents in oral liquid 
extemporaneous preparation and as viscosity increasing agents in topical formulations, 
exemplified in Tables 1, 2 [5,7,8,14]. Particularly, in oral solid dosage forms, cellulose and its 
derivatives (also known as cellulosics) can render distinct drug delivery property patterns: 
immediate, controlled/sustained or delayed release [15,16]. In addition, cellulosics show 
several interesting characteristics such as low cost, reproducibility, biocompatibility, and 
recyclability [16]. The latter is currently an important aspect considering the need for green 
technology. 

 
Figure 1. The chemical structure of cellulose with two β-1,4 linked anhydroglucose units. 

Cellulose is the most abundant biopolymer. It is present in the cell walls of a great diversity 
of organisms, from bacteria (Cyanobacteria), prokaryotes (Acetobacter, Rhizobium, 
Agrobacterium) to eukaryotes (fungis, amoebae, green algae, freshwater and marine algae, 
mosses, ferns, angiosperms, gymnosperms). It is also produced by some animals, the 
tunicates (urochordates), members of the subphylum Tunicata in the Chordata phylum [17-
19]. Native cellulose made by biosynthesis in living organisms is composed only of glucose 
monomers, as anhydroglucose (AGU) or glucan units (C6H10O5, n) with -1,4 linkages 
(Figure 1). It usually exists as cellulose I (in most plants) and rarely as cellulose II (in several 
algae and some bacteria) allomorphs, in which the glucan chains are oriented parallel and 
antiparallel respectively [20, 21]. Cellulose allomorphs (I, II, IIII, IIIII, IVI, IVII) have structural 
variations regarding unit cell dimensions, degree of intra/interchain hydrogen bonding per 
unit cell and polarity of adjacent cellulose sheets [22]. Cellulose I allomorphs consist of 
distinct numbers of parallel glucan chains arranged to form nanofibrils. Native crystalline 
cellulose I has two suballomorphs,  and , which exist as a single chain triclinic unit cell 
and a two chain monoclinic unit cell, respectively. Cellulose I  is rarely synthesized in 
nature as a pure form (except by tunicates) and is more thermodynamically stable [20]. 
Cellulose I can be altered by a strong alkali treatment in order to produce other crystalline 
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forms, II, III and IV. Cellulose II is the allomorph that is thermodynamically most stable 
[16,23-24]. Cellulose III can be prepared by liquid ammonia or (mono, di, tri) amine 
treatment of cellulose I and II [25]. The cellulose IV crystalline form is obtained by 
immersion in glycerol and heating of cellulose III [26]. Cellulose is an excipient widely 
employed by both pharmaceutical companies (tablet processing) and compounding 
pharmacies; it is available in powdered (n500) and microcrystalline (n220) forms, the 
latter being obtained by acid hydrolysis of the amorphous regions of the cellulose 
nanofibrils. 

Cellulosics, such as methyl, ethyl, hydroxyethyl, hydroxyethylmethyl, hydroxypropyl (HP), 
hydroxypropyl methyl (HPM, also denominated hypromellose) and carboxymethyl ethers 
cellulose (Figure 2) are formed by hydroxyl etherification with the appropriate alkyl halide 
(R-Cl, see Figures 2, 3) from previously alkalinized cellulose usually obtained from wood 
pulp [16]. The degree of substitution (DS) in these ether derivatives indicates the average 
number of R groups present in each glucan unit along the chain. The maximum DS is three, 
since it is the number of hydroxyl groups that can be substituted on each glucan unit. DS 
affects cellulose derivatives’ physical properties such as solubility [12]. 

 
Figure 2. Chemical structure of cellulose ether derivatives. 

Cellulose derivatives are employed as excipients in pharmaceutical industrial products for 
oral, topical or parenteral administration [12,16,27]. Their most relevant application, as 
observed in pharmaceutical industrial products, is to create matrix systems for solid oral 
dosage forms. Due to their aqueous swelling, the drug release is controlled by its diffusion 
through the hydrogel layers that are formed. For instance, the use of carboxymethyl 
cellulose (CMC) sodium salt as an excipient sustains the release in solid oral dosage forms. 

Cellulosics, such as the cellulose esters acetate, acetate trimellitate, acetate phthalate (CAP), 
HPM phthalate, HPM acetate succinate are formed by hydroxyl esterification with either 
acetic, trimellitic, dicarboxylic phthalic or succinic acids, or a combination of them, as 
represented in Figure 3. The reaction usually occurs in the presence of a strong acid that 
promotes the acid catalysis.  

Among these cellulosics, CAP was one of the earliest and most effective solutions to pH-
controlled release, and its use still continues today [15]. These cellulosics are usually 
resistant to acid environments such as that of the stomach and are thus very useful as enteric 
coatings for capsules or tablets [12,16]. Cellulose esters require plasticizers (acetylated 
monoglyceride, butyl phtalylbutyl glycolate, dibutyl tartrate, diethyl phthalate, dimethyl 
phthalate, ethyl phthalylethyl glycolate, glycerin, propylene glycol, triacetin, triacetin 
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hydroxypropyl methyl (HPM, also denominated hypromellose) and carboxymethyl ethers 
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pulp [16]. The degree of substitution (DS) in these ether derivatives indicates the average 
number of R groups present in each glucan unit along the chain. The maximum DS is three, 
since it is the number of hydroxyl groups that can be substituted on each glucan unit. DS 
affects cellulose derivatives’ physical properties such as solubility [12]. 

 
Figure 2. Chemical structure of cellulose ether derivatives. 

Cellulose derivatives are employed as excipients in pharmaceutical industrial products for 
oral, topical or parenteral administration [12,16,27]. Their most relevant application, as 
observed in pharmaceutical industrial products, is to create matrix systems for solid oral 
dosage forms. Due to their aqueous swelling, the drug release is controlled by its diffusion 
through the hydrogel layers that are formed. For instance, the use of carboxymethyl 
cellulose (CMC) sodium salt as an excipient sustains the release in solid oral dosage forms. 

Cellulosics, such as the cellulose esters acetate, acetate trimellitate, acetate phthalate (CAP), 
HPM phthalate, HPM acetate succinate are formed by hydroxyl esterification with either 
acetic, trimellitic, dicarboxylic phthalic or succinic acids, or a combination of them, as 
represented in Figure 3. The reaction usually occurs in the presence of a strong acid that 
promotes the acid catalysis.  

Among these cellulosics, CAP was one of the earliest and most effective solutions to pH-
controlled release, and its use still continues today [15]. These cellulosics are usually 
resistant to acid environments such as that of the stomach and are thus very useful as enteric 
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citrate, triethylcitrate, tripropionin) soluble in organic solvents (ketones, esters, ether 
alcohols, cyclic ethers) or in their mixtures, such as methanol/chloroform and ethyl 
acetate/isopropanol in order to produce more effective coating films [12,28,29]. Some of the 
cellulose esters are employed either in industrial or compounded pharmaceutical 
preparations. 

Some cellulosics, if they are to be applied in distinct drug delivery formulations, may 
require special large scale processing and equipment normally only installed in 
pharmaceutical industry plants. This is one of the reasons why not all commercially 
available cellulosics are employed in compounding pharmacies. A description of some 
cellulosics and their applications in compounded medicines is presented in the following 
sections. 

 
Figure 3. Chemical structures of cellulose ester derivatives. 

2. Cellulose and its derivatives in compounded medicines 

2.1. Cellulose 

Powdered cellulose and microcrystalline cellulose come from -cellulose (cellulose free of 
hemi-celluloses and lignin) pulp from fibrous plant materials; they differ in regard to their 
manufacturing processes. Powdered cellulose is obtained by -cellulose purification and 
mechanical size reduction. Crystalline cellulose is obtained by controlled hydrolysis of -
cellulose with mineral acid solutions (2 to 2.5 N), followed by hydrocellulose purification by 
filtration and spray-drying of the aqueous portion [12]. 
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In compounded medicines, powdered cellulose and microcrystalline cellulose are used as an 
adsorbent, a suspending agent, a capsule diluent (5-30% and 20-90%, respectively). 
Powdered cellulose is also used as a thickening agent. 

The applications of the powdered cellulose and the microcrystalline cellulose in compounding 
pharmacies include the oral solid dosage form (capsules) as a bulking agent to increase the 
mass in formulations containing small amounts of the active ingredient. The powdered 
cellulose is a base material for powder dosage forms, a suspending agent for aqueous peroral 
delivery and an adsorbent and thickening agent for topic preparations [12]. Moreover, the 
microcrystalline cellulose is a constituent of the vehicle used for oral suspension [27]. 

2.2. Cellulose ether derivatives 

2.2.1. Methylcellulose (MC) 

In this cellulose ether derivative approximately 27–32% of hydroxyl groups are changed to 
the methyl ether (CH3O) form. MC is practically insoluble in most organic solvents. Various 
grades of MC can be found with degrees of polymerization in the range of 50 to 1000 and 
molecular weights (number average) in the range 10 000 to 220 000 Da [12]. 

In compounded medicines, MCs function as emulsifying agents (1-5%), suspending agents 
(1-2%), capsule disintegrants and viscosity increasing agents.  

In compounding pharmacies, MCs of different viscosity grades, low and high, have been 
applied in oral liquid (oil emulsions, suspensions, solutions) and topical (creams, gels) 
formulations respectively. MC is often used instead of sugar-based syrups and other 
suspension bases. MC delays the settling of suspensions and increases the contact time of 
drugs in the stomach [12]. 

2.2.2. Ethylcellulose (EC) 

This cellulose derivative is partially or completely ethoxylated, yielding 44-51% of ethoxyl 
groups (OCH2CH3). Full substitution (DS=3) of cellulose units produce 
C12H23O6(C12H22O5)nC12H23O5, where n can vary, thus providing a wide variety of molecular 
weights. EC is a long-chain polymer of ethyl-substituted -glucan units joined together by 
glycoside linkages [12]. 

In compounded medicines, EC functions as a flavouring and as a viscosity increasing agent. 

In compounding pharmacies, EC finds applications in oral and topical (creams, lotions, gels) 
formulations. For oral use, it works as an active delivering agent and for topical dosage 
forms as a thickening agent. It has been evaluated as a stabilizer for emulsions [12]. 

2.2.3. Hydroxyethylcellulose (HEC) 

This cellulose derivative is a partially substituted hydroxyethyl (CH2CH2OH) ether of 
cellulose. It is found in various viscosity grades, with respect to the DS and molecular 
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citrate, triethylcitrate, tripropionin) soluble in organic solvents (ketones, esters, ether 
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In compounded medicines, powdered cellulose and microcrystalline cellulose are used as an 
adsorbent, a suspending agent, a capsule diluent (5-30% and 20-90%, respectively). 
Powdered cellulose is also used as a thickening agent. 

The applications of the powdered cellulose and the microcrystalline cellulose in compounding 
pharmacies include the oral solid dosage form (capsules) as a bulking agent to increase the 
mass in formulations containing small amounts of the active ingredient. The powdered 
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delivery and an adsorbent and thickening agent for topic preparations [12]. Moreover, the 
microcrystalline cellulose is a constituent of the vehicle used for oral suspension [27]. 

2.2. Cellulose ether derivatives 
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grades of MC can be found with degrees of polymerization in the range of 50 to 1000 and 
molecular weights (number average) in the range 10 000 to 220 000 Da [12]. 
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(1-2%), capsule disintegrants and viscosity increasing agents.  
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In compounding pharmacies, EC finds applications in oral and topical (creams, lotions, gels) 
formulations. For oral use, it works as an active delivering agent and for topical dosage 
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weight. Some grades are modified so as to improve aqueous dispersion. HEC is insoluble in 
most organic solvents. 

In compounded medicines, HEC has the following functions: a suspending, a thickening 
and a viscosity-increasing agent. 

It is widely employed in topical formulations (gel) and cosmetics due to its nonionic and 
water-soluble polymer characteristics. The main use is as a thickening agent [12]. 

2.2.4. Hydroxypropylcellulose (HPC) 

This cellulose derivative is partially hydroxypropylated, yielding 53.4–80.5% of 
hydroxypropyl groups [OCH2CH(OH)CH3]. Because the added hydroxypropyl contains a 
hydroxyl group which can also be etherified during the preparation, the degree of 
substitution of hydroxypropyl groups can be higher than three. HPC is found in different 
grades that provide solutions with various viscosities. Its molecular weight has a range of 50 
000 to 1 250 000. HPC with an value of moles of substitution of approximately four is 
necessary in order to have good water solubility. 

In compounded medicines, HPC is used as an emulsifying, a stabilizing, a suspending, a 
thickening or a viscosity-increasing agent. 

In compounding pharmacies, HPC is also employed in topical formulations (gel) and 
especially in cosmetics, as an emulsifier and a stabilizer [12]. 

2.2.5. Hydroxypropylmethylcellulose (HPMC) 

This cellulose derivative, also called  hypromellose, is a partly O-methylated and O-(2-
hydroxypropylated) cellulose. HPMC is found in various grades with different viscosities 
and extents of substitution. The content of methoxyl (OCH3) and hydroxypropyl groups 
[OCH2CH(OH)CH3] affects the HPMC molecular weight, which ranges from 10 000 to  
1 500 000. 

HPMC has many different functions in compounded medicines as a dispersing, an 
emulsifying, a foaming, a solubilizing, a stabilizing, a suspending (0.25-5%) and a thickening 
(0.25-5%) agent. In addition, HPMC can be applied as a controlled-release and sustained-
release agent. 

In compounding pharmacies, HPMC has found application for nasal (liquid) and topical 
(gel, ointment) formulations as a thickening, a suspending, an emulsifying and a stabilizing 
agent. The aqueous solution produced with HPMC presents greater clarity and fewer 
undissolved fibres compared with MC. HPMC can prevent droplets and particles from 
coalescing or agglomerating, thus inhibiting the formation of sediment. In addition, it is also 
widely used in cosmetics [12]. 
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2.2.6. Carboxymethyl cellulose (CMC) 

It is available as calcium and sodium salt forms of a polycarboxymethyl (CH2COOX, X=Ca 
or Na) ether of cellulose. Only sodium CMC is commonly used in compounded 
preparations. The degree of substitution can be estimated by a sodium assay, which must be 
between 6.5-9.5%. 

CMC-Na acts as a capsule disintegrant and a stabilizing, a suspending, an emulsifying (0.25-
1%), a gel-forming (3-6%) and a viscosity-increasing (0.1-1%) agent in compounded medicines. 

In compounding pharmacies, CMC-Na has applications in oral (liquid, solid) and topical 
(liquid, gel, emulsion) formulations, primarily for its viscosity-increasing properties. 
Viscous aqueous solutions are used to suspend powders intended for either topical or oral 
use. In emulsions, CMC may be used as stabilizer. At higher concentrations, a CMC of 
intermediate-viscosity grade forms gels that are employed as a base for cosmetics or other 
drug formulations [12]. Similarly to microcrystalline cellulose, CMC-Na is also described as 
a constituent of vehicles used for oral suspension [27]. 

2.3. Cellulose ester derivatives 

2.3.1. Cellulose acetate 

This cellulose derivative has partially or completely acetylated (COCH3) hydroxyl groups. 
Cellulose acetate is available in a wide range of acetyl levels (29-44.8%) and chain lengths, 
with molecular weights ranging from 30 000 to 60 000. 

Cellulose acetate is used as a capsule diluent, a filler and as a taste-masking agent in 
compounded medicines [12]. 

2.3.2. Cellulose acetate phthalate (CAP) 

CAP acid form is a cellulose derivative obtained by the reaction of phthalic anhydride and a 
partial acetate ester of cellulose. It contains 21.5–26% of acetyl (COCH3) and 30-36% of 
phthalyl (o-carboxybenzoyl, COC6H4COOH) groups. 

In compounded medicines, CAP confers gastro-resistance, and is thus used as an enteric 
coating agent (0.5-9%) [12]. 

In compounding pharmacies, CAP has applications in oral solid dosage forms either by film 
coating from organic (ketones, esters, ether alcohols, cyclic ethers) or aqueous solvent 
systems. Such coatings resist prolonged contact with the strongly acidic gastric fluid, but 
dissolve in the mildly acidic or neutral intestinal environment. The addition of plasticizers 
improves the water resistance of such coating materials, making formulations with this 
derivative more effective [12,29]. 

As mentioned, cellulose and its derivatives, primarily intended for use in the 
pharmaceutical industry, are also relevant in compounding practice. The common uses of 
cellulosics in compounding practices as a diluent in solid dosage forms, a thickening and a 
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weight. Some grades are modified so as to improve aqueous dispersion. HEC is insoluble in 
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undissolved fibres compared with MC. HPMC can prevent droplets and particles from 
coalescing or agglomerating, thus inhibiting the formation of sediment. In addition, it is also 
widely used in cosmetics [12]. 
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2.2.6. Carboxymethyl cellulose (CMC) 

It is available as calcium and sodium salt forms of a polycarboxymethyl (CH2COOX, X=Ca 
or Na) ether of cellulose. Only sodium CMC is commonly used in compounded 
preparations. The degree of substitution can be estimated by a sodium assay, which must be 
between 6.5-9.5%. 

CMC-Na acts as a capsule disintegrant and a stabilizing, a suspending, an emulsifying (0.25-
1%), a gel-forming (3-6%) and a viscosity-increasing (0.1-1%) agent in compounded medicines. 

In compounding pharmacies, CMC-Na has applications in oral (liquid, solid) and topical 
(liquid, gel, emulsion) formulations, primarily for its viscosity-increasing properties. 
Viscous aqueous solutions are used to suspend powders intended for either topical or oral 
use. In emulsions, CMC may be used as stabilizer. At higher concentrations, a CMC of 
intermediate-viscosity grade forms gels that are employed as a base for cosmetics or other 
drug formulations [12]. Similarly to microcrystalline cellulose, CMC-Na is also described as 
a constituent of vehicles used for oral suspension [27]. 

2.3. Cellulose ester derivatives 

2.3.1. Cellulose acetate 

This cellulose derivative has partially or completely acetylated (COCH3) hydroxyl groups. 
Cellulose acetate is available in a wide range of acetyl levels (29-44.8%) and chain lengths, 
with molecular weights ranging from 30 000 to 60 000. 

Cellulose acetate is used as a capsule diluent, a filler and as a taste-masking agent in 
compounded medicines [12]. 

2.3.2. Cellulose acetate phthalate (CAP) 

CAP acid form is a cellulose derivative obtained by the reaction of phthalic anhydride and a 
partial acetate ester of cellulose. It contains 21.5–26% of acetyl (COCH3) and 30-36% of 
phthalyl (o-carboxybenzoyl, COC6H4COOH) groups. 

In compounded medicines, CAP confers gastro-resistance, and is thus used as an enteric 
coating agent (0.5-9%) [12]. 

In compounding pharmacies, CAP has applications in oral solid dosage forms either by film 
coating from organic (ketones, esters, ether alcohols, cyclic ethers) or aqueous solvent 
systems. Such coatings resist prolonged contact with the strongly acidic gastric fluid, but 
dissolve in the mildly acidic or neutral intestinal environment. The addition of plasticizers 
improves the water resistance of such coating materials, making formulations with this 
derivative more effective [12,29]. 

As mentioned, cellulose and its derivatives, primarily intended for use in the 
pharmaceutical industry, are also relevant in compounding practice. The common uses of 
cellulosics in compounding practices as a diluent in solid dosage forms, a thickening and a 
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suspending agent in liquid dosage forms, an emulsifying agent in semi-solid preparations 
and others require well known manufacturing techniques, which do not need sophisticated 
apparatus [5]. Nevertheless, specific equipment may be necessary when cellulosics are 
employed to impart special dosage form properties, such as in modified release systems. 
Among the modified drug delivery systems, mostly delayed and controlled (extended or 
slow) release have been described in compounding practice. In the former, the systems are 
frequently employed to prevent drug degradation in acid environments after oral 
administration, to protect the stomach mucosa from drug irritation and to release the drug 
in the intestine. In controlled release, systems are used to prevent side effects and to reduce 
the number of daily administrations [29,30]. 

CAP is the cellulosic most frequently mentioned in compounded delayed-release dosage 
forms [31-33]. The use of sodium carboxymethylcellulose or hydroxypropyl methylcellulose 
have also been reported in extended or slow-release systems [34-40]. These systems are most 
commonly obtained by the simple mixing of the drug with an appropriate inert matrix [39]. 
The Food and Drug Administration (FDA) warns that in some instances, compounders may 
lack sufficient control techniques and resources (equipment, training, testing or facilities) to 
assure product quality or to compound more elaborated products such as modified release 
drugs [4]. Since obtaining high quality, safe and effective products is fundamental, 
compounding techniques must be developed and standardized. Thus, coating techniques 
used to obtain delayed release compounded capsules by the beaker flask method, by 
dipping or by spraying have been proposed [41]. In beaker flask coating, a small amount of 
coating material is added to the beaker and heated until melted. Subsequently, a few 
capsules are added away from the heat and the beaker is manually rotated to coat them. 
Small quantities of coating material are continuously added in order to prevent the capsules 
from sticking. The immersion or dipping method consists of heating the coating material in 
a recipient that permits the dipping of the capsules with the aid of tweezers in the coating 
solution and subsequent hardening. This process is repeated until all the capsules have a 
homogenous film. The vaporization or atomization method, also called spraying, consists in 
preparing a solution of the coating material in alcohol, ether, or keto-alcoholic solvents and 
transferring it to a spray bottle. The capsules are held over a screen, under ventilation. The 
coating solution is applied in multiple thin layers that are allowed to dry between 
applications. A small scale piece of machinery exists for this coating process [33]. 

3. Review of the use of cellulosics in compounding 

The use of cellulose and/or its derivatives as part of compounded formulations has been 
cited in a great number of studies in the literature. A review of their properties and usage in 
pharmaceutical preparations is presented in the following section. Focus is given to the 
products that require more elaborate techniques in compounding pharmacies. 

3.1. Cellulose derivatives in oral liquid (suspensions) extemporaneous preparation 

It is well known that children and the elderly have difficulties in swallowing solid dosage 
forms, due to their size or texture. Such population groups benefit from oral liquid 
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administration; hence, this is a preferred means of administration. Frequently, drugs in a 
concentration appropriate for paediatric use are unavailable or extemporaneous 
preparations from commercial products become a necessity. Thus, patients with special 
needs can be provided with drugs easily administered in the hospitals if extemporaneous 
preparations are compounded from drugs that are industrially produced. 

Methylcellulose (1%) and simple syrup NF (as described in the United States Pharmacopeia 
National Formulary monograph) mixtures have been used as a vehicle for many 
extemporaneous oral drug suspensions prepared from commercial products (tablets or 
capsules) [27,41]. Compounded oral preparations can be obtained by finely grinding tablets 
or the content of capsules in a mortar and pestle, with the gradual addition of small volumes 
of the vehicle being mixed. The final volume can be adjusted in a graduated glass cylinder. 
Afterwards, the suspension is transferred to an appropriate plastic or glass bottle protected 
(amber) or not (transparent) from light. 

Stability studies conducted at 4 °C and 25 °C for distinct drugs over at least 8 weeks are 
shown in Table 1 [42-52]. 

In such listed studies, suspensions containing MC did not show substantial changes in pH, 
odour or physical appearance in the period during which the drug content was assayed and 
found not to be less than 90% of the original concentration. This is a demonstration that MC 
formulations provide satisfactorily safe and stable products. 

Oral extemporaneous suspensions of other drugs (amiodarone, granisetron, trimethoprim, 
and verapamil salt) prepared in methylcellulose and simple syrup (MC:SS) were also 
reported to have adequate stability [14]. 
 

Drug [Ref.] 
Drug dosage form

(mg) 
Suspension

(mg/mL) 
MC:SS

ratio 
Stability (days) 

in different 
temperatures 

    4 C 25 C 
Clonazepam [42] Tablets (0.5, 1, 2) 0.1 NI 60c NE 
Gabapentin [43] Capsules 

(100, 300, 400) 
100 1:1 91c 56c 

Nifedipine [44] Capsules (10, 20) 4 1:13 91b 91b 

Procainamide hydrochloride 
[45] 

Capsules, tablets 
(250, 375, 500) 

5, 50 
70:30 Cherry 

syrup 
180b 180b 

Propylthiouracil [46] Tablets (50) 5 1:1 91c 70c 

Pyrazinamide [47] Tablets (500) 100 1:1 60b 60b 

Pyrimethamine [48] Tablets (25) 2 1:1 91a,c 91a,c 

Sildenafil citrate [49] Tablets (25, 50, 100) 2.5 1:1 91c 91c 

Sotalol hydrochloride 
[50,51] Tablets (80, 120, 160, 240) 

5 1:9 91b 91b 

 2.4:1 84a 84a 

Tiagabine hydrochloride [52] Tablets (2, 4, 6, 8, 10, 12, 16) 1 1:6 91c 42c 

a: amber glass, b: plastic; c: amber plastic bottles; NI, not informed; NE, not evaluated. 

Table 1. Stability of different drugs in oral suspension extemporaneously prepared in a mixture of 1% 
methylcellulose:simple syrup (MC:SS) from commercial available products. 
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suspending agent in liquid dosage forms, an emulsifying agent in semi-solid preparations 
and others require well known manufacturing techniques, which do not need sophisticated 
apparatus [5]. Nevertheless, specific equipment may be necessary when cellulosics are 
employed to impart special dosage form properties, such as in modified release systems. 
Among the modified drug delivery systems, mostly delayed and controlled (extended or 
slow) release have been described in compounding practice. In the former, the systems are 
frequently employed to prevent drug degradation in acid environments after oral 
administration, to protect the stomach mucosa from drug irritation and to release the drug 
in the intestine. In controlled release, systems are used to prevent side effects and to reduce 
the number of daily administrations [29,30]. 

CAP is the cellulosic most frequently mentioned in compounded delayed-release dosage 
forms [31-33]. The use of sodium carboxymethylcellulose or hydroxypropyl methylcellulose 
have also been reported in extended or slow-release systems [34-40]. These systems are most 
commonly obtained by the simple mixing of the drug with an appropriate inert matrix [39]. 
The Food and Drug Administration (FDA) warns that in some instances, compounders may 
lack sufficient control techniques and resources (equipment, training, testing or facilities) to 
assure product quality or to compound more elaborated products such as modified release 
drugs [4]. Since obtaining high quality, safe and effective products is fundamental, 
compounding techniques must be developed and standardized. Thus, coating techniques 
used to obtain delayed release compounded capsules by the beaker flask method, by 
dipping or by spraying have been proposed [41]. In beaker flask coating, a small amount of 
coating material is added to the beaker and heated until melted. Subsequently, a few 
capsules are added away from the heat and the beaker is manually rotated to coat them. 
Small quantities of coating material are continuously added in order to prevent the capsules 
from sticking. The immersion or dipping method consists of heating the coating material in 
a recipient that permits the dipping of the capsules with the aid of tweezers in the coating 
solution and subsequent hardening. This process is repeated until all the capsules have a 
homogenous film. The vaporization or atomization method, also called spraying, consists in 
preparing a solution of the coating material in alcohol, ether, or keto-alcoholic solvents and 
transferring it to a spray bottle. The capsules are held over a screen, under ventilation. The 
coating solution is applied in multiple thin layers that are allowed to dry between 
applications. A small scale piece of machinery exists for this coating process [33]. 

3. Review of the use of cellulosics in compounding 

The use of cellulose and/or its derivatives as part of compounded formulations has been 
cited in a great number of studies in the literature. A review of their properties and usage in 
pharmaceutical preparations is presented in the following section. Focus is given to the 
products that require more elaborate techniques in compounding pharmacies. 

3.1. Cellulose derivatives in oral liquid (suspensions) extemporaneous preparation 

It is well known that children and the elderly have difficulties in swallowing solid dosage 
forms, due to their size or texture. Such population groups benefit from oral liquid 
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administration; hence, this is a preferred means of administration. Frequently, drugs in a 
concentration appropriate for paediatric use are unavailable or extemporaneous 
preparations from commercial products become a necessity. Thus, patients with special 
needs can be provided with drugs easily administered in the hospitals if extemporaneous 
preparations are compounded from drugs that are industrially produced. 

Methylcellulose (1%) and simple syrup NF (as described in the United States Pharmacopeia 
National Formulary monograph) mixtures have been used as a vehicle for many 
extemporaneous oral drug suspensions prepared from commercial products (tablets or 
capsules) [27,41]. Compounded oral preparations can be obtained by finely grinding tablets 
or the content of capsules in a mortar and pestle, with the gradual addition of small volumes 
of the vehicle being mixed. The final volume can be adjusted in a graduated glass cylinder. 
Afterwards, the suspension is transferred to an appropriate plastic or glass bottle protected 
(amber) or not (transparent) from light. 

Stability studies conducted at 4 °C and 25 °C for distinct drugs over at least 8 weeks are 
shown in Table 1 [42-52]. 

In such listed studies, suspensions containing MC did not show substantial changes in pH, 
odour or physical appearance in the period during which the drug content was assayed and 
found not to be less than 90% of the original concentration. This is a demonstration that MC 
formulations provide satisfactorily safe and stable products. 

Oral extemporaneous suspensions of other drugs (amiodarone, granisetron, trimethoprim, 
and verapamil salt) prepared in methylcellulose and simple syrup (MC:SS) were also 
reported to have adequate stability [14]. 
 

Drug [Ref.] 
Drug dosage form

(mg) 
Suspension

(mg/mL) 
MC:SS

ratio 
Stability (days) 

in different 
temperatures 

    4 C 25 C 
Clonazepam [42] Tablets (0.5, 1, 2) 0.1 NI 60c NE 
Gabapentin [43] Capsules 

(100, 300, 400) 
100 1:1 91c 56c 

Nifedipine [44] Capsules (10, 20) 4 1:13 91b 91b 

Procainamide hydrochloride 
[45] 

Capsules, tablets 
(250, 375, 500) 

5, 50 
70:30 Cherry 

syrup 
180b 180b 

Propylthiouracil [46] Tablets (50) 5 1:1 91c 70c 

Pyrazinamide [47] Tablets (500) 100 1:1 60b 60b 

Pyrimethamine [48] Tablets (25) 2 1:1 91a,c 91a,c 

Sildenafil citrate [49] Tablets (25, 50, 100) 2.5 1:1 91c 91c 

Sotalol hydrochloride 
[50,51] Tablets (80, 120, 160, 240) 

5 1:9 91b 91b 

 2.4:1 84a 84a 

Tiagabine hydrochloride [52] Tablets (2, 4, 6, 8, 10, 12, 16) 1 1:6 91c 42c 

a: amber glass, b: plastic; c: amber plastic bottles; NI, not informed; NE, not evaluated. 

Table 1. Stability of different drugs in oral suspension extemporaneously prepared in a mixture of 1% 
methylcellulose:simple syrup (MC:SS) from commercial available products. 
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Another cellulose derivative frequently used as part of a vehicle in oral extemporaneous 
suspensions is sodium carboxymethylcellulose. It is a constituent of a commercial product, 
Ora-Plus®, which is employed in a 1:1 mixture with Ora-Sweet® (with sugar) or Ora-Sweet 
SF® (sugar free) [7,8]. Ora-Sweet® is a sugar-based citrus-berry flavoured syrup (see Table 2 
footnote). Researchers have performed stability studies for various oral suspensions of 
drugs with this vehicle. The results of drug stability tests for periods of at least 8 weeks at 
refrigerated (3-5°C) and room (22-25°C) temperatures, are presented in Table 2 [43,46,49-77]. 
 

Drug [Ref.] 
Dosage form

(mg) 
Suspension

(mg/mL) 
CMC or Ora-

Plus added (1:1) 
of 

Stability (days) in 
different 

temperatures 
    3-5°C 22-25°C 
Acetazolamide [53,54] Tablets 

(125, 250) 
25a 

Ora-Sweet® 
Ora-Sweet SF® 

60g 60g 
Allopurinol [54] Tablets 

(100, 300) 
20a 

Alprazolam [55] Tablets (0.25, 0.5, 1, 2) 1a 

Ora-Sweet® 
Ora-Sweet SF® 

60h 60h 
Azathioprine [54] Tablets (50) 50a 60g 60g 

Baclofen [56] Tablets (10, 20) 10a 

60h 60h Bethanechol chloride 
[57] 

Tablets 
(5, 10, 25, 50) 

5a 

Captopril [56] Tablets (12.5, 25, 50, 100) 0.75a <10h <10h 
Chloroquine phosphate 
[55] 

Tablets 
(250, 500) 

15a 
60h 60h 

Cisapride [55] Tablets (10, 20) 1a 

Clonazepam [54] Tablets 
(0.5, 1, 2) 

0.1a 60g 60g 

Dapsone [58] Tablets 
(25, 100) 

2 Ora-Sweet® 91e 91e 

Diltiazem HCl [56] Tablets (30, 60, 90, 120) 12a 
Ora-Sweet® 

Ora-Sweet SF® 
60h 60h Dipyridamole [56] Tablets 

(25, 50, 75) 
10a 

Dolasetron mesylate [59]
Tablets 
(50, 100) 

10 
Strawberry 
syrup Ora-
Sweet SF® 

90e 90e 

Enalapril maleate [55] 
Tablets (2.5, 5, 10, 20) 1a 

Ora-Sweet® 
Ora-Sweet SF® 

60h 60h 

Famotidine [60] Tablets 
(10, 20, 40) 

8 Ora-Sweet® NE 95h 

Flecainide acetate [56] Tablets 
(50, 100, 150) 

20a 
Ora-Sweet® 

Ora-Sweet SF® 

60h 60h 

Flucytosine [54] Tablets 
(250, 500) 

10a 60g 60g 

Gabapentin [43] Capsules (100, 300, 400) 100 Ora-Sweet® 91e 56e 
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Drug [Ref.] 
Dosage form

(mg) 
Suspension

(mg/mL) 
CMC or Ora-

Plus added (1:1) 
of 

Stability (days) in 
different 

temperatures 
    3-5°C 22-25°C 
Hydralazine HCl [55] 

Tablets (10, 25, 50, 100) 4a 

Ora-Sweet® 
Ora-Sweet SF® 

1h unstable
h 2h 

Ketoconazole [61] Tablets (200) 20a 
60h 60h 

Labetalol HCl [62] Tablets (100, 200, 300) 40a 

Lamotrigine [63] Tablets (25, 100, 150, 
200) 

1 91h 91h 

Levodopa + carbidopa 
[64] 

Tablets 
(100+25) 

5 
2.5 

Ora-Sweet® 42e 28e 

Levofloxacin [65] 
Tablets (200, 500, 750) 50 

Strawberry 
syrup 

57e 57e 

Metolazone [61] Tablets 
(2.5, 5, 10) 

1a 

Ora-Sweet® 
Ora-Sweet SF® 

60h 60h 

Metoprolol tartrate [62] Tablets 
(50, 100) 

10a 
90e 90e 

Moxifloxacin [66] Tablets (400) 20 
Mycophenolate mofetil 
[67] 

Capsules (250) 
Tablets (500) 

50, 100 Ora-Sweet® 91d 91d 

Naratriptan HCl [68] 
Tablets (1, 2.5) 0.5 

Ora-Sweet® 
Ora-Sweet SF® 

90e 7e 

Nifedipine [44] Capsules 
(10, 20) 

4 Ora-Sweet® 91d 91d 

Norfloxacin [69] 
Tablets (400) 20b 

Strawberry 
syrup 

56d 56d 

Procainamide HCl 
[45,61] 

Capsule/tablets 
(250, 375, 500) 

50a 

Ora-Sweet® 
Ora-Sweet SF® 

60h 60h 

Propylthiouracil [46] Tablets (50) 5 91e 70e 

Pyrazinamide [57] Tablets (500) 10a 

60h 60h Quinidine sulphate [57] Tablets 
(200, 300) 

10a 

Rifabutin [70] Capsules (150) 20 Ora-Sweet® 84g 84g 

Rifampin [57] Capsules 
(150, 300) 

25a 
Ora-Sweet® 

Ora-Sweet SF® 
28h 28h 

Sildenafil citrate [49] Tablets 
(25, 50, 100) 

2.5 Ora-Sweet® 91e 91e 

Sotalol HCl [50,51] Tablets (80, 120, 160, 
240) 

5 
Ora-Sweet® 91d, 84c 

Ora-Sweet SF® 84c 

Spironolactone [61,71] 
Tablets 

(25, 50, 100) 

1 Simple syrup 91c 91c 

2.5a 
Ora-Sweet® 

Ora-Sweet SF® 
60h 60h 

Spironolactone + 
hydrochlorothiazide [62]

Tablets 
(25+25) 

(5+5)a 
Ora-Sweet® 

Ora-Sweet SF® 
60h 60h 
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Another cellulose derivative frequently used as part of a vehicle in oral extemporaneous 
suspensions is sodium carboxymethylcellulose. It is a constituent of a commercial product, 
Ora-Plus®, which is employed in a 1:1 mixture with Ora-Sweet® (with sugar) or Ora-Sweet 
SF® (sugar free) [7,8]. Ora-Sweet® is a sugar-based citrus-berry flavoured syrup (see Table 2 
footnote). Researchers have performed stability studies for various oral suspensions of 
drugs with this vehicle. The results of drug stability tests for periods of at least 8 weeks at 
refrigerated (3-5°C) and room (22-25°C) temperatures, are presented in Table 2 [43,46,49-77]. 
 

Drug [Ref.] 
Dosage form

(mg) 
Suspension

(mg/mL) 
CMC or Ora-

Plus added (1:1) 
of 

Stability (days) in 
different 

temperatures 
    3-5°C 22-25°C 
Acetazolamide [53,54] Tablets 

(125, 250) 
25a 

Ora-Sweet® 
Ora-Sweet SF® 

60g 60g 
Allopurinol [54] Tablets 

(100, 300) 
20a 

Alprazolam [55] Tablets (0.25, 0.5, 1, 2) 1a 

Ora-Sweet® 
Ora-Sweet SF® 

60h 60h 
Azathioprine [54] Tablets (50) 50a 60g 60g 

Baclofen [56] Tablets (10, 20) 10a 

60h 60h Bethanechol chloride 
[57] 

Tablets 
(5, 10, 25, 50) 

5a 

Captopril [56] Tablets (12.5, 25, 50, 100) 0.75a <10h <10h 
Chloroquine phosphate 
[55] 

Tablets 
(250, 500) 

15a 
60h 60h 

Cisapride [55] Tablets (10, 20) 1a 

Clonazepam [54] Tablets 
(0.5, 1, 2) 

0.1a 60g 60g 

Dapsone [58] Tablets 
(25, 100) 

2 Ora-Sweet® 91e 91e 

Diltiazem HCl [56] Tablets (30, 60, 90, 120) 12a 
Ora-Sweet® 

Ora-Sweet SF® 
60h 60h Dipyridamole [56] Tablets 

(25, 50, 75) 
10a 

Dolasetron mesylate [59]
Tablets 
(50, 100) 

10 
Strawberry 
syrup Ora-
Sweet SF® 

90e 90e 

Enalapril maleate [55] 
Tablets (2.5, 5, 10, 20) 1a 

Ora-Sweet® 
Ora-Sweet SF® 

60h 60h 

Famotidine [60] Tablets 
(10, 20, 40) 

8 Ora-Sweet® NE 95h 

Flecainide acetate [56] Tablets 
(50, 100, 150) 

20a 
Ora-Sweet® 

Ora-Sweet SF® 

60h 60h 

Flucytosine [54] Tablets 
(250, 500) 

10a 60g 60g 

Gabapentin [43] Capsules (100, 300, 400) 100 Ora-Sweet® 91e 56e 
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Drug [Ref.] 
Dosage form

(mg) 
Suspension

(mg/mL) 
CMC or Ora-

Plus added (1:1) 
of 

Stability (days) in 
different 

temperatures 
    3-5°C 22-25°C 
Hydralazine HCl [55] 

Tablets (10, 25, 50, 100) 4a 

Ora-Sweet® 
Ora-Sweet SF® 

1h unstable
h 2h 

Ketoconazole [61] Tablets (200) 20a 
60h 60h 

Labetalol HCl [62] Tablets (100, 200, 300) 40a 

Lamotrigine [63] Tablets (25, 100, 150, 
200) 

1 91h 91h 

Levodopa + carbidopa 
[64] 

Tablets 
(100+25) 

5 
2.5 

Ora-Sweet® 42e 28e 

Levofloxacin [65] 
Tablets (200, 500, 750) 50 

Strawberry 
syrup 

57e 57e 

Metolazone [61] Tablets 
(2.5, 5, 10) 

1a 

Ora-Sweet® 
Ora-Sweet SF® 

60h 60h 

Metoprolol tartrate [62] Tablets 
(50, 100) 

10a 
90e 90e 

Moxifloxacin [66] Tablets (400) 20 
Mycophenolate mofetil 
[67] 

Capsules (250) 
Tablets (500) 

50, 100 Ora-Sweet® 91d 91d 

Naratriptan HCl [68] 
Tablets (1, 2.5) 0.5 

Ora-Sweet® 
Ora-Sweet SF® 

90e 7e 

Nifedipine [44] Capsules 
(10, 20) 

4 Ora-Sweet® 91d 91d 

Norfloxacin [69] 
Tablets (400) 20b 

Strawberry 
syrup 

56d 56d 

Procainamide HCl 
[45,61] 

Capsule/tablets 
(250, 375, 500) 

50a 

Ora-Sweet® 
Ora-Sweet SF® 

60h 60h 

Propylthiouracil [46] Tablets (50) 5 91e 70e 

Pyrazinamide [57] Tablets (500) 10a 

60h 60h Quinidine sulphate [57] Tablets 
(200, 300) 

10a 

Rifabutin [70] Capsules (150) 20 Ora-Sweet® 84g 84g 

Rifampin [57] Capsules 
(150, 300) 

25a 
Ora-Sweet® 

Ora-Sweet SF® 
28h 28h 

Sildenafil citrate [49] Tablets 
(25, 50, 100) 

2.5 Ora-Sweet® 91e 91e 

Sotalol HCl [50,51] Tablets (80, 120, 160, 
240) 

5 
Ora-Sweet® 91d, 84c 

Ora-Sweet SF® 84c 

Spironolactone [61,71] 
Tablets 

(25, 50, 100) 

1 Simple syrup 91c 91c 

2.5a 
Ora-Sweet® 

Ora-Sweet SF® 
60h 60h 

Spironolactone + 
hydrochlorothiazide [62]

Tablets 
(25+25) 

(5+5)a 
Ora-Sweet® 

Ora-Sweet SF® 
60h 60h 
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Drug [Ref.] 
Dosage form

(mg) 
Suspension

(mg/mL) 
CMC or Ora-

Plus added (1:1) 
of 

Stability (days) in 
different 

temperatures 
    3-5°C 22-25°C 
Sunitinib malate [72] Capsules (50) 10 Ora-Sweet® 60c 60c 

Tacrolimus [73-75] Capsules 
(0.5, 1, 5) 

0.5 
Simple syrup 

NF 
NE 56c,e 

Terbinafine HCl [76] Tablets (250) 25 Ora-Sweet® 42h 42i 

Tetracycline HCl [57] Capsules 
(250, 500) 

25a 
Ora-Sweet® 

Ora-Sweet SF® 
28g 28h 

10g 7h 

Theophylline [77] 
Capsules (125, 200, 300) 5 

Ora-Sweet® 
Ora-Sweet SF® 

NE 90e 

Tiagabine HCl [52] Tables (2, 4, 6, 8, 10, 12, 
16) 

1 Ora-Sweet® 91d 70e 

a: storage in the dark, b: at fluorescent lighting, c: amber glass, d: plastic, e: amber plastic, f: polyvinyl chloride, g: 
polyethylene terephthalate (PET), h: amber PET; i: amber high density polyethylene bottles; NE, not evaluated; HCl, 
hydrochloride.  
Ora-Plus® constituents: CMC-Na, citric acid, flavouring, methylparaben, microcrystalline glucose, potassium sorbate, 
purified water, simethicone, sodium phosphate, xanthan gum, pH 4.2. Ora-Sweet® constituents: citric acid, 
flavouring, glycerin, methylparaben, purified water, sodium phosphate, sorbitol, sucrose, potassium sorbate, pH 4.2. 
Ora-Sweet SF® constituents: citric acid, flavouring, glycerin, methylparaben, propylparaben, potassium sorbate, 
purified water, sodium saccharin, sodium citrate, sorbitol, xanthan gum, pH 4.2. Sugar-free.

Table 2. Stability of different drugs in oral suspension extemporaneously prepared from commercially 
available sodium carboxymethylcellulose (CMC-Na) in Ora-Plus® and/or other vehicle constituents. 

Most of the suspensions prepared presented no substantial changes in pH, odour or 
physical appearance, showing that CMC-Na base usually provides products with a 
satisfactory safety and stability (drug content equal or superior to 90% of the original 
concentration) over a period of 8 weeks. 

The use of Ora-Plus® extemporaneous oral suspension has provided satisfactory stability 
for aminophylline, cyclophosphamide, domperidone, granisetron, itraconazole, ursodiol 
and tramadol hydrochloride associated with acetaminophen [14,78]. However, for captopril, 
hydralazine hydrochloride and tetracycline hydrochloride, the suspensions were reported 
as not having enough stability. The problem of stability with captopril is due to its oxidative 
degradation, which can be solved by the addition of EDTA disodium [79]. Although, these 
studies are important, most of them have not evaluated the microbiological stability, an 
essential criterion for liquid dosage forms. 

In addition to MC and CMC-Na, HPMC has also been employed in extemporaneous oral 
suspension. For instance, nifedipine tablets or drug powder, prepared with HPMC 1% 
solution in order to obtain a suspension of 1 mg/mL concentration, was stable for at least 4 
weeks when stored at room or refrigerated temperatures and protected from light [80]. 

There is no doubt that these drug stability results are important for providing formulations 
for both paediatric patients and the geriatric populations that have difficulty in swallowing 
capsules or tablets. 
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3.2. Cellulose and its derivatives in oral solid dosage forms 

3.2.1. Mycrocrystalline cellulose in immediate release 

Microcrystalline cellulose is reported as an excipient (diluent) in oral powder and capsules 
extemporaneously compounded for paediatric use. Capsules and powders were prepared 
from commercial tablets containing 10 mg of nifedipine, which was mixed with different 
amounts of lactose or microcrystalline cellulose in a mortar with pestle using standard 
geometric dilution. Capsules were filled by a hand-operated capsule-filling machine. The 
oral powders and capsules containing extemporaneously prepared nifedipine showed 
acceptable quality regarding content uniformity, but considerable loss of the active 
ingredient occurred during the compounding process for both preparations. The authors 
demonstrated that oral powders of nifedipine (a light sensitive drug) can be replaced by 
capsules, which were adequately safe with either lactose monohydrate or microcrystalline 
cellulose as excipients for delivering a paediatric medication [81]. 

Recently, microcrystalline cellulose and two other common pharmaceutical excipients 
(starch and lactose) were investigated with regards to the choice of the best diluent for 
Gymnema sylvestre extract (a plant used as an adjuvant in the treatment of diabetes mainly in 
China) used to compound capsules. The Gymnema sylvestre extract is available as powder 
that presents low flowability due to its small particle size which causes problems in the 
filling of the hard capsules. An evaluation of these excipients was also performed in the 
presence of different lubricants (magnesium stearate or talc). The study showed that 
microcrystalline cellulose is a better diluent than lactose or starch, because it produces the 
most uniform particle size distribution when added to Gymnema sylvestre extract and also 
reduces the percentage of fine particles resulting in acceptable variation of the weight 
among the capsules (RSD< 4%). On the other hand, starch and lactose increase the number 
of small particles that worsen the flowability of the powder mixture. Furthermore, 
microcrystalline cellulose associated with 1% lubricant renders a powder mixture ready for 
encapsulation of Gymnema sylvestre extract in hard gelatin capsules, since flow agents 
optimize the capsule filling in the compounding routine practices [82]. The foregoing 
suggests that microcrystalline cellulose can be an appropriate diluent in formulating similar 
flowable plant extracts. 

3.2.2. Cellulose ether derivatives in sustained/controlled release 

3.2.2.1. Carboxymethylcellulose and hydroxypropylmethylcellulose 

Some studies reveal improper use of cellulosic excipients. For example, using a high 
percentage (30% w/w) of CMC-Na (anionic polymer) as a diluent in the compounding of 
capsules of simvastatin has a deleterious effect. These capsules showed serious drug release 
problems in pharmaceutical tests because they did not disintegrate or dissolve at all [83]. In 
this case, CMC-Na should have been used as a capsule disintegrating agent at a much 
inferior concentration (< 6%) [12]. 
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Drug [Ref.] 
Dosage form

(mg) 
Suspension

(mg/mL) 
CMC or Ora-

Plus added (1:1) 
of 

Stability (days) in 
different 

temperatures 
    3-5°C 22-25°C 
Sunitinib malate [72] Capsules (50) 10 Ora-Sweet® 60c 60c 

Tacrolimus [73-75] Capsules 
(0.5, 1, 5) 

0.5 
Simple syrup 

NF 
NE 56c,e 

Terbinafine HCl [76] Tablets (250) 25 Ora-Sweet® 42h 42i 

Tetracycline HCl [57] Capsules 
(250, 500) 

25a 
Ora-Sweet® 

Ora-Sweet SF® 
28g 28h 

10g 7h 

Theophylline [77] 
Capsules (125, 200, 300) 5 

Ora-Sweet® 
Ora-Sweet SF® 

NE 90e 

Tiagabine HCl [52] Tables (2, 4, 6, 8, 10, 12, 
16) 

1 Ora-Sweet® 91d 70e 

a: storage in the dark, b: at fluorescent lighting, c: amber glass, d: plastic, e: amber plastic, f: polyvinyl chloride, g: 
polyethylene terephthalate (PET), h: amber PET; i: amber high density polyethylene bottles; NE, not evaluated; HCl, 
hydrochloride.  
Ora-Plus® constituents: CMC-Na, citric acid, flavouring, methylparaben, microcrystalline glucose, potassium sorbate, 
purified water, simethicone, sodium phosphate, xanthan gum, pH 4.2. Ora-Sweet® constituents: citric acid, 
flavouring, glycerin, methylparaben, purified water, sodium phosphate, sorbitol, sucrose, potassium sorbate, pH 4.2. 
Ora-Sweet SF® constituents: citric acid, flavouring, glycerin, methylparaben, propylparaben, potassium sorbate, 
purified water, sodium saccharin, sodium citrate, sorbitol, xanthan gum, pH 4.2. Sugar-free.

Table 2. Stability of different drugs in oral suspension extemporaneously prepared from commercially 
available sodium carboxymethylcellulose (CMC-Na) in Ora-Plus® and/or other vehicle constituents. 

Most of the suspensions prepared presented no substantial changes in pH, odour or 
physical appearance, showing that CMC-Na base usually provides products with a 
satisfactory safety and stability (drug content equal or superior to 90% of the original 
concentration) over a period of 8 weeks. 

The use of Ora-Plus® extemporaneous oral suspension has provided satisfactory stability 
for aminophylline, cyclophosphamide, domperidone, granisetron, itraconazole, ursodiol 
and tramadol hydrochloride associated with acetaminophen [14,78]. However, for captopril, 
hydralazine hydrochloride and tetracycline hydrochloride, the suspensions were reported 
as not having enough stability. The problem of stability with captopril is due to its oxidative 
degradation, which can be solved by the addition of EDTA disodium [79]. Although, these 
studies are important, most of them have not evaluated the microbiological stability, an 
essential criterion for liquid dosage forms. 

In addition to MC and CMC-Na, HPMC has also been employed in extemporaneous oral 
suspension. For instance, nifedipine tablets or drug powder, prepared with HPMC 1% 
solution in order to obtain a suspension of 1 mg/mL concentration, was stable for at least 4 
weeks when stored at room or refrigerated temperatures and protected from light [80]. 

There is no doubt that these drug stability results are important for providing formulations 
for both paediatric patients and the geriatric populations that have difficulty in swallowing 
capsules or tablets. 
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3.2. Cellulose and its derivatives in oral solid dosage forms 

3.2.1. Mycrocrystalline cellulose in immediate release 

Microcrystalline cellulose is reported as an excipient (diluent) in oral powder and capsules 
extemporaneously compounded for paediatric use. Capsules and powders were prepared 
from commercial tablets containing 10 mg of nifedipine, which was mixed with different 
amounts of lactose or microcrystalline cellulose in a mortar with pestle using standard 
geometric dilution. Capsules were filled by a hand-operated capsule-filling machine. The 
oral powders and capsules containing extemporaneously prepared nifedipine showed 
acceptable quality regarding content uniformity, but considerable loss of the active 
ingredient occurred during the compounding process for both preparations. The authors 
demonstrated that oral powders of nifedipine (a light sensitive drug) can be replaced by 
capsules, which were adequately safe with either lactose monohydrate or microcrystalline 
cellulose as excipients for delivering a paediatric medication [81]. 

Recently, microcrystalline cellulose and two other common pharmaceutical excipients 
(starch and lactose) were investigated with regards to the choice of the best diluent for 
Gymnema sylvestre extract (a plant used as an adjuvant in the treatment of diabetes mainly in 
China) used to compound capsules. The Gymnema sylvestre extract is available as powder 
that presents low flowability due to its small particle size which causes problems in the 
filling of the hard capsules. An evaluation of these excipients was also performed in the 
presence of different lubricants (magnesium stearate or talc). The study showed that 
microcrystalline cellulose is a better diluent than lactose or starch, because it produces the 
most uniform particle size distribution when added to Gymnema sylvestre extract and also 
reduces the percentage of fine particles resulting in acceptable variation of the weight 
among the capsules (RSD< 4%). On the other hand, starch and lactose increase the number 
of small particles that worsen the flowability of the powder mixture. Furthermore, 
microcrystalline cellulose associated with 1% lubricant renders a powder mixture ready for 
encapsulation of Gymnema sylvestre extract in hard gelatin capsules, since flow agents 
optimize the capsule filling in the compounding routine practices [82]. The foregoing 
suggests that microcrystalline cellulose can be an appropriate diluent in formulating similar 
flowable plant extracts. 

3.2.2. Cellulose ether derivatives in sustained/controlled release 

3.2.2.1. Carboxymethylcellulose and hydroxypropylmethylcellulose 

Some studies reveal improper use of cellulosic excipients. For example, using a high 
percentage (30% w/w) of CMC-Na (anionic polymer) as a diluent in the compounding of 
capsules of simvastatin has a deleterious effect. These capsules showed serious drug release 
problems in pharmaceutical tests because they did not disintegrate or dissolve at all [83]. In 
this case, CMC-Na should have been used as a capsule disintegrating agent at a much 
inferior concentration (< 6%) [12]. 
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CMC-Na and HPMC (nonionic polymer) were evaluated by in vitro release studies with 
regards to ibuprofen (non-steroidal anti-inflammatory) extended-release from hard gelatin 
capsules. The study showed that different grades of CMC-Na and HPMC could control 
ibuprofen release to a substantial degree when used as diluents. Furthermore, the molecular 
weight of the polymer group that is directly related to the viscosity grade affects the drug 
release: the higher the molecular weight is, the slower the drug release is [40]. One year 
later, these researchers evaluated ibuprofen bioavailability (healthy volunteers) from hard 
gelatin capsules containing different grades of HPMC (K100 and K15M) and CMC-Na (low, 
medium, high viscosity). These capsules were prepared by filling the shells with the simple 
mixture of the powders (drug and polymer). The study showed that different viscosities of 
HPMC can modify the absorption rate of ibuprofen from hard gelatin capsules, in close 
correlation with a previous in vitro study. In particular, a higher viscosity HPMC (K15M) 
was a better diluent in sustained-release. On the other hand, the use of the CMC-Na with 
different viscosity grades did not allow for the control of the absorption rate of ibuprofen 
and did not correspond to in vitro results. However, none of the polymers seemed to have 
any effect on the bioavailability of the ibuprofen from hard gelatin capsules [39]. 

Slow-release morphine (opioid analgesic used for the relief of pain) capsules 
extemporaneously prepared were investigated regarding their dissolution profile. Three 
batches of capsules prepared by a pharmacist were compared with each other and with 
tablets acquired in the market. The authors describe how similar slow-release profiles were 
found for tablets and compounded capsules, though the latter showed a faster release-rate 
for morphine sulphate. Despite small variations from batch to batch, the authors describe 
that compounded capsules showed a remarkably consistent slow-release profile in in vitro 
studies [34]. 

Another study of compounded capsules containing 300 mg of morphine sulphate (a dosage 
unavailable in the market) reported the use of HPMC in sustained-release. There has been 
considerable controversy about the advisability of this practice. Release studies, performed 
according to the United States Pharmacopeia (USP) using a dissolution apparatus of type III, 
showed that almost half of the morphine was released in the first hour and that the release 
of the remainder was not adequately sustained. As verified in other studies, the increase of 
HPMC prolonged release and reduced drug release in the first hour. Other formulations 
prepared by placing compressed pellets in capsules showed a sustained release significantly 
beyond that of the pellets’ original formulation. Considering that the medication can be 
taken after a meal, the agitation of the gastrointestinal tract would have increased, resulting 
in the reduction of the sustained release period and in a slight increase of the drug amount 
during the first hour after administration. In the first formulation, the capsules did not 
exhibit sustained-release that could be adequate for most applications. Formulations with a 
greater percentage of the HPMC are preferred. Furthermore, the pelleted formulation was 
superior, but it may not be feasible because it is too labour-intensive [35]. 

Slow-release capsules of morphine sulphate (15, 60, 200 mg) and oxycodone hydrochloride 
(10, 80, 200 mg) were evaluated in vitro by USP dissolution apparatus II. All capsules (three 
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batches of each) were compounded in a local pharmacy employing 40% HPMC (E4M 
Premium CR) and lactose as excipients and a specific machine for capsule-filling. The 
authors observed that the release of the active ingredients from the compounded capsules 
after 0.5, 4 and 12 h were less than 23%, 85% and 98%, demonstrating that HPMC is an 
adequate excipient for preparing slow-release capsules of morphine sulphate and 
oxycodone hydrochloride. The authors recommend that the ratio of active ingredient to 
polymer should remain constant regardless of the capsule size in order to achieve similar 
release rates, provided there is some degree of compression within the capsule shell. In vitro 
performance showed small intra-batch variations as well as inter-batch variations which 
were not statistically significant. Thus the compounding of slow release capsules yielded 
reproducible formulations. However, the authors mention that clinical evaluation is needed 
in order to determine whether the small differences are significant [37]. 

A variety of drugs, especially natural bioidentical hormones, have been exploited in 
compounding using matrix systems since 2002. Hydrophilic matrix systems were mentioned 
as being successfully used in slow-release capsules. The authors report that a good response 
of patients in a dose-related manner was observed in response to all micronized hormones 
administered in slow-release capsules [36]. 

Polymers of HPMC (K100MPRCR, K15MPRCR and E4MCR) in different proportions from 15 
to 35% w/w were also used as extended-release excipients in the compounding of capsules 
containing 100 mg of theophylline. The polymers of HPMC were employed to prepare 
capsules by volumetric method for powder filling in a manual encapsulator. The extended 
drug release was evaluated using USP apparatus I for industrially-produced batches and for 
those obtained by compounding process. The dissolution profile obtained for the higher ratio 
(35% w/w) of HPMC (E4MCR) met USP specifications. Furthermore, reproducibility was 
observed with ten other compounded batches. HPMC was efficient in controlling the release of 
theophylline from the matrix of the capsules prepared by compounding. However, extended-
release capsules containing 100 mg of theophylline (pellets) available in the market did not 
show prolonged release when submitted to the same test conditions [38]. 

To summarize, CMC-Na does not seem to be an adequate slow-releasing agent for 
preparing the capsules regardless of its viscosity. On the other hand, HPMC is a promising 
agent for prolonging the release of drugs, since it has been used before with success. The 
results suggest a relationship between degree of viscosity of HPMC and slow release 
(ibuprofen, morphine). However, reproducibility is an important requisite, and may not be 
assured for all formulations. In addition, studies of therapeutic efficacy are also scarce for 
such compounded products. 

3.2.3. Cellulose ester derivatives in delayed release 

Cellulose ester derivatives are used for enteric coatings of capsules, making them resistant 
to dissolution in low pH environments, such as the stomach, but allowing for their rapid 
disintegration in higher pH environments, such as the intestine. The efficiency of the coating 
is limited by the smooth and nonporous surface of the hard capsules. Studies into anti-
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CMC-Na and HPMC (nonionic polymer) were evaluated by in vitro release studies with 
regards to ibuprofen (non-steroidal anti-inflammatory) extended-release from hard gelatin 
capsules. The study showed that different grades of CMC-Na and HPMC could control 
ibuprofen release to a substantial degree when used as diluents. Furthermore, the molecular 
weight of the polymer group that is directly related to the viscosity grade affects the drug 
release: the higher the molecular weight is, the slower the drug release is [40]. One year 
later, these researchers evaluated ibuprofen bioavailability (healthy volunteers) from hard 
gelatin capsules containing different grades of HPMC (K100 and K15M) and CMC-Na (low, 
medium, high viscosity). These capsules were prepared by filling the shells with the simple 
mixture of the powders (drug and polymer). The study showed that different viscosities of 
HPMC can modify the absorption rate of ibuprofen from hard gelatin capsules, in close 
correlation with a previous in vitro study. In particular, a higher viscosity HPMC (K15M) 
was a better diluent in sustained-release. On the other hand, the use of the CMC-Na with 
different viscosity grades did not allow for the control of the absorption rate of ibuprofen 
and did not correspond to in vitro results. However, none of the polymers seemed to have 
any effect on the bioavailability of the ibuprofen from hard gelatin capsules [39]. 

Slow-release morphine (opioid analgesic used for the relief of pain) capsules 
extemporaneously prepared were investigated regarding their dissolution profile. Three 
batches of capsules prepared by a pharmacist were compared with each other and with 
tablets acquired in the market. The authors describe how similar slow-release profiles were 
found for tablets and compounded capsules, though the latter showed a faster release-rate 
for morphine sulphate. Despite small variations from batch to batch, the authors describe 
that compounded capsules showed a remarkably consistent slow-release profile in in vitro 
studies [34]. 

Another study of compounded capsules containing 300 mg of morphine sulphate (a dosage 
unavailable in the market) reported the use of HPMC in sustained-release. There has been 
considerable controversy about the advisability of this practice. Release studies, performed 
according to the United States Pharmacopeia (USP) using a dissolution apparatus of type III, 
showed that almost half of the morphine was released in the first hour and that the release 
of the remainder was not adequately sustained. As verified in other studies, the increase of 
HPMC prolonged release and reduced drug release in the first hour. Other formulations 
prepared by placing compressed pellets in capsules showed a sustained release significantly 
beyond that of the pellets’ original formulation. Considering that the medication can be 
taken after a meal, the agitation of the gastrointestinal tract would have increased, resulting 
in the reduction of the sustained release period and in a slight increase of the drug amount 
during the first hour after administration. In the first formulation, the capsules did not 
exhibit sustained-release that could be adequate for most applications. Formulations with a 
greater percentage of the HPMC are preferred. Furthermore, the pelleted formulation was 
superior, but it may not be feasible because it is too labour-intensive [35]. 

Slow-release capsules of morphine sulphate (15, 60, 200 mg) and oxycodone hydrochloride 
(10, 80, 200 mg) were evaluated in vitro by USP dissolution apparatus II. All capsules (three 
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batches of each) were compounded in a local pharmacy employing 40% HPMC (E4M 
Premium CR) and lactose as excipients and a specific machine for capsule-filling. The 
authors observed that the release of the active ingredients from the compounded capsules 
after 0.5, 4 and 12 h were less than 23%, 85% and 98%, demonstrating that HPMC is an 
adequate excipient for preparing slow-release capsules of morphine sulphate and 
oxycodone hydrochloride. The authors recommend that the ratio of active ingredient to 
polymer should remain constant regardless of the capsule size in order to achieve similar 
release rates, provided there is some degree of compression within the capsule shell. In vitro 
performance showed small intra-batch variations as well as inter-batch variations which 
were not statistically significant. Thus the compounding of slow release capsules yielded 
reproducible formulations. However, the authors mention that clinical evaluation is needed 
in order to determine whether the small differences are significant [37]. 

A variety of drugs, especially natural bioidentical hormones, have been exploited in 
compounding using matrix systems since 2002. Hydrophilic matrix systems were mentioned 
as being successfully used in slow-release capsules. The authors report that a good response 
of patients in a dose-related manner was observed in response to all micronized hormones 
administered in slow-release capsules [36]. 

Polymers of HPMC (K100MPRCR, K15MPRCR and E4MCR) in different proportions from 15 
to 35% w/w were also used as extended-release excipients in the compounding of capsules 
containing 100 mg of theophylline. The polymers of HPMC were employed to prepare 
capsules by volumetric method for powder filling in a manual encapsulator. The extended 
drug release was evaluated using USP apparatus I for industrially-produced batches and for 
those obtained by compounding process. The dissolution profile obtained for the higher ratio 
(35% w/w) of HPMC (E4MCR) met USP specifications. Furthermore, reproducibility was 
observed with ten other compounded batches. HPMC was efficient in controlling the release of 
theophylline from the matrix of the capsules prepared by compounding. However, extended-
release capsules containing 100 mg of theophylline (pellets) available in the market did not 
show prolonged release when submitted to the same test conditions [38]. 

To summarize, CMC-Na does not seem to be an adequate slow-releasing agent for 
preparing the capsules regardless of its viscosity. On the other hand, HPMC is a promising 
agent for prolonging the release of drugs, since it has been used before with success. The 
results suggest a relationship between degree of viscosity of HPMC and slow release 
(ibuprofen, morphine). However, reproducibility is an important requisite, and may not be 
assured for all formulations. In addition, studies of therapeutic efficacy are also scarce for 
such compounded products. 

3.2.3. Cellulose ester derivatives in delayed release 

Cellulose ester derivatives are used for enteric coatings of capsules, making them resistant 
to dissolution in low pH environments, such as the stomach, but allowing for their rapid 
disintegration in higher pH environments, such as the intestine. The efficiency of the coating 
is limited by the smooth and nonporous surface of the hard capsules. Studies into anti-
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inflammatory and anti-secretory (H+ pumps inhibitors) drugs, such as diclofenac and 
pantoprazole sodium salts, respectively, show that these drug formulations must be coated 
because they can irritate the stomach walls or degrade in acid environments [84,85]. 

3.2.3.1. Cellulose acetate phthalate 

CAP and other agents (formaldehyde, methacrylic acid copolymer) have been used to 
compound delayed-release capsules of diclofenac using specific small-scale machinery or 
manual immersion in order to evaluate the efficiency of these enteric coating processes [32]. 
Capsules coated with CAP (using acetone as solvent) prepared with either small machinery 
or twofold manual immersion showed adequate gastro-resistance, for which the release of 
the drug was less than 10% in acid and greater than 75% in buffered conditions. However, 
the capsules coated by machinery had a poorer visual aspect than those coated by the 
manual process [32]. In spite of this difference, the authors did not suggest which method 
was the most adequate to compound delayed-release capsules of diclofenac. 

A simple, quick and easily reproducible method for compounding enteric-release capsules 
containing diclofenac has also been described. Twenty-two batches of diclofenac sodium 
capsules (n=60) were divided into three groups, which were submitted to different processes 
of coating. A small-scale machine and an enteric coating by atomization (spraying) of 
organic solutions of polymers (5% CAP in a mix of acetone and alcohol) were employed for 
ten and six batches, respectively. Before coating, the capsules’ hemi receptacles were sealed 
by treatment with 50% v/v hydroalcoholic solution. The dissolution test results were 
statistically compared inter-batch and also with reference commercial product (Voltaren® 
DR). Most of the batches (>75%) met the pharmacopeial requirements for enteric release, in 
both acid (less than 10%) and buffered (greater than 80%) conditions [33]. Results confirmed 
that CAP is an effective enteric coating agent in compounding practice and that the 
application of adequate techniques in pharmacies is important. 

Delayed release capsules obtained by compounding and coating with organic solutions of 
CAP have been evaluated for pro-drug sodium pantoprazole, a proton pump inhibitor that 
undergoes degradation in the acid environment of the stomach [31,84,85]. Quality control 
tests were performed on capsules locally acquired in compounding pharmacies. Dissolution 
studies for gastro-resistance evaluation were performed with granules of pantoprazole 
coated with CAP and encapsulated, as well as with capsules coated with CAP or other 
agents (formaldehyde, shellac, methacrylic acid copolymer). However, all the samples 
prepared by coating with CAP (capsules or granules) released their content in an acid 
environment and did not show adequate gastro-resistance [31]. These results reveal the need 
for suitable coating techniques for compounding gastro-resistant capsules, since CAP is 
admittedly an effective agent for enteric coating. 

4. Conclusion 

Cellulose and its derivatives are very important excipients in compounded medicines. Many 
compounded preparations containing such excipients have been investigated since 1992, 
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especially for extemporaneous use; however, a great effort is still necessary in this field in 
order to assure quality, safety and efficacy for several other drugs. This aspect is even more 
relevant when these products require specific pharmaceutical features (such as delayed 
release) and, consequently, adequate techniques for achieving drug therapy success. It 
points towards the need for more research into ways to properly disseminate the 
appropriate use of cellulose derivatives in compounding pharmacies. A greater attention 
should be paid to this field because compounding is a growing practice in many countries as 
a result of pharmaceutical care that prioritizes the person in his/her individuality, as 
opposed to the average population usually targeted by companies. For all these reasons, 
cellulose derivatives and their applications in compounding practice were reviewed, with 
an emphasis on their use in solid dosage forms with modified release. Addressing the use of 
the cellulose derivatives, such as cellulose acetate phthalate, can be critical in the coating of 
capsules by hand. 
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inflammatory and anti-secretory (H+ pumps inhibitors) drugs, such as diclofenac and 
pantoprazole sodium salts, respectively, show that these drug formulations must be coated 
because they can irritate the stomach walls or degrade in acid environments [84,85]. 

3.2.3.1. Cellulose acetate phthalate 

CAP and other agents (formaldehyde, methacrylic acid copolymer) have been used to 
compound delayed-release capsules of diclofenac using specific small-scale machinery or 
manual immersion in order to evaluate the efficiency of these enteric coating processes [32]. 
Capsules coated with CAP (using acetone as solvent) prepared with either small machinery 
or twofold manual immersion showed adequate gastro-resistance, for which the release of 
the drug was less than 10% in acid and greater than 75% in buffered conditions. However, 
the capsules coated by machinery had a poorer visual aspect than those coated by the 
manual process [32]. In spite of this difference, the authors did not suggest which method 
was the most adequate to compound delayed-release capsules of diclofenac. 

A simple, quick and easily reproducible method for compounding enteric-release capsules 
containing diclofenac has also been described. Twenty-two batches of diclofenac sodium 
capsules (n=60) were divided into three groups, which were submitted to different processes 
of coating. A small-scale machine and an enteric coating by atomization (spraying) of 
organic solutions of polymers (5% CAP in a mix of acetone and alcohol) were employed for 
ten and six batches, respectively. Before coating, the capsules’ hemi receptacles were sealed 
by treatment with 50% v/v hydroalcoholic solution. The dissolution test results were 
statistically compared inter-batch and also with reference commercial product (Voltaren® 
DR). Most of the batches (>75%) met the pharmacopeial requirements for enteric release, in 
both acid (less than 10%) and buffered (greater than 80%) conditions [33]. Results confirmed 
that CAP is an effective enteric coating agent in compounding practice and that the 
application of adequate techniques in pharmacies is important. 

Delayed release capsules obtained by compounding and coating with organic solutions of 
CAP have been evaluated for pro-drug sodium pantoprazole, a proton pump inhibitor that 
undergoes degradation in the acid environment of the stomach [31,84,85]. Quality control 
tests were performed on capsules locally acquired in compounding pharmacies. Dissolution 
studies for gastro-resistance evaluation were performed with granules of pantoprazole 
coated with CAP and encapsulated, as well as with capsules coated with CAP or other 
agents (formaldehyde, shellac, methacrylic acid copolymer). However, all the samples 
prepared by coating with CAP (capsules or granules) released their content in an acid 
environment and did not show adequate gastro-resistance [31]. These results reveal the need 
for suitable coating techniques for compounding gastro-resistant capsules, since CAP is 
admittedly an effective agent for enteric coating. 

4. Conclusion 

Cellulose and its derivatives are very important excipients in compounded medicines. Many 
compounded preparations containing such excipients have been investigated since 1992, 
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especially for extemporaneous use; however, a great effort is still necessary in this field in 
order to assure quality, safety and efficacy for several other drugs. This aspect is even more 
relevant when these products require specific pharmaceutical features (such as delayed 
release) and, consequently, adequate techniques for achieving drug therapy success. It 
points towards the need for more research into ways to properly disseminate the 
appropriate use of cellulose derivatives in compounding pharmacies. A greater attention 
should be paid to this field because compounding is a growing practice in many countries as 
a result of pharmaceutical care that prioritizes the person in his/her individuality, as 
opposed to the average population usually targeted by companies. For all these reasons, 
cellulose derivatives and their applications in compounding practice were reviewed, with 
an emphasis on their use in solid dosage forms with modified release. Addressing the use of 
the cellulose derivatives, such as cellulose acetate phthalate, can be critical in the coating of 
capsules by hand. 
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1. Introduction 

The wound care industry is a highly diverse and competitive arena - including standard 
products such as dry bandages to sophisticated hydrogels and alginate dressings, and 
encompassing artificial skin and anti-infective used in wound care. A broad range of 
available modern dressings composed of layers possessing specific functionality has been 
placed on the market. Waddings and gauzes were replaced by new natural, synthetic and 
semi-synthetic biomaterials, which depending on their physical, chemical and technological 
properties are capable to absorb the exudate excess by maintaining the proper moisture 
environment on/in the wound. The use of textiles in medicine has a long tradition; specially 
woven textiles are mostly used. 

Cellulose and its derivatives are very often used as a functional part of different wound 
dressing material e.g. as hydrogels, fibre, non-woven. Cellulose micro-fibrillar structure 
control the accessibility of the surface, while the bulk polar groups (-OH groups) ensure an 
attraction of the water molecule to the cellulose fibre (hydrogen bonds). Generally different 
standard chemical pre-treatments (i.e. alkaline washing, bleaching, and slack-mercerization) 
are used to improve the sorption capacity [1-4], but besides the ecological pollution, they 
also worsen fibres mechanical properties to a large extent. On the subject of the latter, 
plasma treatments are known to be rather harmless surface activation procedures leading to 
enhancement of hydrophilic properties; the best results are obtained using highly non-
equilibrium oxygen plasma. Reactive particles created in plasma readily interact with 
cellulose resulting in formation of surface functional groups, as well as etching. The 
properties of plasma treated materials depend on the processing parameters and are 
measured using surface sensitive techniques. Numerous authors worldwide addressed 
modification of cellulose and other suitable materials by gaseous plasma treatment [5-16]. 
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1. Introduction 

The wound care industry is a highly diverse and competitive arena - including standard 
products such as dry bandages to sophisticated hydrogels and alginate dressings, and 
encompassing artificial skin and anti-infective used in wound care. A broad range of 
available modern dressings composed of layers possessing specific functionality has been 
placed on the market. Waddings and gauzes were replaced by new natural, synthetic and 
semi-synthetic biomaterials, which depending on their physical, chemical and technological 
properties are capable to absorb the exudate excess by maintaining the proper moisture 
environment on/in the wound. The use of textiles in medicine has a long tradition; specially 
woven textiles are mostly used. 

Cellulose and its derivatives are very often used as a functional part of different wound 
dressing material e.g. as hydrogels, fibre, non-woven. Cellulose micro-fibrillar structure 
control the accessibility of the surface, while the bulk polar groups (-OH groups) ensure an 
attraction of the water molecule to the cellulose fibre (hydrogen bonds). Generally different 
standard chemical pre-treatments (i.e. alkaline washing, bleaching, and slack-mercerization) 
are used to improve the sorption capacity [1-4], but besides the ecological pollution, they 
also worsen fibres mechanical properties to a large extent. On the subject of the latter, 
plasma treatments are known to be rather harmless surface activation procedures leading to 
enhancement of hydrophilic properties; the best results are obtained using highly non-
equilibrium oxygen plasma. Reactive particles created in plasma readily interact with 
cellulose resulting in formation of surface functional groups, as well as etching. The 
properties of plasma treated materials depend on the processing parameters and are 
measured using surface sensitive techniques. Numerous authors worldwide addressed 
modification of cellulose and other suitable materials by gaseous plasma treatment [5-16]. 
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Unfortunately, however, only few authors are dared to measure plasma parameters so the 
results obtained by different authors cannot be directly compared. Many authors addressed 
surface properties such as the surface free energy [17-18], and surface functional groups. The 
surface free energy is usually determined from measurements of the contact angle of a 
suitable liquid or by more sophisticated techniques [19-20], while the appearance of specific 
functional groups has been determined by X-ray Photoelectron Spectroscopy (XPS) [6,21-23], 
Secondary Ion Mass Spectroscopy (SIMS) [24] and Furrier Transform Infrared Spectroscopy 
(FTIR) [21,25], just to mention the most commonly used ones. The modification of surface 
morphology of plasma treated textiles for wound dressings has been often studied by 
Scanning Electron Microscopy (SEM) [23-25] and Atomic Force Microscopy (AFM) [22, 26-
27].  

A variety of gases has been used for modification of surface properties in order to achieve 
better hydrophilicity. Many authors just use noble gases [9,21,28-29], but more oxidizing 
gases such as oxygen, air, carbon dioxide and water vapour often give better results, 
especially when the process speed is the merit. Traditionally, gaseous plasma was always 
created at low pressure in vacuum compatible chambers. In the past couple of decades, 
however, plasmas which run at atmospheric pressure are becoming more and more 
popular. In fact, many resent works on modification of organic materials by gaseous plasma 
treatment report application of a kind of atmospheric gaseous plasma. As mentioned earlier, 
the richness of available plasmas as well as the lack of experimental techniques used by 
different authors prevents both direct comparison of reported result as well as good insight 
in the phenomena taking place during plasma treatment of textiles and similar materials. An 
important scope of this chapter is to explain some basic considerations about plasma textile 
interaction and give hints for optimal utilization of this advanced technique for modification 
of materials. 

2. Plasma treatment of cellulose wound dressing  

The hydrophilicity of organic materials is improved dramatically by incorporation of 
oxygen rich functional groups on to the surface, so a natural choice of gas used in plasma 
treatment of materials is oxygen. In thermodynamic equilibrium and at room temperature 
oxygen gas contains only neutral oxygen molecules. According to the basic law of statistical 
mechanics the molecules move randomly, collide with each other and the basic kinetic 
properties are described well taking into account the approximation of an ideal gas. The 
distribution of molecules over the kinetic energy is given by Maxwell-Boltzmann law [30] 
and the average random velocity is calculated as: 

  8 / ,v kT m  (1) 

The random velocity only depends on the gas temperature. At room temperature the 
average random velocity of oxygen molecules is about 440 m/s, while at 1000 K it is about 
810 m/s. Oxygen molecules reach the surface of any material with different velocities taking 
into account the Maxwell-Boltzmann distribution, but as long as the gas temperature is close 
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to the room temperature the velocity is too low to bring enough energy for chemical 
reactions on the surface of cellulose materials. Increasing gas temperature or the 
temperature of the cellulose material the available energy can become large enough to 
overcome the potential barrier and chemical interaction between oxygen molecules and 
cellulose is observed. The chemical interaction is highly exothermic so the material is locally 
heated due to a chemical reaction, which results in even higher chemical affinity resulting in 
more exothermic reactions etc. so finally the control of oxidation mechanism is lost and the 
chemical reactions leading to the oxidation of cellulose become very intensive. A common 
expression for such experimental conditions is burning. Treatment of textiles by oxygen gas 
at equilibrium conditions is therefore not useful because the oxidation is difficult if not 
impossible to control. One could use oxygen at very low concentration in order to avoid too 
extensive chemical reactions, but the results are usually not optimal. This is the reason why 
equilibrium gaseous treatment has not been used for introduction of highly polar oxygen-
rich functional groups onto the surface of organic materials. Instead, non-equilibrium gases 
should be used. 

A typical example of non-equilibrium gas is gaseous plasma. It can be created by different 
means but the most common method is application of a gaseous discharge. In a gaseous 
discharge an electric field is applied and the gaseous molecules ionize to positive ions and 
free electrons. Charged particles are accelerated in electric fields and collide with neutral 
gaseous molecules as well as surfaces. If the kinetic energy of charged particles is above the 
ionization threshold the collisions will result in ionization of a neutral molecule and thus 
multiplication of charged particles. Particles with opposite charges attract each other and 
may or may not neutralize upon collisions. The neutralization may occur either in the gas 
phase or on surfaces. After turning on the electric field the multiplication of charged 
particles is quickly balanced by the loss due to neutralization so rather steady concentration 
of charged particles is established. The concentration depends on numerous parameters and 
the discharge power is only one of them.  

Ionization is definitely the most important collision event since it allows for sustaining the 
discharge and thus transformation of oxygen gas into the state of plasma. In practical 
applications, however, it has a minor role in modification of organic materials. Other 
collisions are often much more important in order to make oxygen a suitable medium for 
surface functionalization of organic materials. Such collisions include excitation and 
dissociation of oxygen molecules as well as excitation of oxygen atoms. Namely, oxygen 
molecules are rich in excited states and so are oxygen atoms. Many excited states are 
metastable which means that do not decay in a short time by electrical dipole radiation. 
Such metastable molecules or atoms are not only more reactive than the counterparts in the 
ground state, but also play a very important role in formation of oxygen particles in highly 
excited states. Table 1 presents some most important excited states of oxygen molecules, 
while appropriate values for oxygen atoms are summarized in Table 2. 

Examination of Table 1 reveals important data which should be taken into account when 
dealing with application of oxygen plasma for modification of cellulose materials. The 
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Unfortunately, however, only few authors are dared to measure plasma parameters so the 
results obtained by different authors cannot be directly compared. Many authors addressed 
surface properties such as the surface free energy [17-18], and surface functional groups. The 
surface free energy is usually determined from measurements of the contact angle of a 
suitable liquid or by more sophisticated techniques [19-20], while the appearance of specific 
functional groups has been determined by X-ray Photoelectron Spectroscopy (XPS) [6,21-23], 
Secondary Ion Mass Spectroscopy (SIMS) [24] and Furrier Transform Infrared Spectroscopy 
(FTIR) [21,25], just to mention the most commonly used ones. The modification of surface 
morphology of plasma treated textiles for wound dressings has been often studied by 
Scanning Electron Microscopy (SEM) [23-25] and Atomic Force Microscopy (AFM) [22, 26-
27].  

A variety of gases has been used for modification of surface properties in order to achieve 
better hydrophilicity. Many authors just use noble gases [9,21,28-29], but more oxidizing 
gases such as oxygen, air, carbon dioxide and water vapour often give better results, 
especially when the process speed is the merit. Traditionally, gaseous plasma was always 
created at low pressure in vacuum compatible chambers. In the past couple of decades, 
however, plasmas which run at atmospheric pressure are becoming more and more 
popular. In fact, many resent works on modification of organic materials by gaseous plasma 
treatment report application of a kind of atmospheric gaseous plasma. As mentioned earlier, 
the richness of available plasmas as well as the lack of experimental techniques used by 
different authors prevents both direct comparison of reported result as well as good insight 
in the phenomena taking place during plasma treatment of textiles and similar materials. An 
important scope of this chapter is to explain some basic considerations about plasma textile 
interaction and give hints for optimal utilization of this advanced technique for modification 
of materials. 

2. Plasma treatment of cellulose wound dressing  

The hydrophilicity of organic materials is improved dramatically by incorporation of 
oxygen rich functional groups on to the surface, so a natural choice of gas used in plasma 
treatment of materials is oxygen. In thermodynamic equilibrium and at room temperature 
oxygen gas contains only neutral oxygen molecules. According to the basic law of statistical 
mechanics the molecules move randomly, collide with each other and the basic kinetic 
properties are described well taking into account the approximation of an ideal gas. The 
distribution of molecules over the kinetic energy is given by Maxwell-Boltzmann law [30] 
and the average random velocity is calculated as: 

  8 / ,v kT m  (1) 

The random velocity only depends on the gas temperature. At room temperature the 
average random velocity of oxygen molecules is about 440 m/s, while at 1000 K it is about 
810 m/s. Oxygen molecules reach the surface of any material with different velocities taking 
into account the Maxwell-Boltzmann distribution, but as long as the gas temperature is close 

 
Plasma Induced Hydrophilic Cellulose Wound Dressing 165 

to the room temperature the velocity is too low to bring enough energy for chemical 
reactions on the surface of cellulose materials. Increasing gas temperature or the 
temperature of the cellulose material the available energy can become large enough to 
overcome the potential barrier and chemical interaction between oxygen molecules and 
cellulose is observed. The chemical interaction is highly exothermic so the material is locally 
heated due to a chemical reaction, which results in even higher chemical affinity resulting in 
more exothermic reactions etc. so finally the control of oxidation mechanism is lost and the 
chemical reactions leading to the oxidation of cellulose become very intensive. A common 
expression for such experimental conditions is burning. Treatment of textiles by oxygen gas 
at equilibrium conditions is therefore not useful because the oxidation is difficult if not 
impossible to control. One could use oxygen at very low concentration in order to avoid too 
extensive chemical reactions, but the results are usually not optimal. This is the reason why 
equilibrium gaseous treatment has not been used for introduction of highly polar oxygen-
rich functional groups onto the surface of organic materials. Instead, non-equilibrium gases 
should be used. 

A typical example of non-equilibrium gas is gaseous plasma. It can be created by different 
means but the most common method is application of a gaseous discharge. In a gaseous 
discharge an electric field is applied and the gaseous molecules ionize to positive ions and 
free electrons. Charged particles are accelerated in electric fields and collide with neutral 
gaseous molecules as well as surfaces. If the kinetic energy of charged particles is above the 
ionization threshold the collisions will result in ionization of a neutral molecule and thus 
multiplication of charged particles. Particles with opposite charges attract each other and 
may or may not neutralize upon collisions. The neutralization may occur either in the gas 
phase or on surfaces. After turning on the electric field the multiplication of charged 
particles is quickly balanced by the loss due to neutralization so rather steady concentration 
of charged particles is established. The concentration depends on numerous parameters and 
the discharge power is only one of them.  

Ionization is definitely the most important collision event since it allows for sustaining the 
discharge and thus transformation of oxygen gas into the state of plasma. In practical 
applications, however, it has a minor role in modification of organic materials. Other 
collisions are often much more important in order to make oxygen a suitable medium for 
surface functionalization of organic materials. Such collisions include excitation and 
dissociation of oxygen molecules as well as excitation of oxygen atoms. Namely, oxygen 
molecules are rich in excited states and so are oxygen atoms. Many excited states are 
metastable which means that do not decay in a short time by electrical dipole radiation. 
Such metastable molecules or atoms are not only more reactive than the counterparts in the 
ground state, but also play a very important role in formation of oxygen particles in highly 
excited states. Table 1 presents some most important excited states of oxygen molecules, 
while appropriate values for oxygen atoms are summarized in Table 2. 

Examination of Table 1 reveals important data which should be taken into account when 
dealing with application of oxygen plasma for modification of cellulose materials. The 
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ground state has the potential energy 0 eV by definition. A variety of vibrational and 
rotational excited states are not shown in Table 1 due to the clearness. Also, the population 
of oxygen molecules in highly excited vibrational states is usually negligible in plasma 
suitable for modification of organic materials due to super elastic collisions between 
vibrational excited molecules and atoms which are very likely to appear in oxygen plasma 
[31]. At such super-elastic collisions a part of molecular vibrational energy is transferred to 
the kinetic energy of colliding particles. Since the cross-section for super-elastic collisions 
between vibrational excited oxygen molecules and neutral oxygen atoms is very large, this 
event effectively reduces the number of oxygen molecules in highly vibrational excited 
states so any interaction between such molecules and organic materials is regarded not 
important. The rotational states are usually coupled rather well with translational ones so 
the rotational population is similar to that calculated using equations of equilibrium 
thermodynamics. In fact, the rotational population detected by high resolution optical 
emission spectroscopy is often used for estimation of the neutral gas kinetic temperature in 
gaseous plasmas.  
 

Excited state Optical symbol Excitation energy 
Ground  X3g

 0 eV 
First excited  a1g 1 eV 
Second excited  b1g

 2 eV 
 B3u

 6 eV 
Ground ionized X2g 12 eV 
First ionized a4u 16 eV 
Second ionized A2u 17 eV 
Dissociation energy  4.5 eV 

Table 1. Most important excited states of oxygen molecules and their excitation energies 

 

Excited state Optical symbol Excitation energy 
Ground  2s2 2p4 3P2 0 eV 
First excited  2s2 2p4 1D 2 eV 
Second excited  2s2 2p4 1S 4 eV 
Metastable highly excited 2s22p3(4S°)3s 5S0 9.1 eV 
 2s22p3(4S°)3s 3S0 9.5 eV 
 2s22p3(4S°)5s 5S0 12.7 eV 

Table 2. Most important excited states of oxygen atoms and their excitation energies 

More important that vibrational states are electronically excited states. Oxygen molecules 
are famous of two metastable states which appear at the excitation energies of about 1 and 2 
eV, respectively (Table 1).  Especially the first excited state has a very long radiative life-time 
of nearly one hour. The life-time of second excited state is much shorter at about ten 
seconds, but still very long for the atomic world. The molecules in excited states are 
definitely chemically more reactive than those found in the ground state, but very little 

 
Plasma Induced Hydrophilic Cellulose Wound Dressing 167 

work has been done on explanation of interaction mechanisms between electronically 
excited oxygen molecules and organic materials. Many authors neglect such an interaction 
since they claim other particles found in oxygen plasma are more suitable for modification 
of surface properties. All authors, however, agree that metastable oxygen molecules play an 
important role in dissociation events. Table 1 reveals that the dissociation energy of oxygen 
molecules is about 4.5 eV. An electron colliding with the molecule in the ground state will 
thus need kinetic energy higher than this value to be capable of a dissociation collision. The 
dissociation energy of excited molecule, however, is much lower than for a molecule in the 
ground state: for a molecule in the first excited state the dissociation energy is about 3.5 eV, 
and for a molecule in the second excited state it is about 2.5 eV. The difference in excitation 
energies of molecules found in the ground or excited states does not seem extremely 
important, but in fact it is due to two important considerations: (i) the high-energy tail of the 
electron energy distribution function in gaseous plasma is exponential, and (ii) the 
dissociation cross-section just above the threshold increases extremely steep with increasing 
kinetic energy of an electron. These two considerations indicate that the dissociation of 
molecules in oxygen plasma will be a very probable event due to step-like excitation. The 
result of the oxygen molecule dissociation is formation of neutral oxygen atoms in the 
ground state. Taking into account the upper considerations the production of atoms will be 
extensive in oxygen plasma created by any suitable electrical discharge. In spite of this fact 
the density of neutral oxygen atoms in technological plasmas vary enormously between 
different configurations. Neutral oxygen atoms tend to recombine (associate to form a 
molecule). The recombination event may take place either in the gas phase or on surfaces. 
The recombination event is simply described by reaction O + O → O2. Such a simple 
denotation is, however, wrong since it does not take into account the conservation of energy 
and momentum. According to Table 1 a large amount of energy is released at a 
recombination event. If the recombination results in formation of a molecule in the ground 
state the amount of energy released is 4.5 eV. If a molecule in an excited state is formed the 
appropriate amount of released energy is accordingly lower. In any case, the released 
energy cannot be transferred into the kinetic energy of newly born oxygen molecule due to 
the conservation of momentum. This is why simple recombination as mentioned above does 
not occur in oxygen at low pressure. A possible recombination mechanism which can occur 
in the gas phase is radiative recombination O + O → O2 + , where  is a newly born light 
quantum (a photon) which takes the excessive energy. In this case two particles are formed 
at the recombination event so there are no problems with conservation of the momentum. 
The probability of such reaction depends on the quantum characteristics of particles 
involved. For the case of recombination of neutral oxygen atoms such reactions are highly 
improbable so neutral oxygen atoms are regarded stable in vacuum.  

Oxygen atoms may recombine in the gas phase at so called three-body collisions O + O + O2 
→ O2 + O2. In such a case, the released energy is shared between the two molecules. The 
molecules may gain the released energy either as kinetic or excitation energy. The sharing of 
released energy again depends on the quantum characteristics of particles involved, and 
very typically the newly born molecule is found in an excited state. Such a reaction is 
actually an important source of excited molecules in plasma afterglows [32].  Since a three 
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ground state has the potential energy 0 eV by definition. A variety of vibrational and 
rotational excited states are not shown in Table 1 due to the clearness. Also, the population 
of oxygen molecules in highly excited vibrational states is usually negligible in plasma 
suitable for modification of organic materials due to super elastic collisions between 
vibrational excited molecules and atoms which are very likely to appear in oxygen plasma 
[31]. At such super-elastic collisions a part of molecular vibrational energy is transferred to 
the kinetic energy of colliding particles. Since the cross-section for super-elastic collisions 
between vibrational excited oxygen molecules and neutral oxygen atoms is very large, this 
event effectively reduces the number of oxygen molecules in highly vibrational excited 
states so any interaction between such molecules and organic materials is regarded not 
important. The rotational states are usually coupled rather well with translational ones so 
the rotational population is similar to that calculated using equations of equilibrium 
thermodynamics. In fact, the rotational population detected by high resolution optical 
emission spectroscopy is often used for estimation of the neutral gas kinetic temperature in 
gaseous plasmas.  
 

Excited state Optical symbol Excitation energy 
Ground  X3g

 0 eV 
First excited  a1g 1 eV 
Second excited  b1g

 2 eV 
 B3u

 6 eV 
Ground ionized X2g 12 eV 
First ionized a4u 16 eV 
Second ionized A2u 17 eV 
Dissociation energy  4.5 eV 

Table 1. Most important excited states of oxygen molecules and their excitation energies 

 

Excited state Optical symbol Excitation energy 
Ground  2s2 2p4 3P2 0 eV 
First excited  2s2 2p4 1D 2 eV 
Second excited  2s2 2p4 1S 4 eV 
Metastable highly excited 2s22p3(4S°)3s 5S0 9.1 eV 
 2s22p3(4S°)3s 3S0 9.5 eV 
 2s22p3(4S°)5s 5S0 12.7 eV 

Table 2. Most important excited states of oxygen atoms and their excitation energies 

More important that vibrational states are electronically excited states. Oxygen molecules 
are famous of two metastable states which appear at the excitation energies of about 1 and 2 
eV, respectively (Table 1).  Especially the first excited state has a very long radiative life-time 
of nearly one hour. The life-time of second excited state is much shorter at about ten 
seconds, but still very long for the atomic world. The molecules in excited states are 
definitely chemically more reactive than those found in the ground state, but very little 
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work has been done on explanation of interaction mechanisms between electronically 
excited oxygen molecules and organic materials. Many authors neglect such an interaction 
since they claim other particles found in oxygen plasma are more suitable for modification 
of surface properties. All authors, however, agree that metastable oxygen molecules play an 
important role in dissociation events. Table 1 reveals that the dissociation energy of oxygen 
molecules is about 4.5 eV. An electron colliding with the molecule in the ground state will 
thus need kinetic energy higher than this value to be capable of a dissociation collision. The 
dissociation energy of excited molecule, however, is much lower than for a molecule in the 
ground state: for a molecule in the first excited state the dissociation energy is about 3.5 eV, 
and for a molecule in the second excited state it is about 2.5 eV. The difference in excitation 
energies of molecules found in the ground or excited states does not seem extremely 
important, but in fact it is due to two important considerations: (i) the high-energy tail of the 
electron energy distribution function in gaseous plasma is exponential, and (ii) the 
dissociation cross-section just above the threshold increases extremely steep with increasing 
kinetic energy of an electron. These two considerations indicate that the dissociation of 
molecules in oxygen plasma will be a very probable event due to step-like excitation. The 
result of the oxygen molecule dissociation is formation of neutral oxygen atoms in the 
ground state. Taking into account the upper considerations the production of atoms will be 
extensive in oxygen plasma created by any suitable electrical discharge. In spite of this fact 
the density of neutral oxygen atoms in technological plasmas vary enormously between 
different configurations. Neutral oxygen atoms tend to recombine (associate to form a 
molecule). The recombination event may take place either in the gas phase or on surfaces. 
The recombination event is simply described by reaction O + O → O2. Such a simple 
denotation is, however, wrong since it does not take into account the conservation of energy 
and momentum. According to Table 1 a large amount of energy is released at a 
recombination event. If the recombination results in formation of a molecule in the ground 
state the amount of energy released is 4.5 eV. If a molecule in an excited state is formed the 
appropriate amount of released energy is accordingly lower. In any case, the released 
energy cannot be transferred into the kinetic energy of newly born oxygen molecule due to 
the conservation of momentum. This is why simple recombination as mentioned above does 
not occur in oxygen at low pressure. A possible recombination mechanism which can occur 
in the gas phase is radiative recombination O + O → O2 + , where  is a newly born light 
quantum (a photon) which takes the excessive energy. In this case two particles are formed 
at the recombination event so there are no problems with conservation of the momentum. 
The probability of such reaction depends on the quantum characteristics of particles 
involved. For the case of recombination of neutral oxygen atoms such reactions are highly 
improbable so neutral oxygen atoms are regarded stable in vacuum.  

Oxygen atoms may recombine in the gas phase at so called three-body collisions O + O + O2 
→ O2 + O2. In such a case, the released energy is shared between the two molecules. The 
molecules may gain the released energy either as kinetic or excitation energy. The sharing of 
released energy again depends on the quantum characteristics of particles involved, and 
very typically the newly born molecule is found in an excited state. Such a reaction is 
actually an important source of excited molecules in plasma afterglows [32].  Since a three 



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 168 

body collision is required the loss of atoms through this channel depends on the pressure (or 
the density of gaseous molecules). As long as the pressure is below several mbar the 
probability of three-body collisions is very low and this channel is regarded a marginal one 
at low-pressure plasmas. The opposite is true at atmospheric pressure where the probability 
for such collision is very high and practically any collision regardless the kinetic energy and 
momentum is highly probable. This is an important reason for observed large gradients on 
reactive gaseous particles in atmospheric plasmas. 

Low-pressure plasma is therefore characterized by an absence of atomic loss mechanisms in 
the gas phase. The only channel for atom recombination in such plasmas is heterogeneous 
surface recombination. The reaction is written as O + O(surf) → O2(surf). In the case of surface 
recombination the excessive energy released is shared between the atoms in the solid 
material and the newly born molecule. An important consideration about surface 
recombination is the presence of oxygen atoms on the solid material surface. Namely, the 
recombination is unlikely to occur if atoms are not stuck on the surface. The recombination 
mechanisms have been explained neglecting details many decades ago. A couple of 
recombination mechanisms have been proposed: (i) Langmuir-Hinshelwood and (ii) Eley-
Rideal mechanisms. The first one predicts adsorption of at least two atoms on the solid state 
surface, migration to an appropriate site and association of two atoms into a molecule. Since 
both atoms involved are already thermalized on the surface the newly born molecule leaves 
the surface in the ground state. In the case of Eley-Rideal mechanism oxygen atom is 
adsorbed on the surface where it waits for an atom from the gas phase and recombines to a 
molecule immediately (before the atom from the gas phase manages to thermalize on the 
solid surface). In this case the newly born molecule is likely to leave the surface in an excited 
state.  

Whatever the recombination mechanism is, the reaction probability and thus the loss of 
atoms on surfaces depends on the ability of adsorption and the life-time of an adsorbed 
atom. Many materials tend to chemisorb atoms. Chemisorption stands for formation of a 
chemical bond between an oxygen atom and atoms on the surface. A good example is 
interaction between a metal and an oxygen atom. The oxygen atom is chemically bonded to 
the metal surface where it waits for other atoms to interact with them and form a molecule. 
The recombination probability on such surfaces is therefore very large. Appropriate 
literature reports experimentally determined values which are of the order of 0.1 for many 
metals. The consequence of such extensive surface recombination is heating of metals in 
atom rich plasma. This effect is used by catalytic probes - the thermal load onto a selected 
catalyst is a measure of the O atom density in the vicinity of the probe [33-36]. The exception 
to highly recombinant metals is a group of metals which form extremely stable oxides such 
as aluminium, titanium and alike. In such cases the atoms form very stable compounds and 
are thus not any more available for recombination. Recombination coefficients for such 
materials are orders of magnitude lower that for metals mentioned above.  

Materials which do not chemisorb oxygen atoms are famous of having low coefficients for 
heterogeneous surface recombination of oxygen atoms.  Apart from oxide ceramics the group 
of materials inert to chemisorption of oxygen atoms includes glasses. A glass is often a mixture 
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of metal oxides which are chemically extremely inert and thus unlikely to attract neutral 
oxygen atoms. Such inertness is preserved also to elevated temperatures so different glasses 
are often used as building materials for plasma reactors where high density of neutral oxygen 
atoms is required. The recombination coefficient for neutral oxygen atoms on glasses depends 
on the type of material as well as surface roughness and is often as low as 10-4. A typical low-
pressure plasma reactor made from glass is shown in Figure 1. In such glass chambers it is 
common to achieve very high dissociation fractions of oxygen molecules even at moderate 
discharge power. Values exceeding 10% have been reported by different authors [37-39]. The 
reasons are obvious from upper considerations: a very low recombination coefficient on 
plasma facing materials, negligible loss in the gas phase and favourite production by 
dissociation of molecules taking into account their metastable excited states.  

 
Figure 1. A photo of plasma created in a glass discharge chamber  

 
Figure 2. An optical spectrum acquired in oxygen plasma created by an electrode-less discharge in a 
glass chamber 
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body collision is required the loss of atoms through this channel depends on the pressure (or 
the density of gaseous molecules). As long as the pressure is below several mbar the 
probability of three-body collisions is very low and this channel is regarded a marginal one 
at low-pressure plasmas. The opposite is true at atmospheric pressure where the probability 
for such collision is very high and practically any collision regardless the kinetic energy and 
momentum is highly probable. This is an important reason for observed large gradients on 
reactive gaseous particles in atmospheric plasmas. 

Low-pressure plasma is therefore characterized by an absence of atomic loss mechanisms in 
the gas phase. The only channel for atom recombination in such plasmas is heterogeneous 
surface recombination. The reaction is written as O + O(surf) → O2(surf). In the case of surface 
recombination the excessive energy released is shared between the atoms in the solid 
material and the newly born molecule. An important consideration about surface 
recombination is the presence of oxygen atoms on the solid material surface. Namely, the 
recombination is unlikely to occur if atoms are not stuck on the surface. The recombination 
mechanisms have been explained neglecting details many decades ago. A couple of 
recombination mechanisms have been proposed: (i) Langmuir-Hinshelwood and (ii) Eley-
Rideal mechanisms. The first one predicts adsorption of at least two atoms on the solid state 
surface, migration to an appropriate site and association of two atoms into a molecule. Since 
both atoms involved are already thermalized on the surface the newly born molecule leaves 
the surface in the ground state. In the case of Eley-Rideal mechanism oxygen atom is 
adsorbed on the surface where it waits for an atom from the gas phase and recombines to a 
molecule immediately (before the atom from the gas phase manages to thermalize on the 
solid surface). In this case the newly born molecule is likely to leave the surface in an excited 
state.  

Whatever the recombination mechanism is, the reaction probability and thus the loss of 
atoms on surfaces depends on the ability of adsorption and the life-time of an adsorbed 
atom. Many materials tend to chemisorb atoms. Chemisorption stands for formation of a 
chemical bond between an oxygen atom and atoms on the surface. A good example is 
interaction between a metal and an oxygen atom. The oxygen atom is chemically bonded to 
the metal surface where it waits for other atoms to interact with them and form a molecule. 
The recombination probability on such surfaces is therefore very large. Appropriate 
literature reports experimentally determined values which are of the order of 0.1 for many 
metals. The consequence of such extensive surface recombination is heating of metals in 
atom rich plasma. This effect is used by catalytic probes - the thermal load onto a selected 
catalyst is a measure of the O atom density in the vicinity of the probe [33-36]. The exception 
to highly recombinant metals is a group of metals which form extremely stable oxides such 
as aluminium, titanium and alike. In such cases the atoms form very stable compounds and 
are thus not any more available for recombination. Recombination coefficients for such 
materials are orders of magnitude lower that for metals mentioned above.  

Materials which do not chemisorb oxygen atoms are famous of having low coefficients for 
heterogeneous surface recombination of oxygen atoms.  Apart from oxide ceramics the group 
of materials inert to chemisorption of oxygen atoms includes glasses. A glass is often a mixture 
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of metal oxides which are chemically extremely inert and thus unlikely to attract neutral 
oxygen atoms. Such inertness is preserved also to elevated temperatures so different glasses 
are often used as building materials for plasma reactors where high density of neutral oxygen 
atoms is required. The recombination coefficient for neutral oxygen atoms on glasses depends 
on the type of material as well as surface roughness and is often as low as 10-4. A typical low-
pressure plasma reactor made from glass is shown in Figure 1. In such glass chambers it is 
common to achieve very high dissociation fractions of oxygen molecules even at moderate 
discharge power. Values exceeding 10% have been reported by different authors [37-39]. The 
reasons are obvious from upper considerations: a very low recombination coefficient on 
plasma facing materials, negligible loss in the gas phase and favourite production by 
dissociation of molecules taking into account their metastable excited states.  

 
Figure 1. A photo of plasma created in a glass discharge chamber  

 
Figure 2. An optical spectrum acquired in oxygen plasma created by an electrode-less discharge in a 
glass chamber 
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Not only oxygen molecules, but also neutral atoms have a lot of excited states. Table 2 
represents the most important ones. The first excited state is at the excitation energy of 
about 2 eV and is metastable with the characteristic radiation life-time of about 1 second. As 
mentioned earlier this is a very long life for atomic world. Excited states which are not 
metastable de-excite by electrical dipole radiation in a fraction of a microsecond. The second 
excited state is also metastable, and the radiation life-time is about 100 s. Many other excited 
states are not metastable which in practice means that an atom found in such an excited 
state de-excites quickly by emission of a light quantum. An important metastable excited 
state is found at very high excitation energy of about 9 eV. The existence of such a state 
allows for excitation of oxygen atoms from this metastable state to very high levels and even 
ionization. The ionization energy of an oxygen atom is about 13.6 eV. Taking into account 
that one has to dissociate molecule first and then ionize the atom in order to get a positively 
charged oxygen atomic ion it is rather improbable that such ions would abound in plasma 
created by an electrical discharge of a low or moderate power. Still, the existence of 
metastable states definitely makes ionization of oxygen atoms easier. In practical 
applications it does not really matter whether the positive ions are atomic or molecular, but 
the distribution of atoms over excited states is important since the chemical reactivity of 
atoms depends largely on the excitation energy. Due to the high energies involved one 
would think that it is unlikely to excite atoms above the level of the 2s22p3(4S°)3s 5S0 using 
low power discharges, but such an assumption is not justified experimentally. Experiments 
with a simple optical emission spectrometer clearly show abundance of atoms in highly 
excited states. Figure 2 represents an optical spectrum of plasma created in oxygen by high-
frequency discharge in a glass discharge chamber. In this spectrum atomic oxygen lines 
arising from transitions of highly excited atoms prevail indicating the presence of such 
atoms. Since the excitation energy of radiative excited states exceeds 11 eV it is clear that 
excitation is a step-like process: after successful dissociation of a molecule an atom is excited 
to a metastable state of low energy, such a state is excited to a metastable state of high 
energy and finally an atom is excited to a radiative state. After emission of a photon the 
atom does not de-excite to the ground state, but rather to the metastable state so another 
excitation to a radiative state is likely to occur. The spectra such as one presented in Figure 2 
therefore represent a good fingerprint of the existence of highly excited metastable atoms in 
oxygen plasma.  

Plasma is usually defined as an ionized gas. Taking into account upper considerations, such 
a simple definition is hardly useful in practical applications such as activation of polymer 
materials. Namely, the concentration of neutral reactive gaseous particles is often orders of 
magnitude larger than the concentration of charged particles. From this point of view it may 
be more convenient to define plasma as a state of gas which is essentially close to room 
temperature, but the chemical reactivity is as high as the parent gas at thousands of degrees 
if not higher. A huge difference between the gas temperature and chemical reactivity steams 
from the fact that, unlike the case of equilibrium gases, high temperature is not a necessary 
condition for achieving an appropriate concentration of highly reactive gaseous particles. 
Instead of high temperatures, non-equilibrium gases take advantage of the fact that the 
electrons are found at extremely high temperatures while the rest of the gas practically 
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remains at room temperature. The reason for a huge difference between the electron 
temperature which easily exceeds 10,000 K and the gas temperature comes from two facts: 
(i) electrons are easily accelerated to high energy in electrical fields, and (ii) the kinetic 
energy coupling between electrons and other particles is negligible. In a simple DC (direct-
current) discharge the electrons are born on the cathode by secondary electron emission due 
to bombardment of the cathode by positive ions. All charged particles accelerate in the 
potential fall near the cathode. Electrons are accelerated towards plasma while positively 
charged particles are directed towards the cathode and thus cannot contribute to gas 
heating. The energy positive ions gain by passing the cathode sheath is therefore used for 
emission of free electrons, but the major part is simply lost for heating of the cathode 
material. Electrons born by secondary emission are accelerated towards the plasma. They 
gain a lot of kinetic energy which they slowly loose at elastic collisions with other electrons 
from plasma. Since the energy transfer between electrons is very intensive, fast electrons 
born on the cathode quickly thermalize in plasma thus heating other electrons. The electrons 
gain Maxwell-Boltzamann distribution throughout the volume of gaseous plasma. Since 
they are continuously heated by fast electrons from the cathode their temperature remains 
very high despite of the loss of kinetic energy at inelastic collisions with gaseous molecules. 
This is why electrons are usually at very high temperature as compared to other particles 
present in non-equilibrium gaseous plasma. Similar observations are valid for capacitively 
coupled high-frequency discharges except that the electrons are accelerated in DC self-bias 
sheath next to the smaller (powered) electrode. The physics of such discharges has been 
studied to detail in [40-42]. The heating of electrons follows a different mechanism in 
inductively coupled discharges, especially those created in pure H-mode [43]. In such cases 
the electrons follow oscillations of the electrical field induced by oscillating magnetic field. 
Since the magnetic field oscillates in the entire volume of the discharge the electrons are 
accelerating in the entire volume, too. No acceleration across sheath is required so plasma 
can be created in an absence of any electrode. This is a favourite property since electrodes 
often represent a major sink for neutral oxygen atoms. As mentioned above the 
recombination of neutral oxygen atoms on metallic surfaces is always orders of magnitude 
more important than on glass surfaces. Another advantage of inductively coupled discharge 
is an absence of ion acceleration. If the frequency of the oscillating field is large enough 
(typically above 1 MHz) the ions cannot follow oscillations of the local electric field since the 
frequency is well above the resonant one. Massive ions therefore gain a negligible energy 
from a high-frequency electric field so they remain at room temperature. On the other hand, 
electrons are light enough to be able to follow the oscillations. The kinetic energy they gain 
from the electric filed is spent for their multiplication at ionizing collisions as well as for 
excitation and dissociation of oxygen molecules. Inductively coupled plasmas are therefore 
very suitable sources of highly excited oxygen atoms which are chemically extremely 
reactive.  

In the first part of this chapter we clearly stressed an importance of avoiding high 
temperature during oxidation of materials. Although gaseous plasma is basically at room 
(or little elevated) temperature the heating of materials exposed to gaseous plasma is not 
always negligible. We already mentioned heating of materials with a high coefficient for 
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Not only oxygen molecules, but also neutral atoms have a lot of excited states. Table 2 
represents the most important ones. The first excited state is at the excitation energy of 
about 2 eV and is metastable with the characteristic radiation life-time of about 1 second. As 
mentioned earlier this is a very long life for atomic world. Excited states which are not 
metastable de-excite by electrical dipole radiation in a fraction of a microsecond. The second 
excited state is also metastable, and the radiation life-time is about 100 s. Many other excited 
states are not metastable which in practice means that an atom found in such an excited 
state de-excites quickly by emission of a light quantum. An important metastable excited 
state is found at very high excitation energy of about 9 eV. The existence of such a state 
allows for excitation of oxygen atoms from this metastable state to very high levels and even 
ionization. The ionization energy of an oxygen atom is about 13.6 eV. Taking into account 
that one has to dissociate molecule first and then ionize the atom in order to get a positively 
charged oxygen atomic ion it is rather improbable that such ions would abound in plasma 
created by an electrical discharge of a low or moderate power. Still, the existence of 
metastable states definitely makes ionization of oxygen atoms easier. In practical 
applications it does not really matter whether the positive ions are atomic or molecular, but 
the distribution of atoms over excited states is important since the chemical reactivity of 
atoms depends largely on the excitation energy. Due to the high energies involved one 
would think that it is unlikely to excite atoms above the level of the 2s22p3(4S°)3s 5S0 using 
low power discharges, but such an assumption is not justified experimentally. Experiments 
with a simple optical emission spectrometer clearly show abundance of atoms in highly 
excited states. Figure 2 represents an optical spectrum of plasma created in oxygen by high-
frequency discharge in a glass discharge chamber. In this spectrum atomic oxygen lines 
arising from transitions of highly excited atoms prevail indicating the presence of such 
atoms. Since the excitation energy of radiative excited states exceeds 11 eV it is clear that 
excitation is a step-like process: after successful dissociation of a molecule an atom is excited 
to a metastable state of low energy, such a state is excited to a metastable state of high 
energy and finally an atom is excited to a radiative state. After emission of a photon the 
atom does not de-excite to the ground state, but rather to the metastable state so another 
excitation to a radiative state is likely to occur. The spectra such as one presented in Figure 2 
therefore represent a good fingerprint of the existence of highly excited metastable atoms in 
oxygen plasma.  

Plasma is usually defined as an ionized gas. Taking into account upper considerations, such 
a simple definition is hardly useful in practical applications such as activation of polymer 
materials. Namely, the concentration of neutral reactive gaseous particles is often orders of 
magnitude larger than the concentration of charged particles. From this point of view it may 
be more convenient to define plasma as a state of gas which is essentially close to room 
temperature, but the chemical reactivity is as high as the parent gas at thousands of degrees 
if not higher. A huge difference between the gas temperature and chemical reactivity steams 
from the fact that, unlike the case of equilibrium gases, high temperature is not a necessary 
condition for achieving an appropriate concentration of highly reactive gaseous particles. 
Instead of high temperatures, non-equilibrium gases take advantage of the fact that the 
electrons are found at extremely high temperatures while the rest of the gas practically 
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remains at room temperature. The reason for a huge difference between the electron 
temperature which easily exceeds 10,000 K and the gas temperature comes from two facts: 
(i) electrons are easily accelerated to high energy in electrical fields, and (ii) the kinetic 
energy coupling between electrons and other particles is negligible. In a simple DC (direct-
current) discharge the electrons are born on the cathode by secondary electron emission due 
to bombardment of the cathode by positive ions. All charged particles accelerate in the 
potential fall near the cathode. Electrons are accelerated towards plasma while positively 
charged particles are directed towards the cathode and thus cannot contribute to gas 
heating. The energy positive ions gain by passing the cathode sheath is therefore used for 
emission of free electrons, but the major part is simply lost for heating of the cathode 
material. Electrons born by secondary emission are accelerated towards the plasma. They 
gain a lot of kinetic energy which they slowly loose at elastic collisions with other electrons 
from plasma. Since the energy transfer between electrons is very intensive, fast electrons 
born on the cathode quickly thermalize in plasma thus heating other electrons. The electrons 
gain Maxwell-Boltzamann distribution throughout the volume of gaseous plasma. Since 
they are continuously heated by fast electrons from the cathode their temperature remains 
very high despite of the loss of kinetic energy at inelastic collisions with gaseous molecules. 
This is why electrons are usually at very high temperature as compared to other particles 
present in non-equilibrium gaseous plasma. Similar observations are valid for capacitively 
coupled high-frequency discharges except that the electrons are accelerated in DC self-bias 
sheath next to the smaller (powered) electrode. The physics of such discharges has been 
studied to detail in [40-42]. The heating of electrons follows a different mechanism in 
inductively coupled discharges, especially those created in pure H-mode [43]. In such cases 
the electrons follow oscillations of the electrical field induced by oscillating magnetic field. 
Since the magnetic field oscillates in the entire volume of the discharge the electrons are 
accelerating in the entire volume, too. No acceleration across sheath is required so plasma 
can be created in an absence of any electrode. This is a favourite property since electrodes 
often represent a major sink for neutral oxygen atoms. As mentioned above the 
recombination of neutral oxygen atoms on metallic surfaces is always orders of magnitude 
more important than on glass surfaces. Another advantage of inductively coupled discharge 
is an absence of ion acceleration. If the frequency of the oscillating field is large enough 
(typically above 1 MHz) the ions cannot follow oscillations of the local electric field since the 
frequency is well above the resonant one. Massive ions therefore gain a negligible energy 
from a high-frequency electric field so they remain at room temperature. On the other hand, 
electrons are light enough to be able to follow the oscillations. The kinetic energy they gain 
from the electric filed is spent for their multiplication at ionizing collisions as well as for 
excitation and dissociation of oxygen molecules. Inductively coupled plasmas are therefore 
very suitable sources of highly excited oxygen atoms which are chemically extremely 
reactive.  

In the first part of this chapter we clearly stressed an importance of avoiding high 
temperature during oxidation of materials. Although gaseous plasma is basically at room 
(or little elevated) temperature the heating of materials exposed to gaseous plasma is not 
always negligible. We already mentioned heating of materials with a high coefficient for 
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heterogeneous surface recombination. A variety of surface physical and chemical reactions 
are exothermic. Among physical reactions one should stress weak bombardment of a 
material by positively charged ions, neutralization of charged particles, relaxation of 
metastables and recombination of neutral oxygen atoms. The thermal load obviously 
depends on the flux of reactive particles on to the surface, which in turn depends on the 
density of different particles in the gas phase. 

Since the electron temperature (Te) in plasma is much larger than the positive ion 
temperature and since they have a favourable random velocity the electrons escape from 
plasma towards the surfaces of the discharge vessel much faster than the positive ions. The 
surface of plasma facing components thus becomes negatively charged against gaseous 
plasma. The potential difference between plasma (Vp) and the surface (Vf) is created in such a 
way to repel most electrons except the fastest and accelerate ions. In steady state conditions 
the flux of electrons on to the surface is equal to the flux of positive ions. Obviously, the 
potential difference between unperturbed plasma and the solid surface increase with 
increasing electron temperature. In the first approximation the potential difference is 
calculated using equation: 
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Positively charged ions are therefore accelerated towards the surface. They impinge the 
surface with kinetic energy which corresponds to the potential difference as illustrated by 
equation (2). Their kinetic energy when impinging the surface therefore does not depend on 
the ion temperature in unperturbed plasma but rather on the potential difference between 
plasma and floating potentials. A typical value for the kinetic energy of ions impinging the 
surface is about 10 eV taking into account the collision-less sheath approximation. This 
energy is not large enough to cause implantation of ions into a solid material, but causes 
heating of the solid material. Furthermore, positively charged ions are very likely to 
neutralize on solid surfaces. As mentioned before the surfaces are negatively charged 
against plasma so electrons abound on the surface. The observed probabilities for 
neutralization of slow ions on solid materials are actually very close to 1. This means that an 
average ion reaching the surface of a plasma facing component brings energy equal to the 
sum of ionization and kinetic energies. Table 1 reveals that the ionization potential of 
oxygen molecule is about 12 eV so the contribution of both energies is practically the same. 
In any case, interaction of positively charged ions with solid materials causes heating so 
highly ionized plasmas are not very suitable for treatment of delicate materials such as 
cellulose for wound dressings.  

Not only charge particles but many other particles created in oxygen plasma are suitable for 
heating of cellulose materials. Highly excited atoms de-excite on the surfaces of practically 
any material at very high probability so they directly contribute to the heating. Their role, 
however, is difficult to quantify since the density of atoms in highly excited states is difficult 
to measure [44]. Theoretical simulations indicate that the density of oxygen atom 
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metastables depends largely on the excitation energy and not so much on the radiative life-
time [32]. This finding is explained by a very high probability for quenching of highly 
excited states. Quenching stands for de-excitation by mechanisms other than radiation. The 
concentration of excited oxygen atoms therefore depends on the electron density and the 
electron temperature. As long as the density of charged particles is rather low it is 
reasonable to assume a rather low density of atoms in excited states and thus negligible 
contribution to the heating of plasma facing materials. 

Another source of heating of cellulose materials is heterogeneous surface recombination of 
neutral atoms in the ground state. As mentioned earlier the density of atoms in plasma 
created by electrode-less discharge in the glass tube is always high. The available energy 
dissipated at surface recombination is 4.5 eV. As explained above this energy is shared 
between the solid material and the newly born molecule. If the surface recombination was 
intensive, the heat load would have been high enough to cause immediate burning of 
cellulose materials. The experimental observations, however, show that cellulose materials 
do not burn in plasma containing large quantities of neutral oxygen atoms providing the 
density of charged particles is very low. This observation leads to the qualitative conclusion 
that the probability for heterogeneous recombination of neutral oxygen atoms in the ground 
state is rather low. The lack of data on reaction mechanisms is unfortunately severe. While 
recombination coefficients have been determined rather accurately on many other materials 
especially inorganic, a lot of work will have to be performed on recombination of neutral 
oxygen atoms in the ground state on organic materials in order to get a good insight into 
this mechanism and thus to estimate the corresponding thermal load. The same applies for 
excited oxygen molecules. In any case, these reactions are much less important for heating of 
cellulose materials than interaction of highly excited gaseous particles, so weakly ionized, 
highly dissociated oxygen plasma is suitable for modification of surface properties of 
cellulose materials.  

The first effect of exposure of practically any organic material to oxygen plasma is 
functionalization of surface with oxygen rich functional groups. A usual technique for 
determination of functional groups is X-ray Photoelectron Spectroscopy (XPS) which is a 
very surface sensitive method with detection depth of only few nanometers. Therefore, it is 
a powerful technique for studying elemental composition and chemical state of the surfaces. 
In this chapter we present results obtained with our XPS device. The cellulose samples were 
analysed by TFA XPS instrument from Physical Electronics. The base pressure in the XPS 
analysis chamber was about 6×10-10 mbar and the samples were excited with X-rays over a 
400 µm area using monochromatic Al Kα1,2 radiation at 1486.6 eV. The photoelectrons were 
detected by a hemispherical analyser, positioned at an angle of 45° with respect to the 
surface normal. Survey-scan spectra were measured at a pass energy of 187.85 eV, while for 
C1s individual high-resolution spectra were taken at pass energy of 23.5 eV and a 0.1-eV 
energy step. An additional electron gun was used for surface neutralization of samples 
during the measurements. The measured spectra were analysed using MultiPak v7.3.1 
software from Physical Electronics, which was supplied with the spectrometer. The high-
resolution carbon C 1s peaks were fitted with symmetrical Gauss-Lorentz functions. A 
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heterogeneous surface recombination. A variety of surface physical and chemical reactions 
are exothermic. Among physical reactions one should stress weak bombardment of a 
material by positively charged ions, neutralization of charged particles, relaxation of 
metastables and recombination of neutral oxygen atoms. The thermal load obviously 
depends on the flux of reactive particles on to the surface, which in turn depends on the 
density of different particles in the gas phase. 

Since the electron temperature (Te) in plasma is much larger than the positive ion 
temperature and since they have a favourable random velocity the electrons escape from 
plasma towards the surfaces of the discharge vessel much faster than the positive ions. The 
surface of plasma facing components thus becomes negatively charged against gaseous 
plasma. The potential difference between plasma (Vp) and the surface (Vf) is created in such a 
way to repel most electrons except the fastest and accelerate ions. In steady state conditions 
the flux of electrons on to the surface is equal to the flux of positive ions. Obviously, the 
potential difference between unperturbed plasma and the solid surface increase with 
increasing electron temperature. In the first approximation the potential difference is 
calculated using equation: 
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Positively charged ions are therefore accelerated towards the surface. They impinge the 
surface with kinetic energy which corresponds to the potential difference as illustrated by 
equation (2). Their kinetic energy when impinging the surface therefore does not depend on 
the ion temperature in unperturbed plasma but rather on the potential difference between 
plasma and floating potentials. A typical value for the kinetic energy of ions impinging the 
surface is about 10 eV taking into account the collision-less sheath approximation. This 
energy is not large enough to cause implantation of ions into a solid material, but causes 
heating of the solid material. Furthermore, positively charged ions are very likely to 
neutralize on solid surfaces. As mentioned before the surfaces are negatively charged 
against plasma so electrons abound on the surface. The observed probabilities for 
neutralization of slow ions on solid materials are actually very close to 1. This means that an 
average ion reaching the surface of a plasma facing component brings energy equal to the 
sum of ionization and kinetic energies. Table 1 reveals that the ionization potential of 
oxygen molecule is about 12 eV so the contribution of both energies is practically the same. 
In any case, interaction of positively charged ions with solid materials causes heating so 
highly ionized plasmas are not very suitable for treatment of delicate materials such as 
cellulose for wound dressings.  

Not only charge particles but many other particles created in oxygen plasma are suitable for 
heating of cellulose materials. Highly excited atoms de-excite on the surfaces of practically 
any material at very high probability so they directly contribute to the heating. Their role, 
however, is difficult to quantify since the density of atoms in highly excited states is difficult 
to measure [44]. Theoretical simulations indicate that the density of oxygen atom 
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metastables depends largely on the excitation energy and not so much on the radiative life-
time [32]. This finding is explained by a very high probability for quenching of highly 
excited states. Quenching stands for de-excitation by mechanisms other than radiation. The 
concentration of excited oxygen atoms therefore depends on the electron density and the 
electron temperature. As long as the density of charged particles is rather low it is 
reasonable to assume a rather low density of atoms in excited states and thus negligible 
contribution to the heating of plasma facing materials. 

Another source of heating of cellulose materials is heterogeneous surface recombination of 
neutral atoms in the ground state. As mentioned earlier the density of atoms in plasma 
created by electrode-less discharge in the glass tube is always high. The available energy 
dissipated at surface recombination is 4.5 eV. As explained above this energy is shared 
between the solid material and the newly born molecule. If the surface recombination was 
intensive, the heat load would have been high enough to cause immediate burning of 
cellulose materials. The experimental observations, however, show that cellulose materials 
do not burn in plasma containing large quantities of neutral oxygen atoms providing the 
density of charged particles is very low. This observation leads to the qualitative conclusion 
that the probability for heterogeneous recombination of neutral oxygen atoms in the ground 
state is rather low. The lack of data on reaction mechanisms is unfortunately severe. While 
recombination coefficients have been determined rather accurately on many other materials 
especially inorganic, a lot of work will have to be performed on recombination of neutral 
oxygen atoms in the ground state on organic materials in order to get a good insight into 
this mechanism and thus to estimate the corresponding thermal load. The same applies for 
excited oxygen molecules. In any case, these reactions are much less important for heating of 
cellulose materials than interaction of highly excited gaseous particles, so weakly ionized, 
highly dissociated oxygen plasma is suitable for modification of surface properties of 
cellulose materials.  

The first effect of exposure of practically any organic material to oxygen plasma is 
functionalization of surface with oxygen rich functional groups. A usual technique for 
determination of functional groups is X-ray Photoelectron Spectroscopy (XPS) which is a 
very surface sensitive method with detection depth of only few nanometers. Therefore, it is 
a powerful technique for studying elemental composition and chemical state of the surfaces. 
In this chapter we present results obtained with our XPS device. The cellulose samples were 
analysed by TFA XPS instrument from Physical Electronics. The base pressure in the XPS 
analysis chamber was about 6×10-10 mbar and the samples were excited with X-rays over a 
400 µm area using monochromatic Al Kα1,2 radiation at 1486.6 eV. The photoelectrons were 
detected by a hemispherical analyser, positioned at an angle of 45° with respect to the 
surface normal. Survey-scan spectra were measured at a pass energy of 187.85 eV, while for 
C1s individual high-resolution spectra were taken at pass energy of 23.5 eV and a 0.1-eV 
energy step. An additional electron gun was used for surface neutralization of samples 
during the measurements. The measured spectra were analysed using MultiPak v7.3.1 
software from Physical Electronics, which was supplied with the spectrometer. The high-
resolution carbon C 1s peaks were fitted with symmetrical Gauss-Lorentz functions. A 
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Shirley-type background subtraction was used. Both the relative peak positions and the 
relative peak widths (FWHM) were fixed in the curve fitting process. 

Cellulosic fibres, in a form of woven or non-woven textiles are one of the most used wound 
dressing base materials. Therefore, the cellulose material as viscose fibres in its non-woven 
form was studied, as produced by Kemex, the Netherlands. The surface mass was 175 g/m2 
(SIST ISO 3801), the thickness under normal conditions was 1.7 mm (SIST EN ISO 5084), and 
the air permeability 650 l/m2 s (DIN 53 887). 

A typical survey spectrum of photoelectrons on cellulose material is presented in Figure 3. 
The spectrum is dominated by carbon and oxygen peaks. By far the largest carbon peak is 
marked as C1s and results from photoelectrons ejected from carbon 1s orbital. A much 
weaker peak is observed at the energy of about 25 eV. Several oxygen peaks are observed in 
the spectrum as well and the O1s predominates. The survey spectrum is suitable for 
estimation of the material composition in the surface layer with the thickness of few 
nanometres but tells nothing about the functional groups. In order to reveal the chemical 
structure one should acquire a high-resolution spectrum of C1s. Such a spectrum is shown 
in Figure 4 for the case of a very flat cellulose material while a corresponding spectrum for 
cellulose material used for wound dressing is shown in Figure 5. The curve presented in 
Figure 4 reveals three different functional groups. The major peak at about 286.4 eV 
corresponds to C-O functional group which abounds in cellulose materials. A well 
distinguished peak at 284.8 eV corresponds to the C-C bonds, while the third one which 
appears as a shoulder at about 287.9 eV corresponds to the O-C-O bond. The spectrum 
presented in Figure 5, on the other hand, does not reveal well expressed peaks due to the 
artefacts typical for this sort of surface characterization. The major reason for unclear peaks 
is a rich roughness of the material. Detailed explanation of such deviations is presented 
elsewhere [45]. 

 
Figure 3. A survey spectrum of cellulose material 

0

5000

10000

15000

20000

25000

30000

35000

40000

01002003004005006007008009001000
Binding energy (eV)

In
te

ns
ity

 (c
ou

nt
s/

s)

C1s

O1s

 
Plasma Induced Hydrophilic Cellulose Wound Dressing 175 

 
Figure 4. A high-resolution XPS spectrum obtained on a cellulose film 

The survey spectrum of cellulose used for wound dressings treated by oxygen plasma is not 
much different from the one presented in Figure 3 so it is not shown in this chapter. Instead, 
a comparison of atomic composition between non-treated and oxygen plasma treated 
cellulose is presented in Table 3. Of particular importance is the ratio between oxygen and 
carbon atoms as detected by XPS and presented in Table 3. One could observe a large 
difference of almost 20 %. Here, it is worth stressing that the escape depth of photoelectrons 
is several nm so the experimental technique give somehow averaged value over the few nm 
thick surface layer. Taking into account gradients of oxygen concentration (it is the largest 
on the very surface) one could qualitatively argue that the actual oxygen concentration on 
the very surface is much larger than shown in Table 3. Any gradients in the elemental 
composition in a thin surface film could be estimated by tilting the sample during XPS 
characterization but such procedure is efficient only in the case of very flat samples. 
Cellulose materials used for wound dressings definitely do not fulfil this condition. 
 

Sample treatment 
Surface composition (at. %) 

C O O/C ratio 
Non-treated 57.2 42.2 0.73 
Oxygen plasma treated 52.1 47.9 0.91 

Table 3. Surface composition of non-treated and oxygen plasma treated cellulose fabric 

Figure 6 represents a typical high resolution C 1s peak of cellulose material which has been 
treated by oxygen plasma. Unlike the non-treated material the peak now contains four 
different sub-peaks. The newly formed sub-peak at high binding energies in Figure 6 
corresponds to a new functional group which is formed on the cellulose material during 
treatment with oxygen plasma and it corresponds to the carboxyl functional group  
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Shirley-type background subtraction was used. Both the relative peak positions and the 
relative peak widths (FWHM) were fixed in the curve fitting process. 

Cellulosic fibres, in a form of woven or non-woven textiles are one of the most used wound 
dressing base materials. Therefore, the cellulose material as viscose fibres in its non-woven 
form was studied, as produced by Kemex, the Netherlands. The surface mass was 175 g/m2 
(SIST ISO 3801), the thickness under normal conditions was 1.7 mm (SIST EN ISO 5084), and 
the air permeability 650 l/m2 s (DIN 53 887). 

A typical survey spectrum of photoelectrons on cellulose material is presented in Figure 3. 
The spectrum is dominated by carbon and oxygen peaks. By far the largest carbon peak is 
marked as C1s and results from photoelectrons ejected from carbon 1s orbital. A much 
weaker peak is observed at the energy of about 25 eV. Several oxygen peaks are observed in 
the spectrum as well and the O1s predominates. The survey spectrum is suitable for 
estimation of the material composition in the surface layer with the thickness of few 
nanometres but tells nothing about the functional groups. In order to reveal the chemical 
structure one should acquire a high-resolution spectrum of C1s. Such a spectrum is shown 
in Figure 4 for the case of a very flat cellulose material while a corresponding spectrum for 
cellulose material used for wound dressing is shown in Figure 5. The curve presented in 
Figure 4 reveals three different functional groups. The major peak at about 286.4 eV 
corresponds to C-O functional group which abounds in cellulose materials. A well 
distinguished peak at 284.8 eV corresponds to the C-C bonds, while the third one which 
appears as a shoulder at about 287.9 eV corresponds to the O-C-O bond. The spectrum 
presented in Figure 5, on the other hand, does not reveal well expressed peaks due to the 
artefacts typical for this sort of surface characterization. The major reason for unclear peaks 
is a rich roughness of the material. Detailed explanation of such deviations is presented 
elsewhere [45]. 

 
Figure 3. A survey spectrum of cellulose material 

0

5000

10000

15000

20000

25000

30000

35000

40000

01002003004005006007008009001000
Binding energy (eV)

In
te

ns
ity

 (c
ou

nt
s/

s)

C1s

O1s

 
Plasma Induced Hydrophilic Cellulose Wound Dressing 175 

 
Figure 4. A high-resolution XPS spectrum obtained on a cellulose film 

The survey spectrum of cellulose used for wound dressings treated by oxygen plasma is not 
much different from the one presented in Figure 3 so it is not shown in this chapter. Instead, 
a comparison of atomic composition between non-treated and oxygen plasma treated 
cellulose is presented in Table 3. Of particular importance is the ratio between oxygen and 
carbon atoms as detected by XPS and presented in Table 3. One could observe a large 
difference of almost 20 %. Here, it is worth stressing that the escape depth of photoelectrons 
is several nm so the experimental technique give somehow averaged value over the few nm 
thick surface layer. Taking into account gradients of oxygen concentration (it is the largest 
on the very surface) one could qualitatively argue that the actual oxygen concentration on 
the very surface is much larger than shown in Table 3. Any gradients in the elemental 
composition in a thin surface film could be estimated by tilting the sample during XPS 
characterization but such procedure is efficient only in the case of very flat samples. 
Cellulose materials used for wound dressings definitely do not fulfil this condition. 
 

Sample treatment 
Surface composition (at. %) 

C O O/C ratio 
Non-treated 57.2 42.2 0.73 
Oxygen plasma treated 52.1 47.9 0.91 

Table 3. Surface composition of non-treated and oxygen plasma treated cellulose fabric 

Figure 6 represents a typical high resolution C 1s peak of cellulose material which has been 
treated by oxygen plasma. Unlike the non-treated material the peak now contains four 
different sub-peaks. The newly formed sub-peak at high binding energies in Figure 6 
corresponds to a new functional group which is formed on the cellulose material during 
treatment with oxygen plasma and it corresponds to the carboxyl functional group  
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Figure 5. A high-resolution XPS spectrum obtained on cellulose material used for wound dressing 
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O=C-OH. Furthermore, the sub-peak C-C in Figures 5 and 6 is much smaller after plasma 
treatment, while the O-C-O sub-peak is enlarged somehow and it can contain also 
contribution of C=O bonds. Taking into account upper considerations one can easily 
speculate that the C-C bonds completely vanish from the very surface of cellulose material 
upon oxygen plasma treatment. Plasma treatment thus facilitates formation of a functional 
group which is extremely polar and thus increases the polar component of the surface 
energy which in turn leads to improved soaking properties of the cellulose material. 

XPS results indicate information of surface functional groups which should influence 
sorption properties of cellulose materials. One of the best techniques for studying the 
sorption properties is contact angle measurements. This is actually one of the oldest 
experimental techniques, and probably the simplest. In its basic configuration it is just a 
drop of water placed onto a surface of the material for which the surface properties are to be 
determined. Large contact angles of a water drop indicate hydrophobic character of a 
material, while small contact angles are typical for hydrophilic materials. Such a simple 
technique is applicable for rapid estimation of the surface character but it is not accurate and 
usually fails at attempt to use it on porous materials such as cellulose for wound dressing. In 
order to overcome the limitations of the method in its original form more sophisticated 
versions have been developed and applied by different authors [46-51]. Although large 
progress has been obtained in the last decades the technique is still regarded semi-
quantitative due to complexity of interaction between liquid drops and solid materials. In 
order to give a comprehensive explanation of this technique we present different models 
currently used for quantification of measured results.  

Contact angle measurements, which can be used to characterize the 
hydrophobic/hydrophilic properties of surfaces and from which changes in adhesion can be 
calculated [52], are frequently used to evaluate the effect of chemical changes on the 
adhesive properties of polymer surfaces. Various approaches for further analyses of these 
properties have appeared. It is generally agreed that the surface free energy contains the 
non-polar and polar components. In this sense, the dispersive (Lifshitz van der Waals, LW) 
and polar (acid-base, AB) interactions are known. The most common mathematical models 
used for determining the surface free energy (SFE) are the ones suggested by Fowkes [53-
54], Zisman [55], Kwok and Neumann [56], denoted “Equation of state”, Rabel [57], Kaelble 
[58-59], Owens and Wendt [60], denoted “OW”, and van Oss, Chaudhury and Good [61-63], 
denoted “vOGC”. 

The determination of the solid SFE is a complex procedure, and it cannot be measured 
directly. As such, the evaluation technique consists of three stages i) characterisation of test 
liquids using Wilhelmy plate (platinum and PTFE) and Du-Nuoy ring methods, ii) contact 
angle determination by bringing various standard liquids in contact with the solid surface, 
and iii) evaluating the SFE by using an appropriate mathematical model. Prior to contact 
angle determination, standard liquids must be investigated in order to determine their 
surface tensions (SFT) and their dispersive and polar components. Test liquids with 
different surface tensions and different polar and dispersive components must be chosen in 
order to determine the SFE. 
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Figure 5. A high-resolution XPS spectrum obtained on cellulose material used for wound dressing 
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O=C-OH. Furthermore, the sub-peak C-C in Figures 5 and 6 is much smaller after plasma 
treatment, while the O-C-O sub-peak is enlarged somehow and it can contain also 
contribution of C=O bonds. Taking into account upper considerations one can easily 
speculate that the C-C bonds completely vanish from the very surface of cellulose material 
upon oxygen plasma treatment. Plasma treatment thus facilitates formation of a functional 
group which is extremely polar and thus increases the polar component of the surface 
energy which in turn leads to improved soaking properties of the cellulose material. 

XPS results indicate information of surface functional groups which should influence 
sorption properties of cellulose materials. One of the best techniques for studying the 
sorption properties is contact angle measurements. This is actually one of the oldest 
experimental techniques, and probably the simplest. In its basic configuration it is just a 
drop of water placed onto a surface of the material for which the surface properties are to be 
determined. Large contact angles of a water drop indicate hydrophobic character of a 
material, while small contact angles are typical for hydrophilic materials. Such a simple 
technique is applicable for rapid estimation of the surface character but it is not accurate and 
usually fails at attempt to use it on porous materials such as cellulose for wound dressing. In 
order to overcome the limitations of the method in its original form more sophisticated 
versions have been developed and applied by different authors [46-51]. Although large 
progress has been obtained in the last decades the technique is still regarded semi-
quantitative due to complexity of interaction between liquid drops and solid materials. In 
order to give a comprehensive explanation of this technique we present different models 
currently used for quantification of measured results.  

Contact angle measurements, which can be used to characterize the 
hydrophobic/hydrophilic properties of surfaces and from which changes in adhesion can be 
calculated [52], are frequently used to evaluate the effect of chemical changes on the 
adhesive properties of polymer surfaces. Various approaches for further analyses of these 
properties have appeared. It is generally agreed that the surface free energy contains the 
non-polar and polar components. In this sense, the dispersive (Lifshitz van der Waals, LW) 
and polar (acid-base, AB) interactions are known. The most common mathematical models 
used for determining the surface free energy (SFE) are the ones suggested by Fowkes [53-
54], Zisman [55], Kwok and Neumann [56], denoted “Equation of state”, Rabel [57], Kaelble 
[58-59], Owens and Wendt [60], denoted “OW”, and van Oss, Chaudhury and Good [61-63], 
denoted “vOGC”. 

The determination of the solid SFE is a complex procedure, and it cannot be measured 
directly. As such, the evaluation technique consists of three stages i) characterisation of test 
liquids using Wilhelmy plate (platinum and PTFE) and Du-Nuoy ring methods, ii) contact 
angle determination by bringing various standard liquids in contact with the solid surface, 
and iii) evaluating the SFE by using an appropriate mathematical model. Prior to contact 
angle determination, standard liquids must be investigated in order to determine their 
surface tensions (SFT) and their dispersive and polar components. Test liquids with 
different surface tensions and different polar and dispersive components must be chosen in 
order to determine the SFE. 
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The surface tensions of all liquids, except water, are determined using the Wilhelmy plate 
method according to DIN 53 914. The Du-Nuöy ring method according to DIN 53 993 is 
applied for water. The pulling force of a liquid, when it is brought into contact with the 
lower edge of the platinum plate or the ring, is a linear measure of the liquid surface tension, 
l, i.e. for the plate: 
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where Fw is the force on the plate, Fmax is the maximum pull on the ring, and Fb and Fr are the 
buoyancy corrections for the plate and the ring, respectively, L is the wetted length (mm) i.e. 
for the plate L=2(a+b) where a is the thickness and b is the width of the plate, and for the ring 
L=4R where R is the major radius of the ring, and  is the contact angle (°). Both the ring 
and the plate are made of platinum and it is assumed that the contact angle of all liquids on 
platinum is 0o. 

The dispersive component of used test liquid is determined by measuring the contact 
angle between standard poly(tetrafluoroethylene) (PTFE) plate and liquid. According to 
Good et al. [64] PTFE is assumed to be capable only of dispersive interactions (S=SD=18.0 
mJ/m2 and SP=0 mJ/m2). The polar component of the liquid can be then calculated by the 
difference as: 

 p d
l l l     (5) 

where l   is the surface tension of the wetting liquid, d
l  is the dispersive surface tension 

component of the wetting liquid, p
l  is the polar surface tension component of the wetting 

liquid. 

Contact angle between a cellulose sample and a liquid drop is determined using a capillary 
rise technique [65], applicable for porous materials. The samples weight is measured as a 
function of time during the adsorption of the liquid phase. The wetting rate curve (m2/t) is 
used to determine the contact angle using modified Washburn equation [66-67]: 
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where  is the contact angle between the solid and liquid phases, m is the weight of the 
liquid that penetrates into sample, t is the penetration time,  is the liquid viscosity,  is the 
liquid density,  is the surface tension of the liquid, and c is a material constant. N-heptane 
or n-hexane (for which the contact angle on the solid sample is zero) is used as a liquid (for 
which the cos=1), in order to determine the material constant. 
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Using water as the test liquid, hydrophilic/hydrophobic properties of solid surfaces are 
described by contact angle measurement results i.e. the hydrophilic (  90o) or hydrophobic 
( > 90o). Contact angle measurement results, using various standard liquids, the samples 
surface energy can be determined using one among several common models for evaluating.  

Fowkes SFE model [53-54] takes advantage of the theory that the molecular interactions 
contributing to surface tension are divided into two groups: dispersion (non-polar) 
interactions and polar interactions, i.e.:  

 pd     (7) 

and that the adhesion (W) between two materials 1 and 2 that interact only through 
dispersive forces ( 0p  ) are estimated from: 

 12 1 22 .d dW    (8) 

The thermodynamic work of adhesion Wa of a liquid with surface tension l on a solid with 
surface tension s is defined by: 

 ,a s l slW       (9) 

where sl is the solid-liquid interfacial tension. 

The Young equation for the equilibrium contact angle on a solid surface is: 

 ,0cos ,l s sl s        (10) 

where s,0 is the surface energy of the pure solid and s is the surface pressure due to 
adsorption on the solid. On low-energy surfaces s is usually assumed to be insignificant, i.e. 
s,0 = s,. Combination with Equation (9) then yields the Young-Dupré equation: 

  W cos 1 .a l     (11) 

The combination of Equations 8, 9 and 11 gives: 
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The surface tensions of all liquids, except water, are determined using the Wilhelmy plate 
method according to DIN 53 914. The Du-Nuöy ring method according to DIN 53 993 is 
applied for water. The pulling force of a liquid, when it is brought into contact with the 
lower edge of the platinum plate or the ring, is a linear measure of the liquid surface tension, 
l, i.e. for the plate: 
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where Fw is the force on the plate, Fmax is the maximum pull on the ring, and Fb and Fr are the 
buoyancy corrections for the plate and the ring, respectively, L is the wetted length (mm) i.e. 
for the plate L=2(a+b) where a is the thickness and b is the width of the plate, and for the ring 
L=4R where R is the major radius of the ring, and  is the contact angle (°). Both the ring 
and the plate are made of platinum and it is assumed that the contact angle of all liquids on 
platinum is 0o. 

The dispersive component of used test liquid is determined by measuring the contact 
angle between standard poly(tetrafluoroethylene) (PTFE) plate and liquid. According to 
Good et al. [64] PTFE is assumed to be capable only of dispersive interactions (S=SD=18.0 
mJ/m2 and SP=0 mJ/m2). The polar component of the liquid can be then calculated by the 
difference as: 
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where l   is the surface tension of the wetting liquid, d
l  is the dispersive surface tension 

component of the wetting liquid, p
l  is the polar surface tension component of the wetting 

liquid. 

Contact angle between a cellulose sample and a liquid drop is determined using a capillary 
rise technique [65], applicable for porous materials. The samples weight is measured as a 
function of time during the adsorption of the liquid phase. The wetting rate curve (m2/t) is 
used to determine the contact angle using modified Washburn equation [66-67]: 
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where  is the contact angle between the solid and liquid phases, m is the weight of the 
liquid that penetrates into sample, t is the penetration time,  is the liquid viscosity,  is the 
liquid density,  is the surface tension of the liquid, and c is a material constant. N-heptane 
or n-hexane (for which the contact angle on the solid sample is zero) is used as a liquid (for 
which the cos=1), in order to determine the material constant. 
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Using water as the test liquid, hydrophilic/hydrophobic properties of solid surfaces are 
described by contact angle measurement results i.e. the hydrophilic (  90o) or hydrophobic 
( > 90o). Contact angle measurement results, using various standard liquids, the samples 
surface energy can be determined using one among several common models for evaluating.  

Fowkes SFE model [53-54] takes advantage of the theory that the molecular interactions 
contributing to surface tension are divided into two groups: dispersion (non-polar) 
interactions and polar interactions, i.e.:  

 pd     (7) 

and that the adhesion (W) between two materials 1 and 2 that interact only through 
dispersive forces ( 0p  ) are estimated from: 

 12 1 22 .d dW    (8) 

The thermodynamic work of adhesion Wa of a liquid with surface tension l on a solid with 
surface tension s is defined by: 

 ,a s l slW       (9) 

where sl is the solid-liquid interfacial tension. 

The Young equation for the equilibrium contact angle on a solid surface is: 

 ,0cos ,l s sl s        (10) 

where s,0 is the surface energy of the pure solid and s is the surface pressure due to 
adsorption on the solid. On low-energy surfaces s is usually assumed to be insignificant, i.e. 
s,0 = s,. Combination with Equation (9) then yields the Young-Dupré equation: 
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The combination of Equations 8, 9 and 11 gives: 
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Therefore, when only dispersive interactions are significant, the dispersive component of the 
surface tension of the liquid can be determined by measuring the contact angle of a liquid 
on a solid with a known���. The polar component of the surface tension is then determined 
by Equation (5). 

The Owens-Wendt-Rabel-Kaelble (OW) SFE model [59-60] assumes that the polar 
interaction between solid and liquid can be estimated by a combination of p

l  and p
s . Thus, 

in the model it is proposed that the polar component can be described by a geometric mean 
(GM) approximation i.e.: 

 2 2 ,p pd d
sl s l s l s l           (15) 

  1 cos 2 2 ,p pd d
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where p
s  and p

l are the polar components of the surface free energies of the solid and the 
liquid, respectively. Equation 15 can be used to determine p

s  by measuring the contact 
angle of two liquids with known d

l  and p
l  (usually one with only dispersive and one with 

both dispersive and polar components). This approach has been criticized for being too 
simple because a polar, but purely acidic surface will show only dispersive interactions with 
acid solvents, and the same will be the case for the interaction of basic surfaces with basic 
solvents [68-69]. However, it has received widespread use as a method to characterise the 
adhesive properties of polymers, because at least two various liquids are necessary to 
measure the contact angle and then solve the system of equations. One of these liquids 
should be characterized by high value of ���and low value of ��� and the second liquid - 
inversely. The most often, water and diiodomethane were used as the pair of testing liquids.  

In order to average the interactions with several solvents, Owens and Wendt [60] wrote 
Equation 16 in the linear form: 

 ,y ax b   (17) 
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Thus, in the OW approach, the contact angles of several liquids with known values of l , d
l  

and p
l  are measured after which data are fitted to straight lines (Equation 17). The slope 

and intercept of this line yields values of d
l  and p

l  (Equations 18 and 19). 

Several professional devices are currently available for characterisation of surface properties 
by contact angle methods. The work described in this contribution has been performed 
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using a professional device Kruss K12. The KRÜSS Tensiometer of the K12 series is the 
standard for the measurement of the surface and interfacial tension of liquids and solids. 
This instrument enables measuring surface and interfacial tension measurement of liquids, 
dynamic contact angle measurements, wetting behaviour of tablets, pharmaceutical active 
substances, auxiliaries, lacquers, paints, and printing inks, of fibre bundles, textiles, wetting 
and adhesion of coatings. The K12 Tensiometer has been specially designed for versatile and 
demanding applications in research of surface-active agent development, wetting properties 
of tablets, pharmaceutical active ingredients and auxiliary products, pigments, as well as in 
textiles, and monitoring surface optimization in the production of polymers and foils, 
lacquers, dyes, inks. 

In order to evaluate the SFE of cellulose materials for wound dressing 6 different test 
liquids: water, ethylene glycol, ethanol, chloroform, tetrahydrofuran, and diiodomethane 
have been used. The results of surface tensions and contact angles of water and 
diiodomethane were used for geometric mean (GM) calculations (Equation 16). In OW 
calculations (Equation 18 and 19) the data for all six solvents were used. 

The total surface tension and its dispersive and polar components have been measured and 
are found as follows: water ( = 72 mJ/m2; d = 28 mJ/m2; p = 44 mJ/m2); Ethylene glycol ( = 
48 mJ/m2; d = 26 mJ/m2; p = 21 mJ/m2); Ethanol ( = 22 mJ/m2; d = 20 mJ/m2; p = 2 mJ/m2); 
Chloroform ( = 27 mJ/m2; d = 26 mJ/m2; p = 1 mJ/m2); Tetrahydrofuran ( = 27 mJ/m2; d = 12 
mJ/m2; p = 15 mJ/m2), and Diiodomethane ( = 51 mJ/m2; d = 51 mJ/m2; p = 0 mJ/m2). These 
measured values were used in evaluation of SFE using the mathematical model described 
above. 

The cellulose samples were cut into rectangular pieces (2 x 5 cm2) and hung up onto the 
sample holder in the Tensiometer Krüss K12 apparatus. Non-treated and plasma treated 
cellulose materials for wound dressing have been characterised by all six liquids. The 
wetting rise curves for water as the test liquid are presented in Figure 7. The results were 
statistically processed (a set of parallel measurements of wetting rise curves were performed 
until the standard deviation of calculated contact angle was less than 2o) and represent the 
average value of at least ten measurements of each sample. 

The slope of curves presented in Figure 7 characterise the rate of water sorption. One can 
observe a significant difference in the rate of water sorption when comparing non-treated 
and plasma treated cellulose samples. In the case of plasma treated cellulose sample, the rate 
of water sorption was very fast at the beginning, while after a few seconds (e.g. 10 s) the 
sorption slows and curve riches plateau indicating complete wetting of the material.  

The wetting rise curves obtained using test liquids allow for determination of the contact 
angles which are used for evaluating the surface energies of non-treated and plasma treated 
materials, their dispersive and polar components. The contact angles are shown in Figure 8, 
while the corresponding values for surface energy, polar and dispersive components (as 
obtained by using Owens-Wendt-Rabel-Kaelble (OW) model) are summarised in Figure 9. 
As shown in Figure 8 the highest contact angles by all samples were determined using 
diiodomethane as a test liquid. The lowest values were obtained by ethylene glycol. The  
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Therefore, when only dispersive interactions are significant, the dispersive component of the 
surface tension of the liquid can be determined by measuring the contact angle of a liquid 
on a solid with a known���. The polar component of the surface tension is then determined 
by Equation (5). 
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acid solvents, and the same will be the case for the interaction of basic surfaces with basic 
solvents [68-69]. However, it has received widespread use as a method to characterise the 
adhesive properties of polymers, because at least two various liquids are necessary to 
measure the contact angle and then solve the system of equations. One of these liquids 
should be characterized by high value of ���and low value of ��� and the second liquid - 
inversely. The most often, water and diiodomethane were used as the pair of testing liquids.  

In order to average the interactions with several solvents, Owens and Wendt [60] wrote 
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using a professional device Kruss K12. The KRÜSS Tensiometer of the K12 series is the 
standard for the measurement of the surface and interfacial tension of liquids and solids. 
This instrument enables measuring surface and interfacial tension measurement of liquids, 
dynamic contact angle measurements, wetting behaviour of tablets, pharmaceutical active 
substances, auxiliaries, lacquers, paints, and printing inks, of fibre bundles, textiles, wetting 
and adhesion of coatings. The K12 Tensiometer has been specially designed for versatile and 
demanding applications in research of surface-active agent development, wetting properties 
of tablets, pharmaceutical active ingredients and auxiliary products, pigments, as well as in 
textiles, and monitoring surface optimization in the production of polymers and foils, 
lacquers, dyes, inks. 

In order to evaluate the SFE of cellulose materials for wound dressing 6 different test 
liquids: water, ethylene glycol, ethanol, chloroform, tetrahydrofuran, and diiodomethane 
have been used. The results of surface tensions and contact angles of water and 
diiodomethane were used for geometric mean (GM) calculations (Equation 16). In OW 
calculations (Equation 18 and 19) the data for all six solvents were used. 

The total surface tension and its dispersive and polar components have been measured and 
are found as follows: water ( = 72 mJ/m2; d = 28 mJ/m2; p = 44 mJ/m2); Ethylene glycol ( = 
48 mJ/m2; d = 26 mJ/m2; p = 21 mJ/m2); Ethanol ( = 22 mJ/m2; d = 20 mJ/m2; p = 2 mJ/m2); 
Chloroform ( = 27 mJ/m2; d = 26 mJ/m2; p = 1 mJ/m2); Tetrahydrofuran ( = 27 mJ/m2; d = 12 
mJ/m2; p = 15 mJ/m2), and Diiodomethane ( = 51 mJ/m2; d = 51 mJ/m2; p = 0 mJ/m2). These 
measured values were used in evaluation of SFE using the mathematical model described 
above. 

The cellulose samples were cut into rectangular pieces (2 x 5 cm2) and hung up onto the 
sample holder in the Tensiometer Krüss K12 apparatus. Non-treated and plasma treated 
cellulose materials for wound dressing have been characterised by all six liquids. The 
wetting rise curves for water as the test liquid are presented in Figure 7. The results were 
statistically processed (a set of parallel measurements of wetting rise curves were performed 
until the standard deviation of calculated contact angle was less than 2o) and represent the 
average value of at least ten measurements of each sample. 

The slope of curves presented in Figure 7 characterise the rate of water sorption. One can 
observe a significant difference in the rate of water sorption when comparing non-treated 
and plasma treated cellulose samples. In the case of plasma treated cellulose sample, the rate 
of water sorption was very fast at the beginning, while after a few seconds (e.g. 10 s) the 
sorption slows and curve riches plateau indicating complete wetting of the material.  

The wetting rise curves obtained using test liquids allow for determination of the contact 
angles which are used for evaluating the surface energies of non-treated and plasma treated 
materials, their dispersive and polar components. The contact angles are shown in Figure 8, 
while the corresponding values for surface energy, polar and dispersive components (as 
obtained by using Owens-Wendt-Rabel-Kaelble (OW) model) are summarised in Figure 9. 
As shown in Figure 8 the highest contact angles by all samples were determined using 
diiodomethane as a test liquid. The lowest values were obtained by ethylene glycol. The  
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Figure 7. The wetting rise curves for non-treated and oxygen plasma treated cellulose wound dressing 
obtained with water 

 

 
Figure 8. Contact angles of test liquids on non-treated and plasma treated cellulose 
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water contact angle determined using water was 66o. As well, similar results were obtained 
by Hsieh et al., where the water contact angle varied from 56o to 60o depending on 
measuring the contact angle on a single fibre or on a woven fabric [70]. Simoncic et al. 
obtained even higher values, i.e. 73o for a plane-wave cotton sample [71], and 80o for a 
desized and alkaline scoured cotton samples [72]. In addition, modified Washburn equation 
as applied procedure for porous samples leads to overestimated contact angle values 
compared to those measured directly on smooth surfaces of the same solid, if such surface 
can be obtained at all [69, 73]. The results indicate a decrease of contact angles for all liquids 
on plasma treated samples; most effect is evident when using water as the test liquid. 
Contact angle decrease is explained by increased polarity due to plasma activation. 

 
Figure 9. The total surface energy, their dispersive and polar components of non-treated and plasma 
treated cellulose, as evaluated using OW model 

As discussed earlier by other authors [68-69, 74-75], the values of SFEs and their components 
depend on the choice of solvents and on the combination of the test liquids chosen. In 
addition, it should be kept in mind that independently of the applied approaches, the 
obtained values for surface free energy and its components are relative ones and regarded 
as indicators of the adhesive properties of the surfaces and not as measures of their actual 
SFEs. Therefore studies on new approaches and experimental procedures to solve the 
problems are still needed. 

Both XPS and SFE results indicate important modifications of the surface properties of 
cellulose as a consequence of plasma treatment. Formation of oxygen rich functional groups 
on the cellulose surface causes an increase of the surface energy, especially the polar 
component. Although the techniques cannot reveal the mechanisms involved in interactions 
of oxygen plasma with cellulose materials it is possible to explain the results by taking 
advantage of the known properties of oxygen plasma. Experiments on modification of 
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component. Although the techniques cannot reveal the mechanisms involved in interactions 
of oxygen plasma with cellulose materials it is possible to explain the results by taking 
advantage of the known properties of oxygen plasma. Experiments on modification of 



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 184 

cellulose materials presented in this work have been performed using weekly ionised 
oxygen plasma. As mentioned earlier, such plasma created in a glass-discharge chamber is 
rich in neutral reactive particles. The density of charged particles in our plasma is about 1015 
m3. The corresponding flux of ions onto the surface is of the order of 10 17 m-2 s-1. This flux is 
rather low specially when taking into account a very large surface of cellulose materials 
used in wound dressings. The modification of surface properties thus cannot be explained 
by interaction of positively charged oxygen ions with solid material. The functionalization 
of material is rather explained by interaction with particles which abound in our plasma. 
The non-equilibrium gas is rich in neutral oxygen molecules excited to the first state, and the 
dissociation fraction is also very high. The excited molecules and neutral oxygen atoms are 
therefore appropriate candidates for explanation of the observed surface properties. 
Unfortunately, very little work has been reported on interaction of excited oxygen molecules 
with solid materials. Many authors agree that probability for surface de-excitation of 
molecules with the excitation energy of only 1 eV is always low and practically independent 
from characteristics of solid materials. On the other hand, the literature on interaction 
between neutral oxygen atoms and solid materials abounds [76-80].  

Different authors reported moderate interaction probabilities. The chemical reactivity 
definitely depends on the type of organic material, but it seems that all authors observed 
rapid functionalization of practically all organic materials upon exposure to oxygen atoms. 
The improved surface properties of cellulose material are therefore explained by chemical 
interaction between neutral oxygen atoms in the ground state and cellulose materials. The 
interaction leads to formation of oxygen rich functional groups. The etching of cellulose 
material upon treatment with oxygen atoms also occurs but it can be considered as a minor 
effect as long as the temperature of cellulose materials remains low. The etching is 
illustrated in Figure 10, which presents high resolution scanning electron microscope images 
of non-treated and plasma treated cellulose materials. 

 

 
Figure 10. SEM images of non-treated (a) and plasma treated (b) cellulose fibres 
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Figure 10 reveals a richer surface morphology of cellulose fibres treated by oxygen plasma. 
Obviously, some etching occurred during plasma treatment. This observation is sound with 
effects reported in appropriate literature. Namely, many authors have shown that a 
treatment of organic materials with gaseous plasma leads to increased surface roughness 
[77, 81-83]. While the effect is not yet fully understood, a plausible explanation is selective 
interaction with amorphous and crystalline segments of cellulose materials. Namely, the 
interaction between neutral oxygen atoms and organic materials is extremely selective. It 
has to be pointed out that even chemically identical materials are etched at different rates 
upon exposure to oxygen plasma [84]. In the cited reference [84] major differences in the 
behaviour of PET polymer with different degrees of crystallinity were reported.   
An important consideration associated with plasma treatment is modification of bulk 
properties of plasma treated materials. A suitable method for estimation of such 
modifications is measurement of the breaking force and elongation. Figure 11 represents 
typical results of such measurements. The results are rather surprising: the breaking force 
does not decrease after plasma treatment but even a small increase is observed, while the 
elongation is reduced. Since the breaking force and elongation should not depend much on 
plasma treatment, the results are difficult to explain. Still, the observed improve of the 
mechanical properties might be explained by increased surface wettability. Namely, the 
attraction force between particular fibres in the cellulose material may increase as a result of 
the surface functionalization. Therefore the shrinkage of the origin emptiness between 
longitudinal and horizontal placed fibres occurred resulting in more compact structure of 
the material. In any case, the modification of the mechanical properties is not very relevant 
for the application of cellulose materials in wound dressings since they are designed for 
regular changing and disposal (and not washing). 

 
Figure 11. The breaking force and elongation for non-treated and plasma treated cellulose materials 
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Finally is worth mentioning that cellulose materials for wound dressings are usually not 
used directly after surface modifications. An important consideration is ageing of plasma 
treated materials [77, 85-87]. The surface functional groups are found in non-equilibrium 
state and any thermodynamically non-equilibrium system tends to approach the 
equilibrium value. Oxygen rich functional groups may decay by spontaneous release of 
excessive oxygen, may re-orient from the surface towards the bulk, or may be simply 
blocked by adsorption of gaseous molecules present in the atmosphere. In order to address 
the ageing properly, a set of experiments have been performed. Table 4 reveals time 
dependency of plasma activation effects presented as the loss of oxygen, as determined by 
XPS and water contact angle results on cellulose measured 1 and 4 days after activation 
treatment was performed. It is found that the loos rates are within the limits of the 
experimental error, so it can be concluded that functional groups formed on the surface of 
cellulose upon exposure to weakly ionized highly dissociated oxygen plasma are rather 
stable. Figure 12 presents the results of breaking force and elongation of cellulose materials 
after 10 days since plasma treatment. Again, any modification of these parameters is within 
the limits of the experimental error. Still, it can be observed that the water contact angle 
slowly increases with increasing ageing time (see Table 4), but the increase is not dramatic, 
which indicates that plasma modification of cellulose materials for wound dressings is 
suitable for practical applications. To demonstrate this, sorption properties evaluated by two 
different solutions (i.e. synthetic exudate and blood) to simulate real system, were used. As 
presented in Figure 13, plasma treated samples revealed as effective absorbent for wound 
fluids i.e. synthetic exudate and blood. The results evident a 3-times faster up-taking of 
blood and a 15-times faster sorption of exudate by plasma treated samples. One can 
conclude that the plasma effect was not as significant as by water sorption (see Figure 7), but 
one should keep in mind that chemical composition of wound fluids are different. Wound 
exudate may be beneficial, but it can also be problematic, especially in chronic wounds such 
as leg ulcers. In leg ulcer patients, exudate levels may be high even from small ulcers. 
Nevertheless, the obtained results illustrate the value of using plasma modified cellulose 
material as a dressing in order to control exudating by facilitating and supporting the 
healing of the wound. 
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3. Conclusion 

Oxygen plasma treatment is a suitable method to improve the quality of cellulose materials. 
The drastically improvement in sorption capacity far outweigh the minor changes in 
mechanical properties; while no changes in morphology was observed. Ageing of plasma 
activation effect was insignificant present within a few days concerning hydrophilicity and 
tensile properties. Since oxygen plasma contains a variety of different reactive particles, the 
proper choice of plasma parameters is the key issue. Plasma containing rather large 
concentration of charged particles is better to be avoided since it usually leads to excessive 
thermal effects and thus degradation of the material. The available energy dissipated on the 
cellulose surface at the interaction between charged particles and solid material is simply 
too large to assure for modification of cellulose material at low temperature. Instead of 
moderately ionised plasma it is better to use extremely weekly ionised plasma with a large 
density of neutral reactive particles. The best species in term of reasonable chemical 
reactivity and low thermal load are neutral oxygen atoms in the ground state. Plasma rich 
with these particles, but poor in charged particles, is created using an electrodeless high 
frequency discharge. The absence of electrodes in such discharges is favourable since it 
prevents substantial drain of neutral oxygen atoms by heterogeneous surface 
recombination. Best materials for construction of a suitable plasma reactor are different 
glasses and some ceramics. The plasma facing components should be smooth and should 
not allow for chemisorption of neutral oxygen atoms. If this requirements are fulfilled the 
dissociation fraction of oxygen molecules in gaseous plasma at pressures up to several mbar, 
exceeds the ionisation fraction for at least five orders of magnitudes. Such plasma is 
therefore safe to use since it does not lead to excessive exothermic reactions and thus 
thermal degradation of treated materials. Based on that, plasma treatment is advantage 
surface activation procedure in order to obtain super-hydrophilic matric, used as a potential 
layer in wound dressings. 
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1. Introduction 
Cellulose, a natural polymer, has been widely used in blood purification due to its good 
biocompatibility, and excellent processing which can be easily formulated into beads, 
membranes and hollow fibers. Sorbent-perfusion is a novel approach of blood purification 
which can specifically remove endogenous and exogenous pathogenic toxins from the blood 
of patients [1]. The technique involves passing whole blood or plasma of the patient through 
a cartridge filled with an adsorbent which can easily adsorb the toxin molecules, see Figure 
1 a,b. According to selectivity, generally adsorbents can be classified as broad spectrum, 
affinity adsorbents and immuno-adsorbents, of which the latter has the highest selectivity 
[2-5]. Materials, most commonly used are activated charcoal [6], porous resins and fibers. 
The pathogenic substances in the blood of patients are adsorbed by the adsorbent via 
hydrophilic (electro-static forces) or hydrophobic interactions. Macroporous resins usually 
show high adsorption capacities especially for the removal of high molecular weight or 
“middle molecules” toxins [7-9].  

 
Figure 1. Schematic diagram of sorbent-perfusion 
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2. Preparation and activation of cellulosic beads 

2.1. Preparation of cellulosic beads [10, 11] 

One hundred grams of cotton (medical grade) was soaked in a flask containing 19% NaOH 
solution for 3 h at room temperature. The cotton was squeezed and weighed then placed in 
a 1500 ml conical flask at 25℃ for 3 days. Fifty milliliters of carbon disulfide was added to 
the conical flask which was then sealed and aged for 5 h to convert the cellulose into a 
viscose solution, which was then diluted to 1000 ml with 6% NaOH solution to make a 10% 
viscous solution of cellulose. In a reactor equipped with a stirrer, a mixture of 800 ml 
chlorobenzene, 200 ml carbon tetrachloride and 2.0 g of potassium oleate was stirred for 30 
min at 300 rpm under room temperature. Then 300.0 ml of 10% cellulose viscose solution 
was added to the reactor slowly and continued stirring for 30 min until the liquid particles 
were dispersed uniformly. Thereupon, the temperature was slowly raised to 90℃ and kept 
for 2.5 h, after which it was cooled to room temperature to solidify the liquid particles into 
resin beads. Cellulosic beads were filtered (20–40 mesh) and washed thoroughly with 
alcohol and distilled water to remove all the impurities. 

Compared to the gel type cellulosic beads, macroporous beads can greatly enhance the 
adsorption capacity for middle and high molecules in the therapeutic embolization of 
meningiomas [12-15]. It can be synthesized according to reference [16, 17]. In brief, a certain 
amount of pore-forming agent such as calcium carbonate granules, with an average 
diameter of about 0.2mm was added to a 10% viscous solution of cellulose, then mixed and 
dispersed to form cellulosic beads. After washing with dilute HCl to remove the pore-
forming agent, various kinds of porous adsorbents could be prepared. Alternatively, 
macroporous cellulose beads could also be prepared from cellulose solution in ionic liquid 
by double emulsification [18, 19]. 

Recently, cellulosic microspheres with a particle size below 5μm have been widely adopted 
in blood purification [20, 21], which can be an excellent matrix for the preparation of 
adsorbent. 

Bead porosity and density are calculated by the following equations: [10, 17] 
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where P stands for porosity percentage; rs stands for skeleton density; Q stands for water 
content; ρH2O stands for density of water; wtw stands for weight of wet beads; wtd stands for 
weight of dried beads; Vw stands for volume of wet beads; Dp stands for packing density. 
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Adsorption percentage and capacity can be calculated by the following equations, 
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Where AP and AC stand for adsorption percentage and adsorption capacity respectively; 
[C]B is the concentration before adsorption, [C]A is the concentration after adsorption, VP is 
the volume of plasma used during adsorption. 

2.2. Activation of cellulose beads 

Cellulose can be easily activated by reaction with epichlorohydrin which is frequently used 
for the preparation of cellulosic adsorbent [10,22,23].Briefly, 10 grams of cellulosic beads 
was activated with 10ml epichlorohydrin in 20ml 2mol/l sodium hydroxide solution. The 
mixture was stirred at 40℃ for 4 h. Then the epoxy-activated cellulosic beads was washed 
thoroughly with distilled water and further reacted with amino acids or proteins, see Figure 
2. The concentration of sodium hydroxide solution used in the condensation reaction plays 
an important role on the amount of activated expoxy groups linked onto cellulose. This is 
attributed to the condensation and ring opening reaction of epichlorohydrin molecule that 
competes in the reactions, see Figure 3. 
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Figure 2. Activation reaction of cellulosic beads  
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solution for 3 h at room temperature. The cotton was squeezed and weighed then placed in 
a 1500 ml conical flask at 25℃ for 3 days. Fifty milliliters of carbon disulfide was added to 
the conical flask which was then sealed and aged for 5 h to convert the cellulose into a 
viscose solution, which was then diluted to 1000 ml with 6% NaOH solution to make a 10% 
viscous solution of cellulose. In a reactor equipped with a stirrer, a mixture of 800 ml 
chlorobenzene, 200 ml carbon tetrachloride and 2.0 g of potassium oleate was stirred for 30 
min at 300 rpm under room temperature. Then 300.0 ml of 10% cellulose viscose solution 
was added to the reactor slowly and continued stirring for 30 min until the liquid particles 
were dispersed uniformly. Thereupon, the temperature was slowly raised to 90℃ and kept 
for 2.5 h, after which it was cooled to room temperature to solidify the liquid particles into 
resin beads. Cellulosic beads were filtered (20–40 mesh) and washed thoroughly with 
alcohol and distilled water to remove all the impurities. 

Compared to the gel type cellulosic beads, macroporous beads can greatly enhance the 
adsorption capacity for middle and high molecules in the therapeutic embolization of 
meningiomas [12-15]. It can be synthesized according to reference [16, 17]. In brief, a certain 
amount of pore-forming agent such as calcium carbonate granules, with an average 
diameter of about 0.2mm was added to a 10% viscous solution of cellulose, then mixed and 
dispersed to form cellulosic beads. After washing with dilute HCl to remove the pore-
forming agent, various kinds of porous adsorbents could be prepared. Alternatively, 
macroporous cellulose beads could also be prepared from cellulose solution in ionic liquid 
by double emulsification [18, 19]. 

Recently, cellulosic microspheres with a particle size below 5μm have been widely adopted 
in blood purification [20, 21], which can be an excellent matrix for the preparation of 
adsorbent. 

Bead porosity and density are calculated by the following equations: [10, 17] 
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where P stands for porosity percentage; rs stands for skeleton density; Q stands for water 
content; ρH2O stands for density of water; wtw stands for weight of wet beads; wtd stands for 
weight of dried beads; Vw stands for volume of wet beads; Dp stands for packing density. 
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Adsorption percentage and capacity can be calculated by the following equations, 
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Where AP and AC stand for adsorption percentage and adsorption capacity respectively; 
[C]B is the concentration before adsorption, [C]A is the concentration after adsorption, VP is 
the volume of plasma used during adsorption. 

2.2. Activation of cellulose beads 

Cellulose can be easily activated by reaction with epichlorohydrin which is frequently used 
for the preparation of cellulosic adsorbent [10,22,23].Briefly, 10 grams of cellulosic beads 
was activated with 10ml epichlorohydrin in 20ml 2mol/l sodium hydroxide solution. The 
mixture was stirred at 40℃ for 4 h. Then the epoxy-activated cellulosic beads was washed 
thoroughly with distilled water and further reacted with amino acids or proteins, see Figure 
2. The concentration of sodium hydroxide solution used in the condensation reaction plays 
an important role on the amount of activated expoxy groups linked onto cellulose. This is 
attributed to the condensation and ring opening reaction of epichlorohydrin molecule that 
competes in the reactions, see Figure 3. 
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Figure 3. Amount of epoxy groups on cellulose versus concentration of NaOH 

3. Mechanism study of molecular recognition between the ligand and the 
pathogenic toxic molecule. 

3.1. Molecular recognition 

To understand the interaction mechanism of pathogenic toxins with different ligands is 
essential, since it not only provides fundamental insight to biomaterial science, but also can 
lead to the discovery of more efficient ligands for the removal of pathogenic toxins in 
human blood. Chemical modification of proteins has been frequently used in the studies of 
structure-function relationships of proteins, especially in the determination of the active 
sites in biologically active proteins [23,24]. In the present study, we selectively modified the 
arginine, tryptophan, lysine residues and carboxyl terminus on the protein for the molecular 
recognition studies. 

Lianyong Wang et al [25] investigated the interaction between ss- DNA and IgGRF by 
selectively modification of the arginine, tryptophan, lysine residues and carboxyl terminus 
on IgGRF, which was purified from patients’ serum. It is well known that the density of 
negative charge is high on the surface of ss-DNA molecule, due to the large amount of 
phosphate groups. After the ss-DNA was covalently attached to the cellulose carrier, the 
immunoadsorbent is negatively charged, so it has a high adsorption capacity for the 
positively charged N-bromosuccinimide (NBS) modified IgGRF. The same situation 
occurred when N-Ethyl-N’-[3-(dimethylamino)propyl]carbodiimide( EDC) modified IgGRF 
because of its decrease in negatively charged density. The low adsorption capacity for 1，2-
cyclohexanedion（CHD） and pyridoxal 5-phosphate (PP) modified IgGRF may be 
attributed to the reduction of positively charged density after modification. From all the 
experimental results, it is assumed that there is an ionic bond formed between the modified 
IgGRF and the ss-DNA immobilized immunoadsorbent.  
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Shenqi Wang and Yaoting Yu et al [24] studied the mechanism of recognition and 
interactions of low density lipoprotein cholesterol（LDL-C） with different charged ligands 
on the adsorbents. Tryptophan, lysine residues and carboxyl terminus on LDL were 
chemically modified by PP，EDC and NBS respectively. Due to the effectiveness of L-lysine 
in the removal of LDL-C, it was selected to study the interaction of ligand with the modified 
LDL. Experimental results show that positive charge on the surface of LDL interacted with 
the negatively charged carboxyl groups of L-lysine by electrostatic force, thus resulting in 
the adsorption of LDL by the absorbent. We also found that increasing the positive charge 
on the surface of LDL could enhance the adsorption capacity of the adsorbent. On the 
contrary, increasing the negative charge could decrease the adsorption ability. Thus, 
different adsorbents containing sulfonic groups, phosphoric groups, L-lysine and carboxyl 
groups as the ligand were synthesized for investigating the effect of electric charge on their 
adsorption capacity. Results show that the adsorption capacity increases with the increase of 
the electro-negativity of the ligand on the adsorbent. See Table1 
 

Terminus group 
of adsorbent 

TC LDL-C 

Adsorption 
percentage (%) 

Adsorption 
capacity  
(mg /ml) 

Adsorption 
percentage (%) 

Adsorption 
capacity  
(mg/ ml) 

―SO3 2- 52.58 1.998 60.9 1.432 
―PO4 3- 43.86 1.667 44.25 1.039 

PP―PO4 3- 40.39 1.535 39.51 0.928 
DNA―PO43- 34.94 1.328 33.14 0.778 

L-lysine―COO - 31.68 1.203 27.98 0.657 
―COO - 26.02 0.989 13.75 0.323 

Source: Wang S Q et al, Reactive & Functional Polymers (2008), 68: 261-267 

 Adsorption capacity and percentage of total cholesterol(TC), LDL-C by cellulosic beads having Table 1.
different terminus groups 
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(From Wang S Q et al, Reactive & Functional Polymers (2008), 68: 261-267, adapted) 

Figure 4. The relationship of absorption capacity versus electronegativity of ligands immobilized on the 
adsorbent 
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Shenqi Wang and Yaoting Yu et al [24] studied the mechanism of recognition and 
interactions of low density lipoprotein cholesterol（LDL-C） with different charged ligands 
on the adsorbents. Tryptophan, lysine residues and carboxyl terminus on LDL were 
chemically modified by PP，EDC and NBS respectively. Due to the effectiveness of L-lysine 
in the removal of LDL-C, it was selected to study the interaction of ligand with the modified 
LDL. Experimental results show that positive charge on the surface of LDL interacted with 
the negatively charged carboxyl groups of L-lysine by electrostatic force, thus resulting in 
the adsorption of LDL by the absorbent. We also found that increasing the positive charge 
on the surface of LDL could enhance the adsorption capacity of the adsorbent. On the 
contrary, increasing the negative charge could decrease the adsorption ability. Thus, 
different adsorbents containing sulfonic groups, phosphoric groups, L-lysine and carboxyl 
groups as the ligand were synthesized for investigating the effect of electric charge on their 
adsorption capacity. Results show that the adsorption capacity increases with the increase of 
the electro-negativity of the ligand on the adsorbent. See Table1 
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Figure 4. The relationship of absorption capacity versus electronegativity of ligands immobilized on the 
adsorbent 
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Experimental results show that the adsorption capacity (mg/ ml or percentage) for TC and 
LDL-C decreased with decreasing of electro-negativity of ligands on the adsorbents  
(－SO32->－PO43->－COO-; －PO43->PP－PO43->DNA－PO43-), which demonstrate that the 
electro-negativity of ligand on adsorbent plays an important role in adsorbing TC and LDL-
C. This relationship of the adsorption capacity to its electro-negativity is shown in Figure. 4 

3.2. Spacer effect 

Spacers have a significant effect on the adsorption property of the resin adsorbents. It can 
reduce the steric hindrance between the ligand and the large toxic molecules, resulting in an 
increase of adsorption capacity of the adsorbent. Different spacers have an obvious effect on 
the adsorption properties of adsorbents. The density of ligands on the carrier and the effect 
of steric hindrance are both important factors in specific adsorption. When the target 
substance is a small molecule, there may be no steric hindrance, see Figure 5 a, so the 
enhancement of the density of ligands can improve the adsorption capacity. But when the 
target substance is a large molecule, due to the presence of steric hindrance [26-33], a high 
density of ligands linked may display a low adsorption capacity of target protein, see Figure 
5b. In theory, a flexible spacers can reduce the steric hindrance, see Figure 5c. In order to 
study flexible spacers play the role in reducing steric hindrance between the target protein 
and immobilized ligands, Xinji Guo et al [34]designed and prepared cellulosic adsorbents 
with L-lysine acid as ligands and PEG having different molecule weights as spacers. 

 
Figure 5. Schematic diagram of interaction between the ligand and target toxins 

Note: a, Interaction between small target molecules and the immobilized ligands; b, Large 
target molecules having a steric hindrance to the immobilized ligands; c, Flexible spacer can 
reduce the steric hindrance, 
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In this study, carboxyl modified PEG spacer was synthesized and linked covalently to 
cellulose beads. L-lysine ligand was coupled to the spacer and its selective affinity for low-
density lipoprotein-cholesterol (LDL-C) was determined. It was found that the adsorption 
capacity and the efficiency of the ligand for adsorption of LDL-C were increased when PEG 
spacer was used. Experimental results showed that by increasing the molecular weight of 
PEG spacers from 1000Da to 6000Da, the average adsorption capacity of LDL-C was 
enhanced from 0.242mg/ml to 0.903mg/ml. According to the analytical data of cellulose 
adsorbents, the amount of L-lysine ligand could be calculated. Although the amount of L-
lysine linked to the adsorbent with PEG spacers (10.5, 9.8, 9.0, 8.6 mg per ml cellulose 
adsorbent respectively) was lower than those without PEG spacers (121.6mg per ml 
cellulose adsorbent), see Table 2, the average adsorption capacity for LDL-C per ml 
cellulose adsorbent increased from 0.130 mg/ml to 0.903 mg/ml. After the introduction of 
PEG spacers, (see Table 3) and consequently the adsorption capacity for LDL-C per unit 
ligand increased significantly from 0.001 mg/mg L-lysine to 0.105 mg/mg L-lysine, see Table 
4, the adsorption capacity of LDL-C per unit L-lysine ligand (0.027mg LDL-C/mg L-lysine) 
was much higher than that without PEG spacer (0.001mg LDL-C/mg L-lysine). This result 
indicated that in the presence of PEG spacer, the adsorption efficiency of L-lysine ligands 
was enhanced significantly, see Table 5. It is postulated that appropriate increasing the 
amount of the L-lysine ligands and the use of PEG spacers can enhance the adsorption 
capacity for LDL-C. 
 

Molecular weight 
of PEG spacers 

(Da) 

TC LDL-C 

Removal 
capacity (%) 

Removal 
amount 
(mg/ml) 

Removal 
capacity (%) 

Removal 
amount 
(mg/ml) 

1000 11.45±0.35 0.351±0.011 12.01±0.79 0.242±0.017 
2000 14.90±0.69 0.458±0.020 13.04±0.71 0.263±0.013 
4000 28.94±0.33 0.889±0.011 35.13±0.69 0.708±0.017 
6000 33.48±0.33 1.028±0.011 44.76±0.36 0.903±0.003 

Source: Wang S Q et al, Reactive & Functional Polymers (2008), 68: 261-267 

 Adsorption capacity and adsorption percentage of TC, and LDL-C by cellulosic beads with Table 2.
different molecular weight of PEG as a spacer 

 

Mol. weight of 
PEG spacers 

(Da) 

L-Lysine 
amount 
(mg/ml) 

Average removal 
amount of LDL－

C (mg/ml) 

Stoichiometric 
capacity (mg LDL-

C/mg L-lysine) 

Efficiency of 
active site 

(%)* 

1000 10.5 0.242 0.023 22 
2000 9.8 0.263 0.027 26 
4000 9.0 0.708 0.079 75 
6000 8.6 0.903 0.105 100 

Source: Wang S Q et al, Reactive & Functional Polymers (2008), 68: 261-267 

 Adsorption capacity of LDL-C per mg L-lysine Table 3.
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Experimental results show that the adsorption capacity (mg/ ml or percentage) for TC and 
LDL-C decreased with decreasing of electro-negativity of ligands on the adsorbents  
(－SO32->－PO43->－COO-; －PO43->PP－PO43->DNA－PO43-), which demonstrate that the 
electro-negativity of ligand on adsorbent plays an important role in adsorbing TC and LDL-
C. This relationship of the adsorption capacity to its electro-negativity is shown in Figure. 4 
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the adsorption properties of adsorbents. The density of ligands on the carrier and the effect 
of steric hindrance are both important factors in specific adsorption. When the target 
substance is a small molecule, there may be no steric hindrance, see Figure 5 a, so the 
enhancement of the density of ligands can improve the adsorption capacity. But when the 
target substance is a large molecule, due to the presence of steric hindrance [26-33], a high 
density of ligands linked may display a low adsorption capacity of target protein, see Figure 
5b. In theory, a flexible spacers can reduce the steric hindrance, see Figure 5c. In order to 
study flexible spacers play the role in reducing steric hindrance between the target protein 
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In this study, carboxyl modified PEG spacer was synthesized and linked covalently to 
cellulose beads. L-lysine ligand was coupled to the spacer and its selective affinity for low-
density lipoprotein-cholesterol (LDL-C) was determined. It was found that the adsorption 
capacity and the efficiency of the ligand for adsorption of LDL-C were increased when PEG 
spacer was used. Experimental results showed that by increasing the molecular weight of 
PEG spacers from 1000Da to 6000Da, the average adsorption capacity of LDL-C was 
enhanced from 0.242mg/ml to 0.903mg/ml. According to the analytical data of cellulose 
adsorbents, the amount of L-lysine ligand could be calculated. Although the amount of L-
lysine linked to the adsorbent with PEG spacers (10.5, 9.8, 9.0, 8.6 mg per ml cellulose 
adsorbent respectively) was lower than those without PEG spacers (121.6mg per ml 
cellulose adsorbent), see Table 2, the average adsorption capacity for LDL-C per ml 
cellulose adsorbent increased from 0.130 mg/ml to 0.903 mg/ml. After the introduction of 
PEG spacers, (see Table 3) and consequently the adsorption capacity for LDL-C per unit 
ligand increased significantly from 0.001 mg/mg L-lysine to 0.105 mg/mg L-lysine, see Table 
4, the adsorption capacity of LDL-C per unit L-lysine ligand (0.027mg LDL-C/mg L-lysine) 
was much higher than that without PEG spacer (0.001mg LDL-C/mg L-lysine). This result 
indicated that in the presence of PEG spacer, the adsorption efficiency of L-lysine ligands 
was enhanced significantly, see Table 5. It is postulated that appropriate increasing the 
amount of the L-lysine ligands and the use of PEG spacers can enhance the adsorption 
capacity for LDL-C. 
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Source: Wang S Q et al, Reactive & Functional Polymers (2008), 68: 261-267 
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Mol .weight of 
PEG spacers 

(Da) 

L-lysine 
amount 
(mg/ml) 

Average 
removal 

capacity of LDL 
(mg/ml) 

Stoichiometric 
capacity (mg 

LDL/mg L-lysine) 

Efficiency of 
active site (%)* 

— 121.6 0.130±0.013 0.001 1.018±0.098 
1000 10.5 0.242±0.017 0.023 21.947±1.469 
2000 9.8 0.263±0.013 0.027 25.556±1.178 
4000 9.0 0.708±0.017 0.078 74.917±1.549 
6000 8.6 0.903±0.003 0.105 100.000 

Source: Wang S Q et al, Reactive & Functional Polymers (2008), 68: 261-267 

 Adsorption capacity of LDL –C by L-lysine ligand Table 4.

 

 CPS-lysine CPS-PEG1000-lysine 
Adsorption 

capacity(mg/g) 
Adsorption 

percentage (%) 
Adsorption 

capacity(mg/g) 
Adsorption 

percentage (%) 
TC 0.664 8.769 0.402 5.31 

LDL-C 1.493 33.559 4.158 93.29 
TG 0.419 6.213 0.132 1.97 

HDL-C 0.204 15.170 0.341 24.48 

Source: Wang S Q et al, Reactive & Functional Polymers (2008), 68: 261-267 

 Adsorption capacity of TC and LDL by CPS beads with and without PEG as spacer Table 5.

4. Typical bioactive bead type cellulosic adsorbent for blood purification 

4.1. Cellulosic adsorbents for removing low density lipoprotein –cholesterol 
(LDL-C) 

Familial hypercholesterolemia is characterized by a high concentration of plasma cholesterol in 
the form of low-density lipoprotein-cholesterol (LDL-C). In order to decrease the LDL-C level 
in patients, drugs and surgical intervention were reported [35]. Sorbent-perfusion treatment is 
currently employed when the reduction of LDL-C level appears impossible to be achieved by 
drug administration [36-38]. Since the late 1970s, scientists have been engaged in developing 
different kinds of adsorbents to remove pathogenic substances [39-41]. 

Yaoting Yu and Shenqi Wang et al [42,43] have developed cellulosic adsorbent with 
amphiphilic ligands for the adsorption of (LDL-C) which was prepared by the following 
procedure: Cellulose beads were reacted with cholesterol N-(6-isocyanatohexyl) carbamate 
in the presence of pyridine in DMSO at 80℃ in order to introduce the hydrophilic moiety. It 
was then reacted with chlorosulfonic acid in dimethyl formamide to introduce the sulfonic 
group see Figure 6 

The effects of sulfonation and grafting time of cholesterol on the swelling property of 
adsorbent were studied. Results showed that sulfonation and grafting time of cholesterol  
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(From Wang S Q et al, Artif Cells Blood Sub (2002), 30: 285-292, adapted) 

Figure 6. Schematic structure of amphiphilic cellulose adsorbent 

was 3 and 5 h, respectively. The amphiphilic adsorbent had a high adsorption capacity for 
LDL-C without significantly adsorbing high-density lipoprotein. Rabbit model was 
constructed according to the following method [44]. In brief, Japanese white male rabbits 
were purchased from local experimental animal institute and housed in a standard facility. 
After feeding with standard chow and water ad libitum for one week, the healthy rabbits 
were divided into control group (group 1, n=6) and hyperlipidemia group. Rabbits in the 
control group consumed standard chow from 120-150g/d and water ad libitum. In the 
hyperlipidemia model group, the rabbits were fed with standard chow supplemented with 
0.5-1% cholesterol, 15% egg yolk and 5% animal oil. After 8 weeks, the rabbits in the 
hyperlipidemia group were further divided into two groups, that was group No.2 (n=6), 
(without any treatment) and group No.3 (n=6), (treated by sorbent-perfusion.). Experimental 
results showed that the LDL-C levels decreased significantly after 2 h perfusion indicating 
the adsorbent could effectively remove LDL-C, see Table 6. Furthermore, sorbent-perfusion 
also reduced all the subfractions of LDL-C, therefore decreased the risk for the development 
of atherosclerosis and myocardial infarction, see Table 7. 
 

Parameter Before (mmol/l) After (mmol/l) Reduction (%) 
TC 8.54±1.01 3.33±0.63*, 61.20±2.81 
TG 1.845±0.191 1.05±0.153*, 43.09±2.43 
LDL-C 3.619±0.354 0.724±0.07*, 78.56±0.147 
HDL-C 0.216±0.06 0.205±0.057 5.09±0.042 

Note: n=6, 
Source: Wang S Q et al, Biomaterials (2003), 24: 2189-2194 

 Removal of lipoproteins by amphiphilic adsorbent Table 6.
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Source: Wang S Q et al, Reactive & Functional Polymers (2008), 68: 261-267 

 Adsorption capacity of LDL –C by L-lysine ligand Table 4.

 

 CPS-lysine CPS-PEG1000-lysine 
Adsorption 

capacity(mg/g) 
Adsorption 

percentage (%) 
Adsorption 

capacity(mg/g) 
Adsorption 

percentage (%) 
TC 0.664 8.769 0.402 5.31 

LDL-C 1.493 33.559 4.158 93.29 
TG 0.419 6.213 0.132 1.97 

HDL-C 0.204 15.170 0.341 24.48 

Source: Wang S Q et al, Reactive & Functional Polymers (2008), 68: 261-267 

 Adsorption capacity of TC and LDL by CPS beads with and without PEG as spacer Table 5.

4. Typical bioactive bead type cellulosic adsorbent for blood purification 

4.1. Cellulosic adsorbents for removing low density lipoprotein –cholesterol 
(LDL-C) 

Familial hypercholesterolemia is characterized by a high concentration of plasma cholesterol in 
the form of low-density lipoprotein-cholesterol (LDL-C). In order to decrease the LDL-C level 
in patients, drugs and surgical intervention were reported [35]. Sorbent-perfusion treatment is 
currently employed when the reduction of LDL-C level appears impossible to be achieved by 
drug administration [36-38]. Since the late 1970s, scientists have been engaged in developing 
different kinds of adsorbents to remove pathogenic substances [39-41]. 

Yaoting Yu and Shenqi Wang et al [42,43] have developed cellulosic adsorbent with 
amphiphilic ligands for the adsorption of (LDL-C) which was prepared by the following 
procedure: Cellulose beads were reacted with cholesterol N-(6-isocyanatohexyl) carbamate 
in the presence of pyridine in DMSO at 80℃ in order to introduce the hydrophilic moiety. It 
was then reacted with chlorosulfonic acid in dimethyl formamide to introduce the sulfonic 
group see Figure 6 

The effects of sulfonation and grafting time of cholesterol on the swelling property of 
adsorbent were studied. Results showed that sulfonation and grafting time of cholesterol  
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Figure 6. Schematic structure of amphiphilic cellulose adsorbent 

was 3 and 5 h, respectively. The amphiphilic adsorbent had a high adsorption capacity for 
LDL-C without significantly adsorbing high-density lipoprotein. Rabbit model was 
constructed according to the following method [44]. In brief, Japanese white male rabbits 
were purchased from local experimental animal institute and housed in a standard facility. 
After feeding with standard chow and water ad libitum for one week, the healthy rabbits 
were divided into control group (group 1, n=6) and hyperlipidemia group. Rabbits in the 
control group consumed standard chow from 120-150g/d and water ad libitum. In the 
hyperlipidemia model group, the rabbits were fed with standard chow supplemented with 
0.5-1% cholesterol, 15% egg yolk and 5% animal oil. After 8 weeks, the rabbits in the 
hyperlipidemia group were further divided into two groups, that was group No.2 (n=6), 
(without any treatment) and group No.3 (n=6), (treated by sorbent-perfusion.). Experimental 
results showed that the LDL-C levels decreased significantly after 2 h perfusion indicating 
the adsorbent could effectively remove LDL-C, see Table 6. Furthermore, sorbent-perfusion 
also reduced all the subfractions of LDL-C, therefore decreased the risk for the development 
of atherosclerosis and myocardial infarction, see Table 7. 
 

Parameter Before (mmol/l) After (mmol/l) Reduction (%) 
TC 8.54±1.01 3.33±0.63*, 61.20±2.81 
TG 1.845±0.191 1.05±0.153*, 43.09±2.43 
LDL-C 3.619±0.354 0.724±0.07*, 78.56±0.147 
HDL-C 0.216±0.06 0.205±0.057 5.09±0.042 

Note: n=6, 
Source: Wang S Q et al, Biomaterials (2003), 24: 2189-2194 

 Removal of lipoproteins by amphiphilic adsorbent Table 6.
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 Before perfusion After perfusion Change=(A-B)
mmol/l % mmol/l % 

LDL-1 0.51±0.061 13.95±2.1* 0.12±0.046 15.1±2.3 8.24±2.6 
LDL-2 1.65±0.019 45.4±5.3* 0.38±0.043 53.4±5.8* 17.36±3.4 
LDL-3 1.45±0.052 40.1±4.7* 0.23±0.024 31.6±3.6* -21.20±3.9 

Note: n=6 
Source: Wang S Q et al, Biomaterials (2003), 24: 2189-2194 

 Removal of LDL-C subfraction by amphiphilic adsorbent Table 7.

The authors also developed the adsorbent with lysine and phosphate groups as ligand for 
the treatment of hyperlipidemia [34, 45]. Comparing to the amphiphilic adsorbent, the 
adsorbent with lysine as ligand has a lower adsorption capacity for LDL-C, total cholesterol 
and higher HDL-C. On the other hand, the phosphalated cellulosic adsorbent has a higher 
adsorption capacity for LDL-C and lower for HDL-C, see Table 8. 
 

Sample 1 2 3 4 
Amount of coupled phosphate(μmol/ml) 0 68.4 94.3 128.6 

Adsorption 
capacity 
(mg/ml) 

TC 0.893 0.735 0.939 1.586 
LDL 1.235 1.515 1.707 2.721 
HDL 0.134 0.039 0.058 0.063 

Source: Wang T et al, Chinese Journal of Biomedical Engineering ( 2008), 27: 132-136 

 Effect of amount of coupled phosphate on adsorption capacity Table 8.

Haofeng Yu et al [46] synthesized PAA-grafted cellulosic adsorbent for the removal of LDL-
C from human plasma. In-vitro studies showed that this adsorbent could remove total 
cholesterol (TC), LDL-C, and triglyceride (TG) at levels of 5.55, 4.46, and 2.48 mg /m1 
respectively. Unfortunately, it removed 30% HDL-C in the plasma. 

4.2. Cellulosic adsorbents for removal of rheumatoid factors 

Rheumatoid Arthritis (RA) is a rather wide-spread immune disease. Spector reported that 
there is about 1% of the world's population is infected by this disease. Lianyong Wang and 
Yaoting Yu et al [25] covalently linked ss-DNA to cellulosic beads for the removal of 
rheumatoid factors. In vitro and in vivo studies showed that the adsorbent had a high 
adsorption capacity for IgMRF, IgGRF and IgARF, see Figure 7. Furthermore, the adsorbent 
attained good blood compatible properties.  
Sorbent-perfusion using the above mentioned adsorbent was conducted on 35 RA patients 
clinically. Clinical protocol was designed as follows: 46 patients were hospitalized from Dec. 
1998 until Nov.2000 and diagnosed as RA sickness. The extent of joint pain, swelling, 
morning stiffness, nodules under the skin, titer of rheumatoid arthritis factor (RF), value of 
immune-globulin and X-ray diagnosis of sick ankle etc. were all performed. The patients 
were divided into several groups from the above 46 patients. 35 of them matched the 
American Rheumatoid Arthritis Standard of 1987[47].  
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Note:IU is abbreviation of international unit  
(Source: Wang L Y et al, Chemical Research in Chinese Universities(2004),20: 795-800) 

Figure 7. Adsorption capacity versus amount of DNA immobilized 

RA patients were graded into 4 grades according to the functional ability of the sick joint. 
11cases having grade II joint sickness, 20 cases having grade III and 1 case having gradeIV. 
Conventional method of treatment was performed on 30 cases. The control group compared 
to treated group with a significance of P>0.05. 

After perfusion the levels of rheumatoid factor was reduced and platelet count showed no 
significant changes in 35 RA patients (P<0.05) during treatment. After one week joint pain, 
swelling, tenderness, morning stiffness disappeared in 90 percent patients; 80 percent 
abnormal indexes recovered to normal value. After two to three weeks, joint function of 82 
percent patients were improved and reached grade II or I. Two to three months later, X-ray 
examinations showed 80 percent bone matrix destruction was restored. Results of follow-up 
(0.67-2.5 years) proved that effective rate (97.14%, 81.25%) and total remission rate (82.86%, 
59.38%) all had a significant improvement and recovery when compared to routine therapy.  

In conclusion, clinical results show that sorbent-perfusion by cellulosic adsorbents is an 
effective approach for the therapy of rheumatoid arthritis. The treatment is safe, without 
hemolysis or pyrogenic side reactions, the adsorbent is easy to sterilize and cost effective. 

4.3. Cellulosic adsorbents for removal of endotoxin  

Bacterial endotoxins (ET), frequently named as lipopolysaccharides (LPS), are components 
of the outer cell wall of gram-negative bacteria and supposed to be a key factor in the 
pathogenesis of endotoxemia and septic shock [48,49] . Sorbent-perfusion is one of the best 
methods to remove endotoxin. Hui Fang and Yaoting Yu et al [10] synthesized a new type 
adsorbent for the removal of bacterial endotoxins by immobilizing lysine covalently onto 
cellulosic beads. Results showed that the adsorbent has good biocompatibility, see Table 9. 
In order to evaluate the adsorbent’s properties, rabbit models were constructed by the 
following method [10]: Thirteen New Zealand white rabbits (weight 2.0-2.5 Kg) were 
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Note: n=6 
Source: Wang S Q et al, Biomaterials (2003), 24: 2189-2194 
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The authors also developed the adsorbent with lysine and phosphate groups as ligand for 
the treatment of hyperlipidemia [34, 45]. Comparing to the amphiphilic adsorbent, the 
adsorbent with lysine as ligand has a lower adsorption capacity for LDL-C, total cholesterol 
and higher HDL-C. On the other hand, the phosphalated cellulosic adsorbent has a higher 
adsorption capacity for LDL-C and lower for HDL-C, see Table 8. 
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Haofeng Yu et al [46] synthesized PAA-grafted cellulosic adsorbent for the removal of LDL-
C from human plasma. In-vitro studies showed that this adsorbent could remove total 
cholesterol (TC), LDL-C, and triglyceride (TG) at levels of 5.55, 4.46, and 2.48 mg /m1 
respectively. Unfortunately, it removed 30% HDL-C in the plasma. 

4.2. Cellulosic adsorbents for removal of rheumatoid factors 

Rheumatoid Arthritis (RA) is a rather wide-spread immune disease. Spector reported that 
there is about 1% of the world's population is infected by this disease. Lianyong Wang and 
Yaoting Yu et al [25] covalently linked ss-DNA to cellulosic beads for the removal of 
rheumatoid factors. In vitro and in vivo studies showed that the adsorbent had a high 
adsorption capacity for IgMRF, IgGRF and IgARF, see Figure 7. Furthermore, the adsorbent 
attained good blood compatible properties.  
Sorbent-perfusion using the above mentioned adsorbent was conducted on 35 RA patients 
clinically. Clinical protocol was designed as follows: 46 patients were hospitalized from Dec. 
1998 until Nov.2000 and diagnosed as RA sickness. The extent of joint pain, swelling, 
morning stiffness, nodules under the skin, titer of rheumatoid arthritis factor (RF), value of 
immune-globulin and X-ray diagnosis of sick ankle etc. were all performed. The patients 
were divided into several groups from the above 46 patients. 35 of them matched the 
American Rheumatoid Arthritis Standard of 1987[47].  
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Figure 7. Adsorption capacity versus amount of DNA immobilized 

RA patients were graded into 4 grades according to the functional ability of the sick joint. 
11cases having grade II joint sickness, 20 cases having grade III and 1 case having gradeIV. 
Conventional method of treatment was performed on 30 cases. The control group compared 
to treated group with a significance of P>0.05. 

After perfusion the levels of rheumatoid factor was reduced and platelet count showed no 
significant changes in 35 RA patients (P<0.05) during treatment. After one week joint pain, 
swelling, tenderness, morning stiffness disappeared in 90 percent patients; 80 percent 
abnormal indexes recovered to normal value. After two to three weeks, joint function of 82 
percent patients were improved and reached grade II or I. Two to three months later, X-ray 
examinations showed 80 percent bone matrix destruction was restored. Results of follow-up 
(0.67-2.5 years) proved that effective rate (97.14%, 81.25%) and total remission rate (82.86%, 
59.38%) all had a significant improvement and recovery when compared to routine therapy.  

In conclusion, clinical results show that sorbent-perfusion by cellulosic adsorbents is an 
effective approach for the therapy of rheumatoid arthritis. The treatment is safe, without 
hemolysis or pyrogenic side reactions, the adsorbent is easy to sterilize and cost effective. 

4.3. Cellulosic adsorbents for removal of endotoxin  

Bacterial endotoxins (ET), frequently named as lipopolysaccharides (LPS), are components 
of the outer cell wall of gram-negative bacteria and supposed to be a key factor in the 
pathogenesis of endotoxemia and septic shock [48,49] . Sorbent-perfusion is one of the best 
methods to remove endotoxin. Hui Fang and Yaoting Yu et al [10] synthesized a new type 
adsorbent for the removal of bacterial endotoxins by immobilizing lysine covalently onto 
cellulosic beads. Results showed that the adsorbent has good biocompatibility, see Table 9. 
In order to evaluate the adsorbent’s properties, rabbit models were constructed by the 
following method [10]: Thirteen New Zealand white rabbits (weight 2.0-2.5 Kg) were 
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injected intravenously with 0.20 mg LPS (E.coli O55: B5, sigma) to induce endotoxemia after 
being anaesthetized. The rabbits were classified into two groups, one was the treated group 
(n=8) perfused through adsorbents while the other was the control group (n=5) without 
undergoing perfusion. Sorbent-perfusion was conducted 1.5 hours after LPS administration 
and conventional equipments for perfusion were used. Blood was drawn from the artery 
and returned to the vein by peristaltic pump (Pharmacia-LKB). The perfusion was carried 
out at a rate of 5 ml/min for 2 hours and the adsorbent showed a strong ET-binding capacity. 
After perfusion, the blood ET level was decreased from 5.56±0.54 EU/ml to 0.41±0.26 EU/ml, 
see Figure 8. Liver function and renal function tests as well as SOD, malondialdehyde 
(MDA) assays were conducted. Results all showed that the septic symptoms were 
ameliorated with the removal of large amounts of ET in the blood which obviously 
prevented further damage to the organs, see Table 10, Figure 9 and 10. 

 
Note: EU is the abbreviation of Endotoxin unit, which is used to indicate the content of endotoxin (From Fang H and 
Yu Y T,et al, Biomaterials(2004), 25: 5433-5440) 

Figure 8. Removal of ET from rabbit’s blood by perfusion  using Lys immobilized cellulosic beads 

 

Parameters tested Results 
Hemolysis 1.1% (standard <5% ),(n=3) 
Platelet adhesion 18.76% (n=3) (10% is excellent; 10-30% is good) 

Whole body toxicology 
Wt. of rat before test Wt. of rat after test 
21.50.61 (g) 24.42.04 (g) (n=5) 

Allergic reaction 
Grade 1, not higher than negative control (n=10), 
none allergic 

Cytotoxicology R* index of sample=0/0 (n=6), none toxic 
Skin stimulation PII**=0.0-0.4, (N=15), very mild toxic 

R* index of sample=R index of extract – R index of sample tested=0.5/0- 0.5/0=0/0, PII** is the skin stimulation index 
Note: The biocompatibility and toxicology tests of the adsorbent were conducted by the Testing and Evaluation 
Research Centre of Biomedical Materials in Tianjin, China according to the Criteria of GB/T16886.5-1997 in correlation 
to ISO 10993.4:2002, Source: Fang H and Yu Y T et al, Biomaterials (2004), 25: 5433-5440 

 Biocompatibility and toxicology properties of the adsorbent Table 9.
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Parameter Groups 0 min 60 min  120 min 
SA 

(g/L) 
Perfusion 26.7±2.4 24.5±1.8 23.2±2.3 
Control 26.1±3.7 22.0±2.2 24.1±4.6 

TBL 
(mg/ml) 

Perfusion 0.04±0.01 0.05±0.02 0.05±0.01 
Control 0.05±0.01 0.08±0.03 0.09±0.02 

AST 
(U/L) 

Perfusion 15.3±4.0 12.1±3.2 14.0±4.2 
Control 17.9±5.7 27.6±6.9 35.7±8.0 

ALT 
(U/L) 

Perfusion 34.4±9.5 25.9±9.1 24.8±8.5 
Control 35.3±9.9 34.5±6.2 41.4±1.8 

AKP 
(U/L) 

Perfusion 113.1±8.5 116.9±19.2 118.1±25.7 
Control 109.4±10.3 153.0±17.3 195.5±31.2 

BUN 
(mmol/L) 

Perfusion 5.2±0.6 4.9±1.3 4.6±0.6 
Control 5.6±1.1 7.3±0.8 7.8±0.7 

CRK 
(umol/L) 

Perfusion 61.8±4.8 59.3±7.5 70.9±2.0 
Control 62.7±4.2 80.4±3.7 94.3±4.7 

 Note: n=3 
Source: Fang H and Yu Y T ,et al, Biomaterials (2004), 25: 5433-5440 

 Liver and renal function tests Table 10.

 

 
 
 

 

 

 
 
Note: the NU is a unit that is used to indicate the activity of SOD, (From Fang H and Yu Y T et al, Biomaterials (2004), 
25: 5433-5440) 

Figure 9. Improved activities of serum superoxide dismutase (SOD) versus ET removal by perfusion 
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injected intravenously with 0.20 mg LPS (E.coli O55: B5, sigma) to induce endotoxemia after 
being anaesthetized. The rabbits were classified into two groups, one was the treated group 
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undergoing perfusion. Sorbent-perfusion was conducted 1.5 hours after LPS administration 
and conventional equipments for perfusion were used. Blood was drawn from the artery 
and returned to the vein by peristaltic pump (Pharmacia-LKB). The perfusion was carried 
out at a rate of 5 ml/min for 2 hours and the adsorbent showed a strong ET-binding capacity. 
After perfusion, the blood ET level was decreased from 5.56±0.54 EU/ml to 0.41±0.26 EU/ml, 
see Figure 8. Liver function and renal function tests as well as SOD, malondialdehyde 
(MDA) assays were conducted. Results all showed that the septic symptoms were 
ameliorated with the removal of large amounts of ET in the blood which obviously 
prevented further damage to the organs, see Table 10, Figure 9 and 10. 
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Figure 9. Improved activities of serum superoxide dismutase (SOD) versus ET removal by perfusion 
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(From Fang H and Yu Y T et al, Biomaterials (2004), 25: 5433-5440) 

Figure 10. Decrease in malondialdehyde (MDA) concentrations versus ET removal by perfusion 

4.4. Cellulosic adsorbents for removal of anti-DNA antibody in treatment of 
systematic lupus erythematosus  

The abnormally high levels of anti-DNA antibodies and immune complex in the sera of 
systemic lupus erythematosus (SLE) patients can be removed by sorbent- perfusion. Yaoting 
Yu and Deling Kong [50] synthesized cellulose adsorbents with DNA as ligand for the 
removal of anti-DNA antibodies. The activation of cellulosic beads were conducted 
according to reference [50]: In brief, 2 ml of activated cellulose beads was added to 4.0ml 
buffer solution containing 4.0mg DNA in a flask and stirred at 25℃ for 20 h on a shaker. 
Then the immobilized DNA beads were washed consecutively with buffer solution and 
water, until no leakage of DNA in the rinse water was detected at 260nm by UV 
spectrometer. The immunoadsorbent thus obtained was stored at 4℃. In vitro adsorption 
tests showed that the DNA immuno-adsorbent could remove 40%-70% of anti-DNA 
antibody from plasma [29]. The maximum decrease of anti-DNA level was 80% after 60 min 
in a dynamic experiment. This high adsorption capacity shows a high potential for clinical 
application. 

4.5. Cellulosic adsorbent for the treatment of myasthenia gravis  

Myasthenia gravis (MG) is an autoimmune disorder characterized by a disturbance in 
neuromuscular transmission that results in muscle weakness. Yaoting Yu and Li Yang et al 
[51, 52] synthesized immobilized tryptophan cellulosic adsorbent and evaluated its 
adsorption capacity for binding acetylcholine receptor in the plasma of MG patients. 
Experimental autoimmune myasthenia gravis (EAMG) rabbits were induced by Ta183-200 
peptide according to the following method: Briefly, Female rabbits weighing approximately 
2 kg were injected intradermally at multiple sites with 500μg of Ta183-200, which was 
emulsified with an equal volume of Freund’s complete adjuvant. A booster injection of 500 
μg Ta183-200 with Freund’s incomplete adjuvant was administered after 4 weeks. 
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The rabbits underwent extracorporeal whole blood perfusion for 2 h. Results showed no 
significant damages on blood cells and changes in the concentration of electrolytes. Whole 
blood sorbent-adsorption improved clinical manifestation and neuromuscular function of 
the EAMG rabbits, see Table 11 
 

No. of rabbits Pre WBIA 5th day after WBIA 
1 + 0 - + 
2 + 0 
3 + 0 
4 + 0 
5 + 0 
6 + 0 
7 ++ + 
8 + 0 

Note： 0 stands for the rabbits recovered normally after therapy 
Source: Yang L et al, Artif Cell Blood Sub(2004), 32: 519-528 

 Grading of clinical manifestation pre and 5th day after WBIATable 11.  

The neuromuscular transmission function was evaluated by the stimulation of the deep 
peroneal nerve. The mean decrement of potentials evoked from the anterior tibial muscle, at 
three stimulation frequencies in the therapeutic rabbit group were determined. At 3Hz, the 
potential decreased from 21.87% to 17.87%, at 5Hz, decreased from 22.25% to 18.75% and at 
10 Hz, decreased from 24.37% to 23.25%. Table 12 shows the changes of the electro-
physiological features of EAMG rabbits after WBIA which was on the 5th (D5) and the 8th 
(D8) day after passive transfer. The same RNS was performed in the control rabbit group, 
but no decrement was found, see Table 12 
 

Frequency Therapeutic group (%)  Control group (%) 

 D5 D8 D5 D8 

3Hz 21.875±3.226 17.875±1.642 21.375±2.615 21.125±2.416 

5Hz 22.250±2.815 18.750±1.388 21.875±2.232 22.000±1.772 

10Hz 24.375±1.685 23.250±1.388 23.875±1.126 24.125±2.696 

Source: Yang L et al, Artif Cell Blood Sub(2004), 32: 519-528 

 Comparison of the decrement of RNS between the therapeutic and the control group Table 12.

The quantity of neuromuscular junction can reflect the neurotransmission function. On the 
3rd day after WBIA (D8), the quantity of neuromuscular junction per unit area (25mm2) of 
the therapeutic rabbit group was determined. Figure 11 shows the quantity of 
neuromuscular junction per unit area increased from 9.8253.401 to 10.902.879(P<0.05) after 
WBIA, which was higher than that of the control group (P<0.01)  
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(From Fang H and Yu Y T et al, Biomaterials (2004), 25: 5433-5440) 

Figure 10. Decrease in malondialdehyde (MDA) concentrations versus ET removal by perfusion 
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tests showed that the DNA immuno-adsorbent could remove 40%-70% of anti-DNA 
antibody from plasma [29]. The maximum decrease of anti-DNA level was 80% after 60 min 
in a dynamic experiment. This high adsorption capacity shows a high potential for clinical 
application. 

4.5. Cellulosic adsorbent for the treatment of myasthenia gravis  

Myasthenia gravis (MG) is an autoimmune disorder characterized by a disturbance in 
neuromuscular transmission that results in muscle weakness. Yaoting Yu and Li Yang et al 
[51, 52] synthesized immobilized tryptophan cellulosic adsorbent and evaluated its 
adsorption capacity for binding acetylcholine receptor in the plasma of MG patients. 
Experimental autoimmune myasthenia gravis (EAMG) rabbits were induced by Ta183-200 
peptide according to the following method: Briefly, Female rabbits weighing approximately 
2 kg were injected intradermally at multiple sites with 500μg of Ta183-200, which was 
emulsified with an equal volume of Freund’s complete adjuvant. A booster injection of 500 
μg Ta183-200 with Freund’s incomplete adjuvant was administered after 4 weeks. 
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The rabbits underwent extracorporeal whole blood perfusion for 2 h. Results showed no 
significant damages on blood cells and changes in the concentration of electrolytes. Whole 
blood sorbent-adsorption improved clinical manifestation and neuromuscular function of 
the EAMG rabbits, see Table 11 
 

No. of rabbits Pre WBIA 5th day after WBIA 
1 + 0 - + 
2 + 0 
3 + 0 
4 + 0 
5 + 0 
6 + 0 
7 ++ + 
8 + 0 

Note： 0 stands for the rabbits recovered normally after therapy 
Source: Yang L et al, Artif Cell Blood Sub(2004), 32: 519-528 

 Grading of clinical manifestation pre and 5th day after WBIATable 11.  

The neuromuscular transmission function was evaluated by the stimulation of the deep 
peroneal nerve. The mean decrement of potentials evoked from the anterior tibial muscle, at 
three stimulation frequencies in the therapeutic rabbit group were determined. At 3Hz, the 
potential decreased from 21.87% to 17.87%, at 5Hz, decreased from 22.25% to 18.75% and at 
10 Hz, decreased from 24.37% to 23.25%. Table 12 shows the changes of the electro-
physiological features of EAMG rabbits after WBIA which was on the 5th (D5) and the 8th 
(D8) day after passive transfer. The same RNS was performed in the control rabbit group, 
but no decrement was found, see Table 12 
 

Frequency Therapeutic group (%)  Control group (%) 

 D5 D8 D5 D8 

3Hz 21.875±3.226 17.875±1.642 21.375±2.615 21.125±2.416 

5Hz 22.250±2.815 18.750±1.388 21.875±2.232 22.000±1.772 

10Hz 24.375±1.685 23.250±1.388 23.875±1.126 24.125±2.696 

Source: Yang L et al, Artif Cell Blood Sub(2004), 32: 519-528 

 Comparison of the decrement of RNS between the therapeutic and the control group Table 12.

The quantity of neuromuscular junction can reflect the neurotransmission function. On the 
3rd day after WBIA (D8), the quantity of neuromuscular junction per unit area (25mm2) of 
the therapeutic rabbit group was determined. Figure 11 shows the quantity of 
neuromuscular junction per unit area increased from 9.8253.401 to 10.902.879(P<0.05) after 
WBIA, which was higher than that of the control group (P<0.01)  
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NOTE: a and b stand for the results before and after WBIA 
(From Li X H et al, Artif. Cell Blood Sub (2010), 38:186-191) 

Figure 11. Neuromuscular junctions of the therapeutic rabbit group before and after WBIA on the 3rd 
day（200） 

In conclusion, extracorporeal whole blood sorbent-adsorption is an effective and safe 
approach in treating the passive experimental autoimmune myasthenia gravis by improving 
clinical manifestation, neuromuscular transmission function, enhancing the quantity of 
neuromuscular junction and antibody titer.  

5. Conclusion and future perspectives 

Intensive research and development of cellulosic bead type adsorbents by sorbent-perfusion 
in blood purification have paved a path for the treatment of patients with autoimmune 
diseases, hyperlipidemia and inflammatory disorders. Animal experiments and clinical 
trials have proved that it is safe, efficient and cost effective. Therefore, it is highly potential 
to be used clinically on patients for upgrading the quality of their living standard and 
prolonging their survival rates. 
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1. Introduction 

In the 1980s, polysaccharide-based chiral stationary phases (CSPs) were identified as 
versatile and useful chiral sorbents for separation of enantiomers/stereoisomers in high 
performance liquid chromatography (HPLC). Chiral discrimination abilities of these CSPs 
can be derived from the highly organized structure of the left-handed 3/2 helical chain 
conformations [1]. Some chiral cavities with specific configuration can be formed on the 
CSPs, which provide the suitable site for a particular enantiomer and make it easier to 
interact with CSPs by hydrogen bonding and - interactions. This leads to 
enantioseparation of chiral compounds by different retention and elution on CSPs between 
their enantiomers [2]. Okamoto et al. reported that the introduction of various kinds of 
substituents on the hydroxyl group of polysaccharides can improve their stereoslectivity [3]. 

Cellulose is an important polysaccharide, it is also a highly crystalline polymer which occurs 
with various crystal structures. In the 1970s, Hesse and Hagel first synthesized 
microcrystalline cellulose triacetate (MCTA), and thought its chiral recognition ability might 
originate from secondary structures creating chiral cavities upon swelling, which can clamp 
stereoselectively compounds with aromatic residues [4]. In recent years, different cellulose 
derivatives have been synthesized, coated or covalently bonded on decorative silica gel, and 
broadly used as CSPs in enantiomeric separation of chiral compounds especially on 
pesticides and pharmaceuticals. These derivatives exhibit powerful chiral recognition ability 
towards a wide number of different racemic compounds. More and more commercial 
cellulose-based CSPs including cellulose acetate, benzoate and phenylcarbamates are being 
developed and applied in enantioseparation [2,3].  

© 2013 Qiu et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 214 

[50] Kong D L, Chen C Z, Lin E F, Yu Y T (1998) Clinical trials of type I and invitro studies of 
typeⅡ immunoadsorbents for systemic lupus erythematosus therapy. Artif Organs. 22: 
644-650. 

[51] Yang L, Cheng Y, Yan W R, Yu Y T (2004) Extracorporeal whole blood 
immunoadsorption of autoimmune myasthenia gravis by cellulose tryptophan 
adsorbent. Artif Cell Blood Sub. 32: 519-528. 

[52] Li X H, Cheng Y, Yang L, Wang S Q, Yu Y T (2010) Extracorporeal whole blood 
immune-adsorption of passively transferred myasthenia gravis rabbits by cellulose-
tryptophan column. Artif Cell Blood Sub. 38:186-191. 

Chapter 11 

 

 

 
 

© 2013 Qiu et al., licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

The Development and Application of Cellulose-
Based Stationary Phases in Stereoselective 
Separation of Chiral Pesticides 

Jing Qiu, Shouhui Dai, Tingting Chai, Wenwen Yang,  
Shuming Yang and Hualin Zhao 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/56575 

1. Introduction 

In the 1980s, polysaccharide-based chiral stationary phases (CSPs) were identified as 
versatile and useful chiral sorbents for separation of enantiomers/stereoisomers in high 
performance liquid chromatography (HPLC). Chiral discrimination abilities of these CSPs 
can be derived from the highly organized structure of the left-handed 3/2 helical chain 
conformations [1]. Some chiral cavities with specific configuration can be formed on the 
CSPs, which provide the suitable site for a particular enantiomer and make it easier to 
interact with CSPs by hydrogen bonding and - interactions. This leads to 
enantioseparation of chiral compounds by different retention and elution on CSPs between 
their enantiomers [2]. Okamoto et al. reported that the introduction of various kinds of 
substituents on the hydroxyl group of polysaccharides can improve their stereoslectivity [3]. 

Cellulose is an important polysaccharide, it is also a highly crystalline polymer which occurs 
with various crystal structures. In the 1970s, Hesse and Hagel first synthesized 
microcrystalline cellulose triacetate (MCTA), and thought its chiral recognition ability might 
originate from secondary structures creating chiral cavities upon swelling, which can clamp 
stereoselectively compounds with aromatic residues [4]. In recent years, different cellulose 
derivatives have been synthesized, coated or covalently bonded on decorative silica gel, and 
broadly used as CSPs in enantiomeric separation of chiral compounds especially on 
pesticides and pharmaceuticals. These derivatives exhibit powerful chiral recognition ability 
towards a wide number of different racemic compounds. More and more commercial 
cellulose-based CSPs including cellulose acetate, benzoate and phenylcarbamates are being 
developed and applied in enantioseparation [2,3].  

© 2013 Qiu et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 216 

Chiral compounds account for 25% of all agrochemical compounds used commercially and 
for 26% of the total value of the world agrochemical market [5]. The enantiomers of chiral 
pesticides possess similar physicochemical properties in a non-chiral environment while 
they show different activities in biological systems due to enantioselective interactions with 
enzymes, receptors, and other enantiomeric biological entities. For example, triadimenol is a 
systemic fungicide and has four stereisomers due to the presence of two chiral centers in its 
molecule. Of the four, the (1S, 2R)-isomer shows the highest fungicidal activity (up to 1000-
fold more active than the other three) [6]. However, most chiral pesticides are produced and 
formulated as racemic mixture even though the desired biological activity may be derived 
from only one enantiomer. It is therefore very important to be able to separate enantiomers 
of chiral pesticides in order to prepare single enantiomers, develop enantiomeric analysis 
methods and evaluate their bioactivity and environmental fates.  

This work focuses mainly on a review of the development of cellulose derivatives for CSPs 
which are prepared as cellulose-based chiral columns by coating and bonding on supports, 
and their applications in stereoselective separations of chiral pesticides.  

2. The development of cellulose-based CSPs 

The cellulose-based CSPs generally are of two types: the coated and the bonded. The coated 
cellulose-based CSPs consisting of the low-molecular-weight cellulose benzoate or phenyl 
carbamate showed higher chiral recognition than the covalently bonded CSPs for most 
racemates. The major reason was considered to be an optimal secondary and 
supermolecular structure for the chiral recognition mechanism of polysaccharide derivatives 
under coated conditions [1,3]. However, the coated CSPs can only be used with a limited 
range of solvents as mobile phases such as alkanes, alcohols, acetonitrile, or aqueous 
solvents including alcohols or acetonitrile because CSPs may dissolve in ‘strong’ solvents 
such as tetrahydrofuran (THF) and chloroform (CHCl3). Such a dissolution would damage 
or destroy the CSPs. This limited the application range of the coated CSPs on separation and 
preparation of chiral compounds, because the solubility of the sample in the mobile phase is 
very important to increase the amount of racemates loaded on CSPs, especially on a 
preparative large-scale separation [7]. 

The bonded CSPs were prepared by covalently bonding cellulose derivates to silica gel. 
They can be applied to a wider range of resolving conditions than the coated type. The 
fixation can affect the conformation of cellulose derivates and make it difficult to obtain 
optimal supermolecular structure. This results in lower chiral recognition ability of the 
bonded-type CSPs. However, the fixation improves versatility in the solvent selection, and 
allows the use of some solvents that cannot usually be applied on the coated CSPs as mobile 
phases or sample dissolving reagents [8]. 

The commercial cellulose-based CSPs including the coated and the bonded CSPs currently 
in use are summarized in Table 1. As can be seen, there are only two columns (Chiralpak IB 
and Chiralpak IC) prepared from cellulose derivatives by bonding out of 13 commercial 
chiral columns. This means that the coated CSPs include more cellulose derivatives and are 
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more frequently used for the resolution of chiral compounds than the bonded CSPs. Some of 
these chiral columns can be selectively used in normal-phase HPLC (NP-HPLC), like Chiralcel 
OD, Chiralcel OA, Chiralcel OB, Chiralcel OC, Chiralcel OF, Chiralcel OG and Chiralcel OJ 
etc.; some can be used in reversed-phase HPLC (RP-HPLC), like Chiralcel OD-R, Chiralcel OZ-
R and Chiralcel OJ-R; and some can be used in both NP-HPLC and RP-HPLC, like Lux 
Cellulose-1, Lux Cellulose-2 , Lux Cellulose-3, Lux Cellulose-4, Chiralpak IB and Chiralpak IC 
[9,10]. Some studies have been done to evaluate comparatively the enantioselective and 
chromatographic properties of Chiralcel OD and Chiralpak IB using a set of 48 compounds 
that differ in their physical and chemical properties [11]. The uses of these CSPs in different 
mobile phases mainly depend on their different preparation methods. 
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No. Chemical name Shorten-
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Table 1. The list of commercial cellulose-based CSPs in the present. 

2.1. The development of coated cellulose-based CSPs 

Various cellulose derivatives were reported as CSPs in recent years, especially on cellulose 
benzoates and phenylcarbamates because of their higher enantiomeric discrimination ability 
and wide applications. Okamoto et al, synthesized some cellulose triphenylcarbamate 
derivatives and absorbed them on silica gel as CSPs, and then compared optical resolution 
abilities with the characteristics of the substituents on the phenyl rings. The results showed 
that dimethylphenyl- and dichlorophenylcarbamates substituted at 3,4- or 3,5-positions 
exhibited better chiral recognition for most reacemates than monosubstituted derivaties. Of 
the these, cellulose tris-(3,5-dimethylpheyl-carbamate) (CDMPC) offered the highest 
enantiomeric separability [12]. In another investigation on chiral recognition ability of 
cellulose phenylcarbamate derivatives, cellulose-tris-(3-fluoro-5-methylphenylcarbamate) 
was reported to be better than 3,5-difluoro- and 3,5-dimethylphenylcarbamates of cellulose 
for enantioseparation of ten racemates [13]. 

The Development and Application of Cellulose-Based Stationary Phases  
in Stereoselective Separation of Chiral Pesticides 219 

The investigations of four regioselectively substituted cellulose derivatives having two 
different substituents at 2-, 3-, and 6-positions showed better enantioseparations were 
sometimes obtained on these CSPs, compared to the corresponding homogeneously tris-
substituted cellulose derivatives-based CSPs. Cellulose 2,3-(3-chloro-4-
methylphenylcarbamate)-6-(3,5- dimethylphenylcarbamate), and 2,3- (3,5-dimethylphenyl- 
carbamate)-6-(3-chloro-4-methylphenylcarbamate) exhibited the most efficient 
enantioseparations for tested racemates in four CSPs [14]. The cellulose derivative of 
benzoylcarbamate also showed a higher chiral discrimination ability compared to those of 
phenylcarbonate, p-toluenesulfonylcarbamate, and benzoylformate when they used as CSPs 
on HPLC. This discrimination could be achieved by hydrogen bonding of the racemates’ 
hydrogen atoms with the carbonyl group of the benzoylcarbamates [15]. 

Chiral recognition abilities of cellulose-methoxyphenylcarbamates were significantly 
influenced by the position, bulkiness, and number of alkoxy groups introduced on the phenyl 
group. The 3-position was found to be the best for introducing an alkoxy group, and cellulose-
tris-(3-methoxyphenylcarbamates) exhibited much higher recognitions. Additionally, the 
recognition abilities also increased with the increases of the bulkiness of the 3-alkoxy group 
[16]. Cellulose-tris- (3-trifluoromethylphenylcarbamate) also exhibited characteristic 
enantioseparation and were better to resolve some chiral compounds than Chiralcel OD [17 ]. 

During the preparation of polymer cellulose-based CSPs by coating on silica gel, chiral 
additives such as (+)-L-Mandelic acid, (+)-1-phenyl-1,2-ethanediol and (-)-2-phenyl-1-
propanol for CSPs of cellulose tribenzoate, and (-)-2-phenyl-1- propanol and (+)-
phenylsuccinic for CSPs of cellulose trisphenylcarbamate have a substantial effect on the 
resolution and efficiency of the CSPs, and can improve chiral recognition ability compared 
to the original CSPs [18].  

Some new supports other than decorative silica gel were also used to prepare the coated 
CSPs. For example, a new CSP of CDMPC was prepared by coating CDMPC on TiO2/SiO2 
particles. Its good chiral separation ability and a comparably low column pressure proved 
that TiO2/SiO2 could be used as an alternative to silica gel, and could enlarge the range of 
base materials when preparing CSP [19]. 

2.2. The development of bonded cellulose-based CSPs 

CDMPC and CDCPC were covalently bonded to decorative silica gel to obtain the bonded 
chiral columns of Chiralpak IB and Chiralpak IC respectively [9]. CTPC regioselectively 
bonded at the 6-position to silica gel exhibited a higher chiral recognition than either CTPC 
regioselectively bonded at the 2- or 3-position or non-regioselectively bonded at the 2-, 3-, 
and 6-positions [20]. When cellulose derivatives bearing pyridyl and bipyridyl residues 
were compared in chiral recognition abilities, the results showed that the regioselectively 
substituted derivatives exhibited higher recognition compared with cellulose derivatives 
bearing these residues at the 2-, 3- and 6-positions of a glucose ring. This ability was 
significantly influenced by the coordination of Cu(II) ion to the bipyridyl groups that 
resulted in the difference of the higher-order structures of cellulose derivatives [21]. 
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regioselectively bonded at the 2- or 3-position or non-regioselectively bonded at the 2-, 3-, 
and 6-positions [20]. When cellulose derivatives bearing pyridyl and bipyridyl residues 
were compared in chiral recognition abilities, the results showed that the regioselectively 
substituted derivatives exhibited higher recognition compared with cellulose derivatives 
bearing these residues at the 2-, 3- and 6-positions of a glucose ring. This ability was 
significantly influenced by the coordination of Cu(II) ion to the bipyridyl groups that 
resulted in the difference of the higher-order structures of cellulose derivatives [21]. 
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CSP with poly[styrene-b-cellulose 2,3-bis-(3,5-diphenylcarbamate)] was prepared by the 
surface-initiated atom transfer radical polymerization (SI-ATRP) of cellulose 2,3-bis-(3,5-
dimethylphenylcarbamate)-6-acrylate after the SI-ATRP of styrene on the surface of silicon 
dioxide supports in pyridine. This CSP showed considerably high column efficiency for the 
resolution of tested racemates [22]. 

Laureano Oliveros et al, prepared five mixed 10-undecenoate/benzoates of cellulose and 
linked them to allyl silica gel by means of a radical reaction. The investigation of chiral 
recognition ability showed that CSP5 (10-undecenoate/3,5-dichlorobenzoate) has the highest 
enantioselectivity for most of tested racemates, followed by CSP3 (10-undecenoate/4-
methylbenzoate) and CSP4 (10-undecenoate/benzoate). These CSPs showed lower 
resolution than the coated CSPs although they have higher column efficiency. The reason 
may be the lack of polar amino groups on the surface of the CSPs. However, when being 
compared with the coated CSPs, these CSPs can tolerate the use of more polar solvents such 
as chloroform in the mobile phase [23]. 

Three cellulose-based CSPs were prepared by reticulation of the same cellulose derivative 
on three end-capped silica gels with different pore sizes (50Å, 100Å and 4000Å). The 
comparison of chiral recognition ability among them showed that CSPs with higher pore 
size exhibited higher selectivity factors, because it can accommodate a larger amount of 
accessible cellulose derivative on its surface [7]. 

Four mixed 10-undecenoyl-3,5-dimethylphenylaminocarbonyl derivatives of cellulose with 
increased proportion of alkenoyl groups were bonded on allylsilica gel. Their comparison 
showed that CSPB presents the best chiral recognition and can separate the widest range of 
the tested racemates. The reason may be the higher number of substitution of glucose units. 
The important decrease in the recognition ability of these CSPs could be attributed to their 
higher degree of reticulation. More heterogeneous reaction sites of allysilica gel with 
cellulose derivatives can result in lower degree of reticulation in CSPs and therefore 
improve their recognition ability [24]. 

Azido cellulose phenylcarbamate (AzCPC) was synthesized regioselectively and chemically 
immobilized onto amino-functionalized silica gel to obtain urea-bonded CSPs. 
Enantioseparation using CHCl3 on these CSPs showed better separation than traditional 
hexane/2-propanol in mobile phases for some tested racemates. The pre-coating of AzCPC 
onto silica gel prior to chemical immobilization could significantly improve immobilization 
efficiency, and obtained better enantioselectivity [25]. 

3. The preparation method of cellulose-based CSPs 

3.1. The preparation method of coated CSPs 

Generally, benzoate and phenylcarbamate derivatives of cellulose were prepared by 
reaction between cellulose and excess benzoyl chloride or phenyl isocyanate derivatives in 
dry pyridine (Figure 1). These derivatives are then coated onto macro-porous 3-
aminopropylsilica (APS) from a solution by evaporation of the solvent to obtain coated 
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CSPs. The APS was prepared beforehand by silanizing silica gel with a solution of 3-
aminopropyltriethoxysilane. Finally, the CSPs were packed into HPLC columns by the 
slurry method, to obtain coated chiral columns [18, 26]. For example, CDMPC was 
synthesized by reaction of microcrystalline cellulose with 3,5-dimethylphenylcarbimide in 
pyridine; the product was filtered off, washed with methanol and dried at 60° C for 24h. 
CDMPC was then dissolved in THF and coated on the APS under vacuum to dryness. 
Finally, the coated CDMPC were packed into a stainless-steel column at 3.7×107Pa by the 
high-pressure slurry method to obtain the corresponding CSP [26]. 
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Figure 1. The synthesized routes of cellulose benzoates or phenylcarbamates. 

Investigations on the influence of the pore size of silica gel, the coating amount , the coating 
solvent, and the column temperature on chiral discrimination of CDMPC showed that CSPs 
prepared with a large-pore silica gel having a small surface area exhibited higher 
recognition abilities. An increase in the amount of coating of CDMPC on the silica gel can 
improve the loading capacity of racemates, and a CSP coated with 45% CDMPC by weight 
can be used for both analytical scale and semi-preparative scale separations. CSPs coated 
with acetone showed higher enantioselectivity than those coated with THF or a mixture of 
CH2Cl2 and phenol [27]. 

3.2. The preparation method of covalently bonded CSPs 

Generally, cellulose-derived CSPs covalently bonded on silica gel are prepared by using a 
benzoyl chloride or a phenyl isocyanate to react with cellulose in homogeneous conditions, 
to obtain the corresponding benzoates or carbamates. However, other methods to prepare 
this type of CSP have been reported. Ikai et al. summarized various immobilization methods 
of the polysaccharide derivatives mainly onto silica gel: immobilization using diisocyanate, 
vinyl groups by polymerization and copolymerization with a vinyl monomer etc. [28,29]. 
Several methods of synthesis are shown in Figures 2 to 4.  

CDMPC can be efficiently immobilized on silica gel as CSPs by copolymerizing with vinyl 
monomers. The introduction of vinyl groups or the employment of vinyl monomers can 
readily tune the immobilization efficiency and the chiral recognition of cellulose derivatives 
[30]. The new method was applied to immobilize CDMPC onto bare silica gel via the 
intermolecular polycondensation of triethoxysilyl groups, which were introduced onto the 
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CSP with poly[styrene-b-cellulose 2,3-bis-(3,5-diphenylcarbamate)] was prepared by the 
surface-initiated atom transfer radical polymerization (SI-ATRP) of cellulose 2,3-bis-(3,5-
dimethylphenylcarbamate)-6-acrylate after the SI-ATRP of styrene on the surface of silicon 
dioxide supports in pyridine. This CSP showed considerably high column efficiency for the 
resolution of tested racemates [22]. 

Laureano Oliveros et al, prepared five mixed 10-undecenoate/benzoates of cellulose and 
linked them to allyl silica gel by means of a radical reaction. The investigation of chiral 
recognition ability showed that CSP5 (10-undecenoate/3,5-dichlorobenzoate) has the highest 
enantioselectivity for most of tested racemates, followed by CSP3 (10-undecenoate/4-
methylbenzoate) and CSP4 (10-undecenoate/benzoate). These CSPs showed lower 
resolution than the coated CSPs although they have higher column efficiency. The reason 
may be the lack of polar amino groups on the surface of the CSPs. However, when being 
compared with the coated CSPs, these CSPs can tolerate the use of more polar solvents such 
as chloroform in the mobile phase [23]. 

Three cellulose-based CSPs were prepared by reticulation of the same cellulose derivative 
on three end-capped silica gels with different pore sizes (50Å, 100Å and 4000Å). The 
comparison of chiral recognition ability among them showed that CSPs with higher pore 
size exhibited higher selectivity factors, because it can accommodate a larger amount of 
accessible cellulose derivative on its surface [7]. 

Four mixed 10-undecenoyl-3,5-dimethylphenylaminocarbonyl derivatives of cellulose with 
increased proportion of alkenoyl groups were bonded on allylsilica gel. Their comparison 
showed that CSPB presents the best chiral recognition and can separate the widest range of 
the tested racemates. The reason may be the higher number of substitution of glucose units. 
The important decrease in the recognition ability of these CSPs could be attributed to their 
higher degree of reticulation. More heterogeneous reaction sites of allysilica gel with 
cellulose derivatives can result in lower degree of reticulation in CSPs and therefore 
improve their recognition ability [24]. 

Azido cellulose phenylcarbamate (AzCPC) was synthesized regioselectively and chemically 
immobilized onto amino-functionalized silica gel to obtain urea-bonded CSPs. 
Enantioseparation using CHCl3 on these CSPs showed better separation than traditional 
hexane/2-propanol in mobile phases for some tested racemates. The pre-coating of AzCPC 
onto silica gel prior to chemical immobilization could significantly improve immobilization 
efficiency, and obtained better enantioselectivity [25]. 

3. The preparation method of cellulose-based CSPs 

3.1. The preparation method of coated CSPs 

Generally, benzoate and phenylcarbamate derivatives of cellulose were prepared by 
reaction between cellulose and excess benzoyl chloride or phenyl isocyanate derivatives in 
dry pyridine (Figure 1). These derivatives are then coated onto macro-porous 3-
aminopropylsilica (APS) from a solution by evaporation of the solvent to obtain coated 
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CSPs. The APS was prepared beforehand by silanizing silica gel with a solution of 3-
aminopropyltriethoxysilane. Finally, the CSPs were packed into HPLC columns by the 
slurry method, to obtain coated chiral columns [18, 26]. For example, CDMPC was 
synthesized by reaction of microcrystalline cellulose with 3,5-dimethylphenylcarbimide in 
pyridine; the product was filtered off, washed with methanol and dried at 60° C for 24h. 
CDMPC was then dissolved in THF and coated on the APS under vacuum to dryness. 
Finally, the coated CDMPC were packed into a stainless-steel column at 3.7×107Pa by the 
high-pressure slurry method to obtain the corresponding CSP [26]. 
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Figure 1. The synthesized routes of cellulose benzoates or phenylcarbamates. 

Investigations on the influence of the pore size of silica gel, the coating amount , the coating 
solvent, and the column temperature on chiral discrimination of CDMPC showed that CSPs 
prepared with a large-pore silica gel having a small surface area exhibited higher 
recognition abilities. An increase in the amount of coating of CDMPC on the silica gel can 
improve the loading capacity of racemates, and a CSP coated with 45% CDMPC by weight 
can be used for both analytical scale and semi-preparative scale separations. CSPs coated 
with acetone showed higher enantioselectivity than those coated with THF or a mixture of 
CH2Cl2 and phenol [27]. 

3.2. The preparation method of covalently bonded CSPs 

Generally, cellulose-derived CSPs covalently bonded on silica gel are prepared by using a 
benzoyl chloride or a phenyl isocyanate to react with cellulose in homogeneous conditions, 
to obtain the corresponding benzoates or carbamates. However, other methods to prepare 
this type of CSP have been reported. Ikai et al. summarized various immobilization methods 
of the polysaccharide derivatives mainly onto silica gel: immobilization using diisocyanate, 
vinyl groups by polymerization and copolymerization with a vinyl monomer etc. [28,29]. 
Several methods of synthesis are shown in Figures 2 to 4.  

CDMPC can be efficiently immobilized on silica gel as CSPs by copolymerizing with vinyl 
monomers. The introduction of vinyl groups or the employment of vinyl monomers can 
readily tune the immobilization efficiency and the chiral recognition of cellulose derivatives 
[30]. The new method was applied to immobilize CDMPC onto bare silica gel via the 
intermolecular polycondensation of triethoxysilyl groups, which were introduced onto the 
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glucose unit by the epoxide ring-opening reaction under acidic conditions. The CSPs thus 
obtained also exhibited high chiral recognition ability for 10 tested racemates and could be 
used with various eluents that are not compatible with the conventionally coated CSPs [31]. 
One-pot method was applied to synthesize CDCPC bearing a small amount of 3-
(triethoxysilyl) propyl residues, and then immobilized onto silica gel through intermolecular 
polycondensation. The immobilized CSPs exhibited chiral recognition abilities similar to the 
corresponding coated CSP and slightly different from the commercial Chiralpak IC [32]. 
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Figure 2. The covalent bonding of 3,5-dichloro- and 3,5-dimethylphenylcarbamate of cellulose onto 
APS [33]. 
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Figure 3. Regioselective covalent bonding of CDMPC to positions 2 and 3 of the glucosidic rings. 
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Figure 4. Regioselective covalent bonding of CDMPC to position 6 of the glucosidic rings [34]. 

Cellulose-(diphenymethyldicarbamate/phenylcarbamate) covalently bonded to APS showed 
some chiral recognition ability [35]. Cellulose-tris-phenylcarbamate was covalently bonded 
to silica gel with different spacers. The results showed CSPs prepared with spacer 1(4-(1-(3-
(triethoxysilyl)-propyl)urea)-benzyl-4-isocyanatobenzene) exhibited higher resolution 
ability than spacer TEPI (3-(triethoxysilyl) propyl isocyanate) with the same preparation 
procedure. The amount of spacer in the synthesis influences the optical resolution ability of 
CSPs, and a lower amount can produce higher resolution ability [36]. 

Polar monodisperse amine terminated polymer (2-aminoethyl methacrylate-co- 
ethylenedimethacrylate) beads can be used as the replacement of silica gel, and are suitable 
as supports for the preparation of cellulose-based CSPs coated by simple adsorption and 
immobilized with a diisocyanate linker. However, the chiral recognition abilities of these 
CSPs shows no enhancement because the uses of cellulose-based selectors and preparation 
methods may completely cover the surface of polymer supports. Thus, the analytes have no 
access to the native surface of the support and non-specific interactions with the surface 
functionalities are not observed. [37]. 

4. The application of cellulose-based CSPs in enantioseparation of chiral 
pesticides 

Chiral HPLC is a good method to separate enantiomers/stereoisomers of chiral pesticides 
because it facilitates the preparation of single enantiomers for study of enantiomeric 
bioactivity, toxicology and environmental fate. In recent years, cellulose-based CSPs 
prepared with different cellulose derivatives and methods resulted in their very broad 
application for chiral separation of pesticides such as organophosphates [38], 
organochlorine, triazole, synthetic pyrethroids, acylanilides, imidazolinones, 
phenoxypropanoic-acid herbicides and related compounds [39].Table 2 summarizes the 
resolution results of 79 chiral pesticides in current references. 
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glucose unit by the epoxide ring-opening reaction under acidic conditions. The CSPs thus 
obtained also exhibited high chiral recognition ability for 10 tested racemates and could be 
used with various eluents that are not compatible with the conventionally coated CSPs [31]. 
One-pot method was applied to synthesize CDCPC bearing a small amount of 3-
(triethoxysilyl) propyl residues, and then immobilized onto silica gel through intermolecular 
polycondensation. The immobilized CSPs exhibited chiral recognition abilities similar to the 
corresponding coated CSP and slightly different from the commercial Chiralpak IC [32]. 
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Cellulose-(diphenymethyldicarbamate/phenylcarbamate) covalently bonded to APS showed 
some chiral recognition ability [35]. Cellulose-tris-phenylcarbamate was covalently bonded 
to silica gel with different spacers. The results showed CSPs prepared with spacer 1(4-(1-(3-
(triethoxysilyl)-propyl)urea)-benzyl-4-isocyanatobenzene) exhibited higher resolution 
ability than spacer TEPI (3-(triethoxysilyl) propyl isocyanate) with the same preparation 
procedure. The amount of spacer in the synthesis influences the optical resolution ability of 
CSPs, and a lower amount can produce higher resolution ability [36]. 

Polar monodisperse amine terminated polymer (2-aminoethyl methacrylate-co- 
ethylenedimethacrylate) beads can be used as the replacement of silica gel, and are suitable 
as supports for the preparation of cellulose-based CSPs coated by simple adsorption and 
immobilized with a diisocyanate linker. However, the chiral recognition abilities of these 
CSPs shows no enhancement because the uses of cellulose-based selectors and preparation 
methods may completely cover the surface of polymer supports. Thus, the analytes have no 
access to the native surface of the support and non-specific interactions with the surface 
functionalities are not observed. [37]. 

4. The application of cellulose-based CSPs in enantioseparation of chiral 
pesticides 

Chiral HPLC is a good method to separate enantiomers/stereoisomers of chiral pesticides 
because it facilitates the preparation of single enantiomers for study of enantiomeric 
bioactivity, toxicology and environmental fate. In recent years, cellulose-based CSPs 
prepared with different cellulose derivatives and methods resulted in their very broad 
application for chiral separation of pesticides such as organophosphates [38], 
organochlorine, triazole, synthetic pyrethroids, acylanilides, imidazolinones, 
phenoxypropanoic-acid herbicides and related compounds [39].Table 2 summarizes the 
resolution results of 79 chiral pesticides in current references. 
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As shown in Table 2, the stereoselective separations of most of chiral pesticides can be 
achieved on NP-HPLC and some on RP-HPLC using cellulose-based CSPs. The most 
efficient CSP with the highest chiral recognition ability is CDMPC, available under the 
commercial names of Chiralcel OD, Chiralcel OD-H, Chiralcel OD-R, Chiralcel OD-RH, Lux 
Cellulose-1 and Kromasil CelluCoatTM. The coated CDMPC on APS exhibited higher chiral 
discrimination for most of pesticides than the bonded type available under the commercial 
names of Chiralpak IB and Chiralpak IC. For example, the resolution factor (Rs) of systemic 
fungicide-metalaxyl on the coated CDMPC is 4.54 with hexane/IPA (80:20) as the mobile 
phase, which is significantly higher than that on the bonded CDMPC with an Rs of 0.632 
using hexane/IPA (97/3) as the mobile phase.  

The second most efficient CSP in terms of resolution is CTMB available under the 
commercial names of Chiralcel OJ, Chiralcel OJ-H, Chiralcel OJ-RH, Lux Cellulose-3. It 
exhibited higher chiral discrimination for some chiral pesticides than CDMPC. For example, 
the Rs of triazole fungicide-imazalil on Chiralcel OJ-H is 5.21, which is significantly higher 
than 1.51 obtained on Chiralcel OD-H using the same mobile phase of hexane/IPA (100/3) 
and the same flow rate of 0.8 mL/min on NP-HPLC. The combination of CDMPC and CTMB 
on NP-HPLC and RP-HPLC can separate most chiral pesticides listed in Table 2.  

The separations on NP-HPLC were better than those on RP-HPLC for most chiral pesticides. 
The cellulose-based CSPs on NP-HPLC can generally give better resolution and yield a 
larger amount of a single enantiomer in one injection. However, its application is limited 
because some racemates are polar and difficult to dissolve in the weak polar solvents used 
as mobile phase on NP-HPLC. For this reason, the amount of racemates loaded on CSPs 
cannot be increased. The separation on RP-HPLC is sometimes less effective than on NP-
HPLC, but it can use more methanol, acetonitrile or water in the mobile phase and can thus 
significantly improve the solubility of some racemates that will not readily dissolve in the 
hexane, heptane and isopropanol used in NP-HPLC. This is very helpful to prepare optically 
pure enantiomer of polar chiral compounds and obtain more enantiomer in a shorter time. 
Additionally, the use of HPLC in the reversed phase can easily be connected in tandem with 
mass spectrometry, which makes it possible to establish more sensitive and more efficient 
analytical methods for enantioselective studies of chiral pesticides [40-42]. 
 

No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

1 amiprophos Chiralcel OJ-H hexane/IPA(100/5); 
0.8mL/min; UV 254nm 

Rs: 1.65  [43] 

Chiralcel OD-H hexane/IPA(100/5); 
0.8mL/min; UV 254nm 

-  [43] 

2 benalaxyl CDMPC hexane/IPA(97/3); 1.0 
mL/min; UV 22nm  

Rs>1.5 R-(-) /S-(+) [44] 

ChiralpakIB; 
Chiralcel OJ-H 

hexane( IPA or ethanol); 
0.5 mL/min; UV 220 nm;

  [45] 

3 benzex Chiralce1 OJ hexane/IPA(91/9); 0.5 
mL/min 

  [46] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

4 bifenthrin Chiralcel OJ-H hexane/ethanol(98/2); 1.0 
mL/min; CD 230nm 

  [47] 

5 bioallethrin CDMPC hexane/ethanol(99/1); 1.0 
mL/min; 

: 1.27  [48] 

CMPC hexane/ethanol(99/1); 1.0 
mL/min; 

: 1.39  [49] 

6 bitertanol Chiralcel OD-H hexane/IPA(100/3); 
0.8mL/min; UV 254nm 

Rs: 1.52  [50] 

Chiralcel OJ-H hexane/IPA(100/10); 
0.8mL/min; UV 254nm 

Rs: 3.70  [50] 

7 carfentrazone-
ethyl 

CDMPC hexane/IPA(99.9/0.1); 1.0 
mL/min; UV 230nm 

Rs: 0.52  [51] 

8 chlordane Chiralcel OD hexane; 1.0 mL/min  OR: 
TC(trans)+/- 
CC(cis)+/- 

[52,53] 

9 crotoxyphos Chiralcel OJ hexane/ethanol(90/ 10); 
0.8mL/min; UV 230nm 

Rs: 1.81 OR: -/+ [54,55] 

10 crufomate Chiralcel OD heptane/ethanol(90/10); 
1.0 mL/min; 

Rs: 1.1 OR: +/- [55] 

Chiralcel OJ heptane/ethanol(99.4/ 
0.6); 0.3mL/min; UV 
203nm 

Rs: 0.90 OR: -/+ [55] 

11 cycloprothrin Chiralcel OJ-H hexane /IPA(70/30), 
35C, 1.0 mL/min, UV 
254 nm 

  [56] 

Chiralcel OD-H Hexane/IPA(90/10), 
35C, 1.0 mL/min, UV 
254 nm 

  [56] 

12 cypermethrin CDMPC hexane/IPA (90/10); 
0.5mL/min; UV 230nm 

seven peaks  [57] 

13 alpha-
cypermethrin 

CDMPC hexane/IPA (90/10); 
0.5mL/min; UV 230nm 

Rs: 1.53  [57] 

14 theta- 
cypermethrin 

CDMPC hexane/IPA(99/1); 
0.8mL/min; UV 230nm 

Rs: >1.5 OR: -/+ [58,57] 

15 beta-
cypermethrin 

CDMPC hexane/IPA (99/1); 
0.5mL/min; UV 230nm 

four peaks  [57] 

16 dialifos Chiralcel OJ heptane/ethanol(90/ 10); 
0.9mL/min; UV 220nm 

Rs: 3.12 OR: +/- [55] 

17 dichlorprop Chiralcel OJ-H hexane/IPA (90/10); 
0.5mL/min; UV 228nm 

Rs: 1.34 S/R [59] 

18 diclofop-
methyl 

CDMPC hexane/IPA (95/5); 
0.5mL/min; UV 270 nm 

Rs: 11.8 S/R [60-62] 

CDMPC hexane/n-butyl alcohol 
(84/16); 0.5mL/min; UV 
280 nm 

  [63] 
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As shown in Table 2, the stereoselective separations of most of chiral pesticides can be 
achieved on NP-HPLC and some on RP-HPLC using cellulose-based CSPs. The most 
efficient CSP with the highest chiral recognition ability is CDMPC, available under the 
commercial names of Chiralcel OD, Chiralcel OD-H, Chiralcel OD-R, Chiralcel OD-RH, Lux 
Cellulose-1 and Kromasil CelluCoatTM. The coated CDMPC on APS exhibited higher chiral 
discrimination for most of pesticides than the bonded type available under the commercial 
names of Chiralpak IB and Chiralpak IC. For example, the resolution factor (Rs) of systemic 
fungicide-metalaxyl on the coated CDMPC is 4.54 with hexane/IPA (80:20) as the mobile 
phase, which is significantly higher than that on the bonded CDMPC with an Rs of 0.632 
using hexane/IPA (97/3) as the mobile phase.  

The second most efficient CSP in terms of resolution is CTMB available under the 
commercial names of Chiralcel OJ, Chiralcel OJ-H, Chiralcel OJ-RH, Lux Cellulose-3. It 
exhibited higher chiral discrimination for some chiral pesticides than CDMPC. For example, 
the Rs of triazole fungicide-imazalil on Chiralcel OJ-H is 5.21, which is significantly higher 
than 1.51 obtained on Chiralcel OD-H using the same mobile phase of hexane/IPA (100/3) 
and the same flow rate of 0.8 mL/min on NP-HPLC. The combination of CDMPC and CTMB 
on NP-HPLC and RP-HPLC can separate most chiral pesticides listed in Table 2.  

The separations on NP-HPLC were better than those on RP-HPLC for most chiral pesticides. 
The cellulose-based CSPs on NP-HPLC can generally give better resolution and yield a 
larger amount of a single enantiomer in one injection. However, its application is limited 
because some racemates are polar and difficult to dissolve in the weak polar solvents used 
as mobile phase on NP-HPLC. For this reason, the amount of racemates loaded on CSPs 
cannot be increased. The separation on RP-HPLC is sometimes less effective than on NP-
HPLC, but it can use more methanol, acetonitrile or water in the mobile phase and can thus 
significantly improve the solubility of some racemates that will not readily dissolve in the 
hexane, heptane and isopropanol used in NP-HPLC. This is very helpful to prepare optically 
pure enantiomer of polar chiral compounds and obtain more enantiomer in a shorter time. 
Additionally, the use of HPLC in the reversed phase can easily be connected in tandem with 
mass spectrometry, which makes it possible to establish more sensitive and more efficient 
analytical methods for enantioselective studies of chiral pesticides [40-42]. 
 

No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

1 amiprophos Chiralcel OJ-H hexane/IPA(100/5); 
0.8mL/min; UV 254nm 

Rs: 1.65  [43] 

Chiralcel OD-H hexane/IPA(100/5); 
0.8mL/min; UV 254nm 

-  [43] 

2 benalaxyl CDMPC hexane/IPA(97/3); 1.0 
mL/min; UV 22nm  

Rs>1.5 R-(-) /S-(+) [44] 

ChiralpakIB; 
Chiralcel OJ-H 

hexane( IPA or ethanol); 
0.5 mL/min; UV 220 nm;

  [45] 

3 benzex Chiralce1 OJ hexane/IPA(91/9); 0.5 
mL/min 

  [46] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

4 bifenthrin Chiralcel OJ-H hexane/ethanol(98/2); 1.0 
mL/min; CD 230nm 

  [47] 

5 bioallethrin CDMPC hexane/ethanol(99/1); 1.0 
mL/min; 

: 1.27  [48] 

CMPC hexane/ethanol(99/1); 1.0 
mL/min; 

: 1.39  [49] 

6 bitertanol Chiralcel OD-H hexane/IPA(100/3); 
0.8mL/min; UV 254nm 

Rs: 1.52  [50] 

Chiralcel OJ-H hexane/IPA(100/10); 
0.8mL/min; UV 254nm 

Rs: 3.70  [50] 

7 carfentrazone-
ethyl 

CDMPC hexane/IPA(99.9/0.1); 1.0 
mL/min; UV 230nm 

Rs: 0.52  [51] 

8 chlordane Chiralcel OD hexane; 1.0 mL/min  OR: 
TC(trans)+/- 
CC(cis)+/- 

[52,53] 

9 crotoxyphos Chiralcel OJ hexane/ethanol(90/ 10); 
0.8mL/min; UV 230nm 

Rs: 1.81 OR: -/+ [54,55] 

10 crufomate Chiralcel OD heptane/ethanol(90/10); 
1.0 mL/min; 

Rs: 1.1 OR: +/- [55] 

Chiralcel OJ heptane/ethanol(99.4/ 
0.6); 0.3mL/min; UV 
203nm 

Rs: 0.90 OR: -/+ [55] 

11 cycloprothrin Chiralcel OJ-H hexane /IPA(70/30), 
35C, 1.0 mL/min, UV 
254 nm 

  [56] 

Chiralcel OD-H Hexane/IPA(90/10), 
35C, 1.0 mL/min, UV 
254 nm 

  [56] 

12 cypermethrin CDMPC hexane/IPA (90/10); 
0.5mL/min; UV 230nm 

seven peaks  [57] 

13 alpha-
cypermethrin 

CDMPC hexane/IPA (90/10); 
0.5mL/min; UV 230nm 

Rs: 1.53  [57] 

14 theta- 
cypermethrin 

CDMPC hexane/IPA(99/1); 
0.8mL/min; UV 230nm 

Rs: >1.5 OR: -/+ [58,57] 

15 beta-
cypermethrin 

CDMPC hexane/IPA (99/1); 
0.5mL/min; UV 230nm 

four peaks  [57] 

16 dialifos Chiralcel OJ heptane/ethanol(90/ 10); 
0.9mL/min; UV 220nm 

Rs: 3.12 OR: +/- [55] 

17 dichlorprop Chiralcel OJ-H hexane/IPA (90/10); 
0.5mL/min; UV 228nm 

Rs: 1.34 S/R [59] 

18 diclofop-
methyl 

CDMPC hexane/IPA (95/5); 
0.5mL/min; UV 270 nm 

Rs: 11.8 S/R [60-62] 

CDMPC hexane/n-butyl alcohol 
(84/16); 0.5mL/min; UV 
280 nm 

  [63] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

CDMPC hexane/isobutanol 
(98/2); 1.0 mL/min; UV 
230nm 

Rs: 6.15 OR: -/+ [64,39,65] 

CDMPC coated 
on TiO2/SiO2

hexane/IPA(65/35), 1.0 
mL/min

Rs: 1.50 [19] 

CDMPC ACN/water (50/50); 0.8 
mL/min; UV 230 nm

Rs: 1.53 OR: -/+ [66] 

CTMB hexane/IPA (50/50); 
0.5mL/min; UV 254 nm 

Rs: 1.68 R/S [67,68,63] 

CTB hexane/n-butyl alcohol
(84/16); 0.5mL/min; UV 
280 nm

[63] 

CTPC hexane/n-butyl alcohol 
(84/16); 0.5mL/min; UV 
280 nm

[63] 

Chiralcel OJ-H hexane/IPA/acetic acid
(90/10/0.2); 0.5mL/min; 
CD 282nm

Rs: 5.49 R/S [69,70] 

19 diclofop acid Chiralcel OJ-H hexane/IPA/acetic acid 
(90/10/0.2); 0.5 mL/min; 
UV 230 nm 

[70] 

20 difenoconazole Chiralcel OJ hexance/ethanol(90/10); 
0.6 mL/min; UV 230nm.

Rs: 3.79 OR: +/-/+/- [71] 

21 diniconazole CDMPC; 
Chiralcel OD 

hexane/n-butyl 
alcohol(98/2); 1.0 
mL/min; UV 220nm

Rs: 1.53 OR: +/- [72,61] 

Chiralcel OD hexane/IPA(90/10); 
0.6mL/min; UV 253nm

Rs: 1.17 OR: +/- 71 

Chiralcel OD-H hexane/IPA(100/5); 1.0 
mL/min; UV 225nm

: 1.20 R(-)/S(+) [73,50] 

Chiralcel OJ; 
Chiralcel OJ-H

hexane/IPA(100/3); 1.0 
mL/min; UV 225nm

: 1.14 R(-)/S(+) [73,74] 

Lux Cellulose-1 ACN/water(70/30), 
MET/water(80/20); 1.0 
mL/min; UV 220nm

Rs: 2.31, 
2.62 

OR: -/+ [75,66] 

22 dioxabenzofos Chiralcel OJ hexane/IPA(95/5); 1.0 
mL/min; UV 220nm

Rs: 1.56 OR: -/+ [76] 

Chiralcel OD hexane/IPA(99.5/0.5); 1.0 
mL/min; UV 220nm 

Rs: 1.42 OR: -/+ [76] 

23 epoxiconazole Lux Cellulose-1; 
CDMPC 

ACN/water(50/50), 
MET/water(80/20); 1.0 
mL/min; UV 220nm

Rs: 2.04, 
1.62 

OR: −/+ [75,66] 

24 ethofumesate CDMPC hexane/IPA (98/2); 1.0 
mL/min; UV 230nm

Rs: 6.34 [77] 

hexane/IPA (93/7); 1.0 
mL/min; UV 230nm 

: 1.58 OR; +/- [78,79] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

hexane/isobutanol
(95/5); 1.0 mL/min; UV 
230nm 

Rs: 7.05 OR: +/- [64,80] 

25 fenamiphos Chiralcel OJ heptane/ethanol(99.1/ 
0.9); 0.5mL/min; UV 
203nm

Rs: 1.08 OR: +/- [55] 

CDMPC ACN/water(70/30); 
0.8mL/min; UV 230nm

: 1.00  [81] 

26 fenbuconazole Lux Cellulose-1 ACN/water(90/10), 
MET/water(70/30); 1.0 
mL/min; UV 220nm 

Rs: 4.79, 
3.96 

OR: +/- [75] 

27 fenoxaprop-
ethyl 

CDMPC hexane/ethanol (93/7); 
0.5mL/min; UV 290nm

Rs: 1.83  [61] 

MET/water (80/20); 
0.8mL/min; UV 265nm

Rs: 1.01 OR: +/- [66] 

ACN/water (50/50); 
0.8mL/min; UV 230nm

Rs: 1.53 OR: -/+ [66] 

28 fensulfothion Chiralcel OJ heptane/ethanol(96/4);
0.8mL/min; UV 201nm

Rs: 1.21 OR: -/+ [55] 

29 fenthiaprop CDMP ACN/water (50/50); 
0.8mL/min; UV 230nm 

Rs: 1.53 OR: -/+ [66] 

30 fipronil Chiralcel OD isooctane/IPA(96/6); 6.0 
mL/min;

  [82] 

CDMPC 
 

hexane/IPA(95/5); 1.0 
mL/min; UV 230nm 

  [83] 

31 flamprop-
methyl 

CDMPC hexane/ IPA(97/3); 
1.2mL/min; UV 230nm 

Rs: 1.59 R/S [84] 

32 fluazifop-butyl CDMPC hexane/n-butyl alcohol
(89/11); 0.5mL/min; UV 
270nm

Rs: 2.55 S/R [61] 

33 fluazifop-p-
butyl 

CDMPC hexane/ IPA (95/5); 
0.5mL/min; UV 251nm

Rs: 3.80 S/R [60] 

CHIRALPAK IC hexane/IPA(90/10); 1.0 
mL/min; UV 254nm

  [85] 

34 fluroxypyr-
meptyl 

CDMPC hexane/ IPA(99/1); 0.5 
mL/min; UV 230nm

Rs: 1.31  [86] 

CDMPC MET/water(80/20); 
0.5mL/min; UV 230nm 

Rs: 1.07 OR: +/- [66] 

35 flutriafol 
 

Chiralcel OD; 
Chiralcel OD-H; 
CDMPC 

hexance/IPA(95/5); 
0.6mL/min; UV 230nm 

Rs: 1.37 OR: -/+ [71,50, 64] 

Lux Cellulose-1 ACN/water(70/30), 
MET/water(70/30); 1.0 
mL/min; UV 220nm

Rs: 1.99, 
1.39 

OR: -/+ [75] 

36 tau-fluvalinate Chiralcel OJ hexane/ethanol(90/10);
0.3mL/min; UV 210 nm

Rs: 1.59  [87] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

CDMPC hexane/isobutanol 
(98/2); 1.0 mL/min; UV 
230nm 

Rs: 6.15 OR: -/+ [64,39,65] 

CDMPC coated 
on TiO2/SiO2

hexane/IPA(65/35), 1.0 
mL/min

Rs: 1.50 [19] 

CDMPC ACN/water (50/50); 0.8 
mL/min; UV 230 nm

Rs: 1.53 OR: -/+ [66] 

CTMB hexane/IPA (50/50); 
0.5mL/min; UV 254 nm 

Rs: 1.68 R/S [67,68,63] 

CTB hexane/n-butyl alcohol
(84/16); 0.5mL/min; UV 
280 nm

[63] 

CTPC hexane/n-butyl alcohol 
(84/16); 0.5mL/min; UV 
280 nm

[63] 

Chiralcel OJ-H hexane/IPA/acetic acid
(90/10/0.2); 0.5mL/min; 
CD 282nm

Rs: 5.49 R/S [69,70] 

19 diclofop acid Chiralcel OJ-H hexane/IPA/acetic acid 
(90/10/0.2); 0.5 mL/min; 
UV 230 nm 

[70] 

20 difenoconazole Chiralcel OJ hexance/ethanol(90/10); 
0.6 mL/min; UV 230nm.

Rs: 3.79 OR: +/-/+/- [71] 

21 diniconazole CDMPC; 
Chiralcel OD 

hexane/n-butyl 
alcohol(98/2); 1.0 
mL/min; UV 220nm

Rs: 1.53 OR: +/- [72,61] 

Chiralcel OD hexane/IPA(90/10); 
0.6mL/min; UV 253nm

Rs: 1.17 OR: +/- 71 

Chiralcel OD-H hexane/IPA(100/5); 1.0 
mL/min; UV 225nm

: 1.20 R(-)/S(+) [73,50] 

Chiralcel OJ; 
Chiralcel OJ-H

hexane/IPA(100/3); 1.0 
mL/min; UV 225nm

: 1.14 R(-)/S(+) [73,74] 

Lux Cellulose-1 ACN/water(70/30), 
MET/water(80/20); 1.0 
mL/min; UV 220nm

Rs: 2.31, 
2.62 

OR: -/+ [75,66] 

22 dioxabenzofos Chiralcel OJ hexane/IPA(95/5); 1.0 
mL/min; UV 220nm

Rs: 1.56 OR: -/+ [76] 

Chiralcel OD hexane/IPA(99.5/0.5); 1.0 
mL/min; UV 220nm 

Rs: 1.42 OR: -/+ [76] 

23 epoxiconazole Lux Cellulose-1; 
CDMPC 

ACN/water(50/50), 
MET/water(80/20); 1.0 
mL/min; UV 220nm

Rs: 2.04, 
1.62 

OR: −/+ [75,66] 

24 ethofumesate CDMPC hexane/IPA (98/2); 1.0 
mL/min; UV 230nm

Rs: 6.34 [77] 

hexane/IPA (93/7); 1.0 
mL/min; UV 230nm 

: 1.58 OR; +/- [78,79] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

hexane/isobutanol
(95/5); 1.0 mL/min; UV 
230nm 

Rs: 7.05 OR: +/- [64,80] 

25 fenamiphos Chiralcel OJ heptane/ethanol(99.1/ 
0.9); 0.5mL/min; UV 
203nm

Rs: 1.08 OR: +/- [55] 

CDMPC ACN/water(70/30); 
0.8mL/min; UV 230nm

: 1.00  [81] 

26 fenbuconazole Lux Cellulose-1 ACN/water(90/10), 
MET/water(70/30); 1.0 
mL/min; UV 220nm 

Rs: 4.79, 
3.96 

OR: +/- [75] 

27 fenoxaprop-
ethyl 

CDMPC hexane/ethanol (93/7); 
0.5mL/min; UV 290nm

Rs: 1.83  [61] 

MET/water (80/20); 
0.8mL/min; UV 265nm

Rs: 1.01 OR: +/- [66] 

ACN/water (50/50); 
0.8mL/min; UV 230nm

Rs: 1.53 OR: -/+ [66] 

28 fensulfothion Chiralcel OJ heptane/ethanol(96/4);
0.8mL/min; UV 201nm

Rs: 1.21 OR: -/+ [55] 

29 fenthiaprop CDMP ACN/water (50/50); 
0.8mL/min; UV 230nm 

Rs: 1.53 OR: -/+ [66] 

30 fipronil Chiralcel OD isooctane/IPA(96/6); 6.0 
mL/min;

  [82] 

CDMPC 
 

hexane/IPA(95/5); 1.0 
mL/min; UV 230nm 

  [83] 

31 flamprop-
methyl 

CDMPC hexane/ IPA(97/3); 
1.2mL/min; UV 230nm 

Rs: 1.59 R/S [84] 

32 fluazifop-butyl CDMPC hexane/n-butyl alcohol
(89/11); 0.5mL/min; UV 
270nm

Rs: 2.55 S/R [61] 

33 fluazifop-p-
butyl 

CDMPC hexane/ IPA (95/5); 
0.5mL/min; UV 251nm

Rs: 3.80 S/R [60] 

CHIRALPAK IC hexane/IPA(90/10); 1.0 
mL/min; UV 254nm

  [85] 

34 fluroxypyr-
meptyl 

CDMPC hexane/ IPA(99/1); 0.5 
mL/min; UV 230nm

Rs: 1.31  [86] 

CDMPC MET/water(80/20); 
0.5mL/min; UV 230nm 

Rs: 1.07 OR: +/- [66] 

35 flutriafol 
 

Chiralcel OD; 
Chiralcel OD-H; 
CDMPC 

hexance/IPA(95/5); 
0.6mL/min; UV 230nm 

Rs: 1.37 OR: -/+ [71,50, 64] 

Lux Cellulose-1 ACN/water(70/30), 
MET/water(70/30); 1.0 
mL/min; UV 220nm

Rs: 1.99, 
1.39 

OR: -/+ [75] 

36 tau-fluvalinate Chiralcel OJ hexane/ethanol(90/10);
0.3mL/min; UV 210 nm

Rs: 1.59  [87] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

Chiralcel OG hexane/IPA Rs: <0.91  
Chiralcel OD-R MET/water; UV 210 nm Rs: <0.91  

37 fonofos Chiralcel OJ heptane/ethanol(99.5/0.5
);1.0 mL/min; UV 202nm

Rs: 2.1 OR: +/- [55,54] 

Chiralcel OJ-H hexane/IPA(100/10);
0.8mL/min; UV 254nm

Rs: 9.58  [43] 

Chiralcel OD-H hexane/IPA(100/0.5);
0.8mL/min; UV 254nm

-  [43] 

38 heptachlor 
epoxide 

Chiralcel OD hexane; 1.0 mL/min; UV 
215nm 

  [53] 

39 hexaconazole CDMPC; 
Chiralcel OD 

hexance/IPA(91/9); 
0.5mL/min; UV 270.9nm

Rs: 4.79 OR: +/- [61,66, 
71,72] 

CDMPC hexance/ tertiary butanol 
(95/5); 0.5mL/min; UV 
270nm

Rs: 2.30  [88] 

Chiralcel OD-H ACN/MET(98/2); 
0.5mL/min; UV 254nm 

Rs: 1.51  [89] 

Lux Cellulose-1 ACN/water(90/10), 
MET/water(80/20); 1.0 
mL/min; UV 220nm

Rs: 2.25, 
2.12 

OR: +/- [75] 

40 imazalil Chiralcel OD-H hexane/IPA(100/3); 
0.8mL/min; UV 220nm

Rs: 1.51  [50] 

Chiralcel OJ-H hexane/IPA(100/3); 
0.8mL/min; UV 220nm

Rs: 5.21  [50] 

Chiralcel OD ACN/water(50/50); 
0.8mL/min; UV 240nm

Rs: 0.91 OR: −/+ [66] 

41 imazamox Chiralcel OD-R ACN/ PBS 
buffer(50mM)(20/80); 1.0 
mL/min

  [39] 

Chiralcel OJ hexane(0.1%TFA)/IPA(6
0/40

Rs: 0.89  [90] 

42 imazapic Chiralcel OJ hexane/ alcohol/TFA 
(75/25/0.1); 1.0 mL/min; 
UV 254nm

 OR: +/- [90] 

43 imazapyr Chiralcel OJ hexane/ IPA/acetic acid 
(84.6/15.4/0.1); 
0.8mL/min; UV 275nm

 OR: +/- [91] 

44 imazaquin Chiralcel OJ-H 
 

Hexane/IPA/Acetic 
acid(84.6/15.4/0.1); 0.8 
mL/min; UV 275 nm

 CD: +/- [91,39] 

Chiralcel OD-R ACN/ PBS 
buffer(50mM)(20/80); 1.0 
mL/min

Rs: 2.44  [90] 

45 imazethapyr Chiralcel OJ hexane/ethanol/ acetic 
acid (75/25/0.5); 1.0 
mL/min; UV 250nm

 OR: +/- [92] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

Chiralcel OJ hexane/ IPA/acetic acid 
(84.6/15.4/0.1); 
0.8mL/min; UV 275nm 

  [90] 

46 indoxacarb Lux cellulose-1;
Chiralcel OD

hexane/IPA(85/15)
0.8mL/min; UV 310 nm

 OR: -/+ [93,94] 

47 isocarbophos CDMPC hexane/IPA(98/2); UV 
225nm

Rs: 2.42 OR: -/+ [64,51,95] 

48 isofenphos Chiralcel OG heptane/IPA(98/2); 1.0 
mL/min;

Rs: 1.1 OR: +/- [55] 

Chiralcel OJ heptane/ethanol(99.4/ 
0.6); 0.3mL/min; UV 
201nm

Rs: 1.11 OR: +/- [55] 

49 isofenphos-
methyl 
 

Chiralcel OJ-H hexane/IPA(100/1);
0.8mL/min; UV 280nm 

Rs: 1.59 
 

 [81] 

Chiralcel OD-H hexane/IPA(100/1);
0.8mL/min; UV 280nm 

Rs: 1.73 
 

 [43] 

CDMPC ACN/water(70/30);
0.8mL/min; UV 230nm

: 1  [81] 

50 iso-malathion Chiralcel OJ hexane/IPA(97/3); 1.0 
mL/min; UV 220nm

  [66] 

51 lactofen 
 

CDMPC hexane/IPA(99/1); 1.0 
mL/min; UV 230nm

Rs: 1.87 OR: +/- [64, 39] 

CDMPC MET/water(75/25); 
0.8mL/min; UV 265nm

Rs: 1.07 OR: -/+ [66] 

Chiralpak IC hexane/ CH2Cl2/TFA 
(65/35/0.1)

Rs: 8.11  [96] 

52 lambda-
cyhalothrin 

Chiralecl OD Hexane/IPA(95/5), 0.5 
mL/min; UV 236 nm

 CD: -/+ [97] 

Chiralecl OJ hexane; ethanol ( 95/5); 
0.6 mL/min, UV 236 nm

 CD: -/+ [97] 

Chiralecl OJ Hexane/IPA( 90/10); 0.4 
mL/min, UV 236 nm

 CD: -/+/+/- [97] 

53 malaoxon Chiralcel OJ hexane/IPA(96/4); 1.0 
mL/min; UV 220nm 

Rs: 4.06 R/S 
OR: +/- 

[98] 

54 malathion Chiralcel OJ heptane/ethanol(90/ 10);
0.9mL/min; UV 220nm

Rs: 4.11 OR: +/- [55] 

Chiralcel OJ hexane/IPA(97/3); 1.0 
mL/min; UV 220nm

Rs: 3.35 OR: +/- [98] 

CDMPC hexane/IPA(99/1); 1.0 
mL/min; UV 210nm

Rs: 1.44 OR: +/- [65] 

CDMPC ACN/water(70/30);
0.8mL/min; UV 230nm 

: 1.0  [81] 

55 metalaxyl CDMPC hexane/IPA(80:20); 1.0 
mL/min; UV 230nm

Rs: 4.54  [26,99] 

CDMPC coated 
on TiO2/SiO2

hexane/IPA(65/35); 1.0 
mL/min

Rs: 2.97  [19] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

Chiralcel OG hexane/IPA Rs: <0.91  
Chiralcel OD-R MET/water; UV 210 nm Rs: <0.91  

37 fonofos Chiralcel OJ heptane/ethanol(99.5/0.5
);1.0 mL/min; UV 202nm

Rs: 2.1 OR: +/- [55,54] 

Chiralcel OJ-H hexane/IPA(100/10);
0.8mL/min; UV 254nm

Rs: 9.58  [43] 

Chiralcel OD-H hexane/IPA(100/0.5);
0.8mL/min; UV 254nm

-  [43] 

38 heptachlor 
epoxide 

Chiralcel OD hexane; 1.0 mL/min; UV 
215nm 

  [53] 

39 hexaconazole CDMPC; 
Chiralcel OD 

hexance/IPA(91/9); 
0.5mL/min; UV 270.9nm

Rs: 4.79 OR: +/- [61,66, 
71,72] 

CDMPC hexance/ tertiary butanol 
(95/5); 0.5mL/min; UV 
270nm

Rs: 2.30  [88] 

Chiralcel OD-H ACN/MET(98/2); 
0.5mL/min; UV 254nm 

Rs: 1.51  [89] 

Lux Cellulose-1 ACN/water(90/10), 
MET/water(80/20); 1.0 
mL/min; UV 220nm

Rs: 2.25, 
2.12 

OR: +/- [75] 

40 imazalil Chiralcel OD-H hexane/IPA(100/3); 
0.8mL/min; UV 220nm

Rs: 1.51  [50] 

Chiralcel OJ-H hexane/IPA(100/3); 
0.8mL/min; UV 220nm

Rs: 5.21  [50] 

Chiralcel OD ACN/water(50/50); 
0.8mL/min; UV 240nm

Rs: 0.91 OR: −/+ [66] 

41 imazamox Chiralcel OD-R ACN/ PBS 
buffer(50mM)(20/80); 1.0 
mL/min

  [39] 

Chiralcel OJ hexane(0.1%TFA)/IPA(6
0/40

Rs: 0.89  [90] 

42 imazapic Chiralcel OJ hexane/ alcohol/TFA 
(75/25/0.1); 1.0 mL/min; 
UV 254nm

 OR: +/- [90] 

43 imazapyr Chiralcel OJ hexane/ IPA/acetic acid 
(84.6/15.4/0.1); 
0.8mL/min; UV 275nm

 OR: +/- [91] 

44 imazaquin Chiralcel OJ-H 
 

Hexane/IPA/Acetic 
acid(84.6/15.4/0.1); 0.8 
mL/min; UV 275 nm

 CD: +/- [91,39] 

Chiralcel OD-R ACN/ PBS 
buffer(50mM)(20/80); 1.0 
mL/min

Rs: 2.44  [90] 

45 imazethapyr Chiralcel OJ hexane/ethanol/ acetic 
acid (75/25/0.5); 1.0 
mL/min; UV 250nm

 OR: +/- [92] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

Chiralcel OJ hexane/ IPA/acetic acid 
(84.6/15.4/0.1); 
0.8mL/min; UV 275nm 

  [90] 

46 indoxacarb Lux cellulose-1;
Chiralcel OD

hexane/IPA(85/15)
0.8mL/min; UV 310 nm

 OR: -/+ [93,94] 

47 isocarbophos CDMPC hexane/IPA(98/2); UV 
225nm

Rs: 2.42 OR: -/+ [64,51,95] 

48 isofenphos Chiralcel OG heptane/IPA(98/2); 1.0 
mL/min;

Rs: 1.1 OR: +/- [55] 

Chiralcel OJ heptane/ethanol(99.4/ 
0.6); 0.3mL/min; UV 
201nm

Rs: 1.11 OR: +/- [55] 

49 isofenphos-
methyl 
 

Chiralcel OJ-H hexane/IPA(100/1);
0.8mL/min; UV 280nm 

Rs: 1.59 
 

 [81] 

Chiralcel OD-H hexane/IPA(100/1);
0.8mL/min; UV 280nm 

Rs: 1.73 
 

 [43] 

CDMPC ACN/water(70/30);
0.8mL/min; UV 230nm

: 1  [81] 

50 iso-malathion Chiralcel OJ hexane/IPA(97/3); 1.0 
mL/min; UV 220nm

  [66] 

51 lactofen 
 

CDMPC hexane/IPA(99/1); 1.0 
mL/min; UV 230nm

Rs: 1.87 OR: +/- [64, 39] 

CDMPC MET/water(75/25); 
0.8mL/min; UV 265nm

Rs: 1.07 OR: -/+ [66] 

Chiralpak IC hexane/ CH2Cl2/TFA 
(65/35/0.1)

Rs: 8.11  [96] 

52 lambda-
cyhalothrin 

Chiralecl OD Hexane/IPA(95/5), 0.5 
mL/min; UV 236 nm

 CD: -/+ [97] 

Chiralecl OJ hexane; ethanol ( 95/5); 
0.6 mL/min, UV 236 nm

 CD: -/+ [97] 

Chiralecl OJ Hexane/IPA( 90/10); 0.4 
mL/min, UV 236 nm

 CD: -/+/+/- [97] 

53 malaoxon Chiralcel OJ hexane/IPA(96/4); 1.0 
mL/min; UV 220nm 

Rs: 4.06 R/S 
OR: +/- 

[98] 

54 malathion Chiralcel OJ heptane/ethanol(90/ 10);
0.9mL/min; UV 220nm

Rs: 4.11 OR: +/- [55] 

Chiralcel OJ hexane/IPA(97/3); 1.0 
mL/min; UV 220nm

Rs: 3.35 OR: +/- [98] 

CDMPC hexane/IPA(99/1); 1.0 
mL/min; UV 210nm

Rs: 1.44 OR: +/- [65] 

CDMPC ACN/water(70/30);
0.8mL/min; UV 230nm 

: 1.0  [81] 

55 metalaxyl CDMPC hexane/IPA(80:20); 1.0 
mL/min; UV 230nm

Rs: 4.54  [26,99] 

CDMPC coated 
on TiO2/SiO2

hexane/IPA(65/35); 1.0 
mL/min

Rs: 2.97  [19] 



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 230 

No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

ChiracelOJ-H hexane/IPA(90:10); 0.5 
mL/min; CD 236 nm

 S/R [100] 

Bonded CDMPC MET/water(50/50) Rs: 0.506  [101] 
Bonded CDMPC ACN/water(80/20) Rs: 0.766  [101] 
Bonded CDMPC hexane/IPA(97/3) Rs: 0.632  [101] 
Bonded CDMPC hexane/tertbutyl alcohol 

(95/5) 
Rs: 0.918  [101] 

56 metalaxyl acid CDMPC hexane/IPA/TFA(70/30/0
.1%); 1.0 mL/min

Rs: 1.96 CD(-)/(+) [102] 

57 metalaxyl 
intermediate 

CDMPC hexane/IPA(99/1); 1.0 
mL/min; 

Rs: 1.85 CD (-)/(+) 
at 228 nm; 
CD(+)/(-) at 
280nm 

[102,26] 

58 methami-
dophos 

CDMPC hexane/IPA(90/10); 1.0 
mL/min; UV 230nm

Rs: 1.54 OR: +/- [65,103] 

Chiralcel OD heptane/ethanol(90/ 10); 
1.0 mL/min; 

Rs: 1.7 OR: +/- [55] 

Chiralcel OJ heptane/ethanol(93.5/6.5
); 0.8mL/min; UV 200nm

Rs: 1.56 OR: +/- [55] 

CDMPC ACN/water(70/30);
0.8mL/min; UV 230nm 

: 1.0  [81] 

59 metolachlor Chiralcel OD-H 
 

hexane/diethyl ether 
(91/9); 0.8 mL/min; UV 
230 nm

  [104] 

60 myclobutanil 
 

CDMPC hexane/IPA(73/26); 
0.5mL/min; UV 221.5nm

Rs: 13.3  [61] 

CTPC hexane/IPA(73/26); 
0.5mL/min; UV 221.5nm

Rs: 1.54  [50] 

Lux Cellulose-1; 
CDMPC; 
Chiralcel OD 

ACN/water(90/10), 
MET/water(90/10); 1.0 
mL/min; UV 220nm 

Rs: 5.10, 
4.91 

OR: +/- [75, 66] 

61 naproanilide 
 

CDMPC hexane/IPA(80/20); 1.0 
or 0.5mL/min

Rs: 1.91  [105] 

Chiralcel OD-H; 
Chiralcel OJ-H 

hexane; 1.0 mL/min; UV 
254 nm 

 OR: ＋/－ [106] 

Bonded-CTB hexane; 1.0 mL/min; UV 
254 nm

 OR: －/＋ [106] 

62 napropamide Chiralpak OJ-H hexane/IPA(80/20); 
0.5mL/min; 40C; UV 
220nm

  [107] 

63 paclobutrazol CDMPC ACN/water(40/60); 0.8 
mL/min; UV 230nm.

Rs: 1.93 OR: +/− [108] 

Chiralcel OD; 
CDMPC 

hexance/IPA(100/2); 0.8 
mL/min; UV 225nm. 

Rs: 1.83  [50, 61] 

OJ hexance/IPA(100/10); 0.8 
mL/min; UV 225nm.

Rs: 4.05  [50] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

64 penconazole Lux Cellulose-1 
Chiralcel OD-H 

ACN/water(50/50), 
MET/water(90/10); 1.0 
mL/min; UV 220nm 

Rs: 7.58, 
2.29 

OR: -/+ [75,89] 

65 permethrin Chiralcel OJ hexane/ethanol(95/15); 
0.3mL/min; UV 210 nm 

Rs: 1.47  [87] 

Chiralcel OD-R MET/water; UV 210 nm Rs: <0.91  
66 phenthoate Chiralcel OJ hexane/IPA(90/10); 

.6mL/min; UV 230nm 
 OR: -/+ [109] 

CDMPC ACN/water(70/30); 
0.8mL/min; UV 230nm 

: 1.0  [81] 

67 profenofos CDMPC hexane/IPA(99.5/0.5); 
UV 210nm 

Rs: 1.35 OR: +/- [64] 

Chiralcel OJ heptane/ethanol(99.5/0.5
); 1.0 mL/min; UV 
202nm 

Rs: 3.52 OR: +/- [55] 

Chiralcel OJ hexane; 0.8mL/min; UV 
230nm 

Rs: 1.12 OR: +/- [54] 

CDMPC ACN/water(70/30); 
0.8mL/min; UV 230nm 

: 1.0  [81] 

68 propiconazole Chiralcel OD hexance/IPA(90/10); 0.6 
mL/min; UV 230nm. 

Rs: 2.95/ 
2.72/ 1.04 

OR: +/-/+/- [71] 

69 prothiophos Chiralcel OJ heptane/ethanol(98/2); 
15C; 1.0 mL/min; UV 
202nm 

Rs: 1.6 OR: +/- [55] 

70 quizalofop-P-
ethyl 

CDMPC hexane/NPA (91/9); 
0.5mL/min; UV 332nm 

Rs: 1.7 R/S [61] 

Chiralcel OJ-H hexane/MET/methylene 
dichloride(450/2/8); 1.0 
mL/min; UV 290 nm 

 S/R [110] 

71 pyraclofos Chiralcel OD hexane/IPA(90/10); 1.0 
mL/min; UV 254nm 

 OR: -/+ 109 

72 tebuconazole CDMPC; 
Chiralcel OD 

hexane/IPA(98/2); 1.0 
mL/min; UV 220nm 

Rs: 1.63 OR: -/+ [50,61, 64, 
71] 

Chiralcel OJ-H; 
CTMB 

hexane/IPA(100/10); 
0.8mL/min; UV 225nm 

Rs: 5.64  [50, 61] 

CTPC hexane/IPA(91/9); 
0.6mL/min; UV 269.8nm

Rs: 1.16  [61] 

Chiralcel OD-H ACN/IPA(70/30); 
0.5mL/min; UV 254nm 

Rs: 0.67  [89] 

73 tetraconazole Lux Cellulose-1 ACN/water(90/10); 1.0 
mL/min; UV 220nm 

Rs: 1.39 OR: +/- [75] 

74 triadimefon CDMPC; 
Chiralcel OD 

hexane/IPA(99/1); 1.0 
mL/min; UV 230nm 

Rs: 1.47 OR: -/+ [64, 71] 

Chiralcel OD hexane/IPA(100/5); 1.0 
mL/min; UV 225nm 

: 1.20 R(-)/S(+) [73] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

ChiracelOJ-H hexane/IPA(90:10); 0.5 
mL/min; CD 236 nm

 S/R [100] 

Bonded CDMPC MET/water(50/50) Rs: 0.506  [101] 
Bonded CDMPC ACN/water(80/20) Rs: 0.766  [101] 
Bonded CDMPC hexane/IPA(97/3) Rs: 0.632  [101] 
Bonded CDMPC hexane/tertbutyl alcohol 

(95/5) 
Rs: 0.918  [101] 

56 metalaxyl acid CDMPC hexane/IPA/TFA(70/30/0
.1%); 1.0 mL/min

Rs: 1.96 CD(-)/(+) [102] 

57 metalaxyl 
intermediate 

CDMPC hexane/IPA(99/1); 1.0 
mL/min; 

Rs: 1.85 CD (-)/(+) 
at 228 nm; 
CD(+)/(-) at 
280nm 

[102,26] 

58 methami-
dophos 

CDMPC hexane/IPA(90/10); 1.0 
mL/min; UV 230nm

Rs: 1.54 OR: +/- [65,103] 

Chiralcel OD heptane/ethanol(90/ 10); 
1.0 mL/min; 

Rs: 1.7 OR: +/- [55] 

Chiralcel OJ heptane/ethanol(93.5/6.5
); 0.8mL/min; UV 200nm

Rs: 1.56 OR: +/- [55] 

CDMPC ACN/water(70/30);
0.8mL/min; UV 230nm 

: 1.0  [81] 

59 metolachlor Chiralcel OD-H 
 

hexane/diethyl ether 
(91/9); 0.8 mL/min; UV 
230 nm

  [104] 

60 myclobutanil 
 

CDMPC hexane/IPA(73/26); 
0.5mL/min; UV 221.5nm

Rs: 13.3  [61] 

CTPC hexane/IPA(73/26); 
0.5mL/min; UV 221.5nm

Rs: 1.54  [50] 

Lux Cellulose-1; 
CDMPC; 
Chiralcel OD 

ACN/water(90/10), 
MET/water(90/10); 1.0 
mL/min; UV 220nm 

Rs: 5.10, 
4.91 

OR: +/- [75, 66] 

61 naproanilide 
 

CDMPC hexane/IPA(80/20); 1.0 
or 0.5mL/min

Rs: 1.91  [105] 

Chiralcel OD-H; 
Chiralcel OJ-H 

hexane; 1.0 mL/min; UV 
254 nm 

 OR: ＋/－ [106] 

Bonded-CTB hexane; 1.0 mL/min; UV 
254 nm

 OR: －/＋ [106] 

62 napropamide Chiralpak OJ-H hexane/IPA(80/20); 
0.5mL/min; 40C; UV 
220nm

  [107] 

63 paclobutrazol CDMPC ACN/water(40/60); 0.8 
mL/min; UV 230nm.

Rs: 1.93 OR: +/− [108] 

Chiralcel OD; 
CDMPC 

hexance/IPA(100/2); 0.8 
mL/min; UV 225nm. 

Rs: 1.83  [50, 61] 

OJ hexance/IPA(100/10); 0.8 
mL/min; UV 225nm.

Rs: 4.05  [50] 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

64 penconazole Lux Cellulose-1 
Chiralcel OD-H 

ACN/water(50/50), 
MET/water(90/10); 1.0 
mL/min; UV 220nm 

Rs: 7.58, 
2.29 

OR: -/+ [75,89] 

65 permethrin Chiralcel OJ hexane/ethanol(95/15); 
0.3mL/min; UV 210 nm 

Rs: 1.47  [87] 

Chiralcel OD-R MET/water; UV 210 nm Rs: <0.91  
66 phenthoate Chiralcel OJ hexane/IPA(90/10); 

.6mL/min; UV 230nm 
 OR: -/+ [109] 

CDMPC ACN/water(70/30); 
0.8mL/min; UV 230nm 

: 1.0  [81] 

67 profenofos CDMPC hexane/IPA(99.5/0.5); 
UV 210nm 

Rs: 1.35 OR: +/- [64] 

Chiralcel OJ heptane/ethanol(99.5/0.5
); 1.0 mL/min; UV 
202nm 

Rs: 3.52 OR: +/- [55] 

Chiralcel OJ hexane; 0.8mL/min; UV 
230nm 

Rs: 1.12 OR: +/- [54] 

CDMPC ACN/water(70/30); 
0.8mL/min; UV 230nm 

: 1.0  [81] 

68 propiconazole Chiralcel OD hexance/IPA(90/10); 0.6 
mL/min; UV 230nm. 

Rs: 2.95/ 
2.72/ 1.04 

OR: +/-/+/- [71] 

69 prothiophos Chiralcel OJ heptane/ethanol(98/2); 
15C; 1.0 mL/min; UV 
202nm 

Rs: 1.6 OR: +/- [55] 

70 quizalofop-P-
ethyl 

CDMPC hexane/NPA (91/9); 
0.5mL/min; UV 332nm 

Rs: 1.7 R/S [61] 

Chiralcel OJ-H hexane/MET/methylene 
dichloride(450/2/8); 1.0 
mL/min; UV 290 nm 

 S/R [110] 

71 pyraclofos Chiralcel OD hexane/IPA(90/10); 1.0 
mL/min; UV 254nm 

 OR: -/+ 109 

72 tebuconazole CDMPC; 
Chiralcel OD 

hexane/IPA(98/2); 1.0 
mL/min; UV 220nm 

Rs: 1.63 OR: -/+ [50,61, 64, 
71] 

Chiralcel OJ-H; 
CTMB 

hexane/IPA(100/10); 
0.8mL/min; UV 225nm 

Rs: 5.64  [50, 61] 

CTPC hexane/IPA(91/9); 
0.6mL/min; UV 269.8nm

Rs: 1.16  [61] 

Chiralcel OD-H ACN/IPA(70/30); 
0.5mL/min; UV 254nm 

Rs: 0.67  [89] 

73 tetraconazole Lux Cellulose-1 ACN/water(90/10); 1.0 
mL/min; UV 220nm 

Rs: 1.39 OR: +/- [75] 

74 triadimefon CDMPC; 
Chiralcel OD 

hexane/IPA(99/1); 1.0 
mL/min; UV 230nm 

Rs: 1.47 OR: -/+ [64, 71] 

Chiralcel OD hexane/IPA(100/5); 1.0 
mL/min; UV 225nm 

: 1.20 R(-)/S(+) [73] 



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 232 

No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

Chiralcel OJ hexane/IPA(100/5); 1.0 
mL/min; UV 225nm 

: 1.17 R(-)/S(+) [73] 

Lux Cellulose-1 
Chiralcel OD-H 

ACN/water(70/30), 
MET/water(90/10);  
1.0 mL/min;  
UV 220nm 

Rs: 2.43, 
2.73 

OR: -/+ [75, 66, 89] 

75 triadimenol Chiralcel OD-H 
 

hexane/IPA(100/3); 1.0 
mL/min; UV 225nm 

: 1.81 1R,2S(+)/1S,
2R(-) 

[73] 

Chiralcel OD-H hexane/IPA(100/2); 1.0 
mL/min; UV 225nm 

: 1.03 1S,2S(-
)/1R,2R(+) 

[73] 

CDMPC hexane/ethanol(99.2/0.8); 
0.8mL/min; UV 278nm 

Rs: 
0.64/2.87/0.3
7 

 [61] 

Chiralcel OJ-H hexane/IPA(100/3); 1.0 
mL/min; UV 225nm 

: 1.16 1R,2R(+)/1S
,2S(-) 

[73] 

CTMB hexane/n-butyl alcohol 
(89/11); 0.5mL/min; UV 
278nm 

Rs: 0.18/ 
0.69/ 
0.52 

 [61] 

CTPC hexane/IPA(91/9); 
0.5mL/min; UV 278nm 

Rs: 1.53/ 
0.88 

 [61] 

Lux Cellulose-1 MET/water(60/40); 0.5 
mL/min; UV 220nm 

Rs: 
1.45/2.73/2.1
6 

OR: (-)-
A,/(+)-A/(-)-
B/ (+)-B 

[40] 

76 trichlorfon CDMPC 
 

ACN/water(70/30); 
0.8mL/min; UV 210nm 

: 1.0  [81] 

77 trichloronate Chiralcel OD heptane; 1.0 mL/min Rs: 1.1  [55] 
Chiralcel OJ heptane; 1.0 mL/min; 

UV 205nm 
Rs: 1.40  [55] 

Chiralcel OJ hexane/heptane/ethanol 
(90/5/5); 1.0 mL/min 

Rs: 4.03 OR: +/- [111] 

78 uniconazole CDMPC hexane/ n-butyl 
alcohol(89/11); 
0.5mL/min;  
UV 268.6nm 

Rs: 1.45  [61] 

CTPC hexane/ ethanol (93/7); 
0.5mL/min;  
UV 269.8nm 

Rs: 2.16  [61] 

79 vinclozolin CDMPC hexane/IPA(99/1);  
1.0 mL/min;  
2.0 UV 210nm 

Rs: 1.46 OR: +/- [65] 

*1 ACN, MET and IPA means acetronitrile, methanol and isopropanol respectively. 
*2  and Rs means the separation factor and the resolution facotr respectively. 
*3 CD and OR means signals obtained from circular dichrism detector and optical rotation detector 
respectively. 

Table 2. Summary of resolution results of chiral pesticides on cellulose-based CSPs 
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5. Conclusion 

Cellulose derivatives have high chiral recognition abilities for racemates and have already 
become a very popular and useful source material for CSPs. Cellulose-based CSPs can be 
prepared by coating or bonding cellulose derivatives on decorative silica gel or other 
supports with various preparation methods. The coated CSPs exhibite higher discrimination 
abilities for chiral pesticides and are more popular than the bonded CSPs. However, the 
bonded CSPs can tolerate broader solvent ranges, including THF and CHCl3, which cannot 
be used on coated CSPs as mobile phases because they have strong dissolution abilities that 
can dammage or destroy them. Coated CDMPC and CTMB had the broadest application in 
the stereoselective separations of chiral pesticides. For most pesticides, better separations 
were obtained on NP-HPLC than on RP-HPLC. However, RP-HPLC can improve the 
amount of racemates loaded on CSPs as it allows the use of more polar solvents to enhance 
the solubility of racemates in mobile phases. Additionally, it can be easily connected in 
tandem with MS, allowing for the development of more sensitive methods for analysis of 
enantiomers/stereoisomers. The cellulose-based CSPs on NP-HPLC and RP-HPLC provide 
very powerful tools to prepare individual enantiomers and study the activity, toxicity and 
environmental fates of chiral pesticides. 
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No. Pesticide CSP or Chiral 
colum 

Chromatographic 
condition*1 

Separation 
effect*2 

Elution 
order*3 

Reference 

Chiralcel OJ hexane/IPA(100/5); 1.0 
mL/min; UV 225nm 

: 1.17 R(-)/S(+) [73] 

Lux Cellulose-1 
Chiralcel OD-H 

ACN/water(70/30), 
MET/water(90/10);  
1.0 mL/min;  
UV 220nm 

Rs: 2.43, 
2.73 

OR: -/+ [75, 66, 89] 

75 triadimenol Chiralcel OD-H 
 

hexane/IPA(100/3); 1.0 
mL/min; UV 225nm 

: 1.81 1R,2S(+)/1S,
2R(-) 

[73] 

Chiralcel OD-H hexane/IPA(100/2); 1.0 
mL/min; UV 225nm 

: 1.03 1S,2S(-
)/1R,2R(+) 

[73] 

CDMPC hexane/ethanol(99.2/0.8); 
0.8mL/min; UV 278nm 

Rs: 
0.64/2.87/0.3
7 

 [61] 

Chiralcel OJ-H hexane/IPA(100/3); 1.0 
mL/min; UV 225nm 

: 1.16 1R,2R(+)/1S
,2S(-) 

[73] 

CTMB hexane/n-butyl alcohol 
(89/11); 0.5mL/min; UV 
278nm 

Rs: 0.18/ 
0.69/ 
0.52 

 [61] 

CTPC hexane/IPA(91/9); 
0.5mL/min; UV 278nm 

Rs: 1.53/ 
0.88 

 [61] 

Lux Cellulose-1 MET/water(60/40); 0.5 
mL/min; UV 220nm 

Rs: 
1.45/2.73/2.1
6 

OR: (-)-
A,/(+)-A/(-)-
B/ (+)-B 

[40] 

76 trichlorfon CDMPC 
 

ACN/water(70/30); 
0.8mL/min; UV 210nm 

: 1.0  [81] 

77 trichloronate Chiralcel OD heptane; 1.0 mL/min Rs: 1.1  [55] 
Chiralcel OJ heptane; 1.0 mL/min; 

UV 205nm 
Rs: 1.40  [55] 

Chiralcel OJ hexane/heptane/ethanol 
(90/5/5); 1.0 mL/min 

Rs: 4.03 OR: +/- [111] 

78 uniconazole CDMPC hexane/ n-butyl 
alcohol(89/11); 
0.5mL/min;  
UV 268.6nm 

Rs: 1.45  [61] 

CTPC hexane/ ethanol (93/7); 
0.5mL/min;  
UV 269.8nm 

Rs: 2.16  [61] 

79 vinclozolin CDMPC hexane/IPA(99/1);  
1.0 mL/min;  
2.0 UV 210nm 

Rs: 1.46 OR: +/- [65] 

*1 ACN, MET and IPA means acetronitrile, methanol and isopropanol respectively. 
*2  and Rs means the separation factor and the resolution facotr respectively. 
*3 CD and OR means signals obtained from circular dichrism detector and optical rotation detector 
respectively. 

Table 2. Summary of resolution results of chiral pesticides on cellulose-based CSPs 
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5. Conclusion 

Cellulose derivatives have high chiral recognition abilities for racemates and have already 
become a very popular and useful source material for CSPs. Cellulose-based CSPs can be 
prepared by coating or bonding cellulose derivatives on decorative silica gel or other 
supports with various preparation methods. The coated CSPs exhibite higher discrimination 
abilities for chiral pesticides and are more popular than the bonded CSPs. However, the 
bonded CSPs can tolerate broader solvent ranges, including THF and CHCl3, which cannot 
be used on coated CSPs as mobile phases because they have strong dissolution abilities that 
can dammage or destroy them. Coated CDMPC and CTMB had the broadest application in 
the stereoselective separations of chiral pesticides. For most pesticides, better separations 
were obtained on NP-HPLC than on RP-HPLC. However, RP-HPLC can improve the 
amount of racemates loaded on CSPs as it allows the use of more polar solvents to enhance 
the solubility of racemates in mobile phases. Additionally, it can be easily connected in 
tandem with MS, allowing for the development of more sensitive methods for analysis of 
enantiomers/stereoisomers. The cellulose-based CSPs on NP-HPLC and RP-HPLC provide 
very powerful tools to prepare individual enantiomers and study the activity, toxicity and 
environmental fates of chiral pesticides. 
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1. Introduction 

Advantages offered by immobilization of any component of the reacting system are 
rewarding all additional efforts and the cost of the support. The majority of the methods 
reported have been based on the principles of solid phase organic synthesis (SPOS) in which 
the substrate is attached to the polymer support and excesses of reactants and reagents used 
to drive each synthetic step to completion. Then simple filtration affords a polymer bound 
product. While this approach is undoubtedly effective, there are a number of drawbacks 
which include the requirement for additional chemical steps to attach starting material, to 
develop synthetic methodology for the solid phase and to cleave products. More recently, 
solution phase methods, which circumvent these difficulties, have been introduced as 
alternatives to SPOS. These allow the use of excess of reagents followed by sequestrating 
either the product or excess reagents and byproducts from the reaction mixture using an 
insoluble functionalized polymer. Isolation and purification can then be achieved by simple 
filtration and evaporation. 

Usually polystyrene and PEG based resins are commonly used as matrixes in SPOS, but 
nowadays there is observed also increased application of various beaded cellulose supports 
[1]. These show different solvent swelling profiles relative to those exhibited by the standard 
organic polymers and, being biomolecules, are biodegradable. Cellulose framework is 
attracting growing attention due to favorable biophysical properties, biocompatibility, low 
immunogenicity, relatively high resistance to temperature, inertness under broad range of 
reaction conditions and solvents and many other unique properties. Moreover, native 
cellulose microfribrils are abundant within slightly diversified properties dependent on the 
origin within relatively low cost. These properties make cellulose very useful for 
biochemical and biological investigations of interactions in aqueous as well as organic 
media. 
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1. Introduction 

Advantages offered by immobilization of any component of the reacting system are 
rewarding all additional efforts and the cost of the support. The majority of the methods 
reported have been based on the principles of solid phase organic synthesis (SPOS) in which 
the substrate is attached to the polymer support and excesses of reactants and reagents used 
to drive each synthetic step to completion. Then simple filtration affords a polymer bound 
product. While this approach is undoubtedly effective, there are a number of drawbacks 
which include the requirement for additional chemical steps to attach starting material, to 
develop synthetic methodology for the solid phase and to cleave products. More recently, 
solution phase methods, which circumvent these difficulties, have been introduced as 
alternatives to SPOS. These allow the use of excess of reagents followed by sequestrating 
either the product or excess reagents and byproducts from the reaction mixture using an 
insoluble functionalized polymer. Isolation and purification can then be achieved by simple 
filtration and evaporation. 

Usually polystyrene and PEG based resins are commonly used as matrixes in SPOS, but 
nowadays there is observed also increased application of various beaded cellulose supports 
[1]. These show different solvent swelling profiles relative to those exhibited by the standard 
organic polymers and, being biomolecules, are biodegradable. Cellulose framework is 
attracting growing attention due to favorable biophysical properties, biocompatibility, low 
immunogenicity, relatively high resistance to temperature, inertness under broad range of 
reaction conditions and solvents and many other unique properties. Moreover, native 
cellulose microfribrils are abundant within slightly diversified properties dependent on the 
origin within relatively low cost. These properties make cellulose very useful for 
biochemical and biological investigations of interactions in aqueous as well as organic 
media. 

© 2013 Kaminski et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Solid supported reagents were found exceedingly useful in all syntheses involving excessive 
amounts of substrates [2]. Inexpensive cellulose is offering high loading potential but 
concurrently attended by the threat of side reaction of nucleophilic hydroxyl groups. Using 
relatively inert towards hydroxylic group under ambient conditions triazine coupling 
reagents it was possible to obtain monofunctional triazine condensing reagents 1 and 
bifunctional reagent 2 by the treatment of cellulose with 2,4-dichloro-6-methoxy-1,3,5-
triazine or cyanuric chloride respectively [3]. An independent approach towards 
immobilization of cyanuric chloride was confirmed the general utility of this procedure [4]. 
The loading of the cellulose carrier has been established by determination of Cl and N 
contents. For the standard laboratory Whatman filter paper, typical anchoring of triazine 
condensing reagent gave density of loading 0.6 – 1.0*10-6 mmole/cm2.  
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Scheme 1. Peptide 4 synthesis using monofunctional 1a and bifunctional 1b triazine condensing 
reagents reagents immobilized on cellulose.  

An expedient matrix for the preparation of indexed library of amides and oligopeptides has 
been obtained by the demarcation of the surface of the cellulose plates chess-wise by the thin 
lines imprinted by polysilane, allocated separated, squared area for parallel synthesis of each 
individual compound (flat reactors) [5]. Application of carboxylic components into 
compartments of the matrix afforded “superactive” [6] triazine esters 3 linked to the support. 
Applying of amino components afforded the indexed library of amides and oligopeptides. The 
extraction of the final products from the solid support gave chromatographically 
homogeneous amides and oligopeptides in 60-99% yield. Chromatograms of the crude extracts 
from the diagonal fields of the part of the 8x12 library of amides and dipeptides are presented 
on Figure 1. When the size of matrix compartment corresponds to the size of typical ELISA 
plate, the amount of product recovered by extraction from the single “square flat reactor” was 
sufficient for elucidation of the structure of product by ES-MS or FAB-MS, for determination of 
their purity by HPLC, and even for studies involving 1H-NMR.  

Increasing the dimensions of the matrix field or application of powdered cellulose enabled 
“bulk” (1-10 mmole) synthesis of amides and oligopeptides. The further modification of this 
synthetic procedure as well as the “shape” of cellulose support, opened possibility to design 
of tailor made system of immobilized triazine coupling reagents the best suited to the given 
synthetic goal.  
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separation lines imprinted with polysiloxane. 

In the more advanced approach, chiral coupling reagents immobilized on the cellulose were 
prepared and then used for enantioselective activation of racemic substrates [7]. Traceless 
enantiodifferentiating reagents [8] were obtained by using the cellulose membrane loaded 
with 2,4-dichloro-6-methoxy-1,3,5-triazine.  
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Chiral quaternary N-triazinylammonium derivatives 2a-e immobilized on the membrane 
were obtained in situ by treatment of 1 with appropriate tertiary amines (N-
methylmorpholine, column 1; strychnine, column 2, brucine column 3; quinine column 4; 
and sparteine, column 5). Chirality of cellulose support (column 1) was found sufficient for 
enantiospecific activation of L enantiomer of racemic Z-Ala-OH with L/D ratio exceeding 
90/10.  

 
Figure 2. Enantiomeric composition of the products of enantioselective activation of rac-Z-Ala-OH and 
coupling with L-Phe-OMe (S1); D-Phe-OMe (S2), and H-Gly-OMe (S3). 

Further structure modification of the immobilized triazine 1 proceeded directly on the 
membrane using chiral tertiary amines yielding spatially addressed five sub-libraries of 
enantiodifferentiating condensing reagents (Figure 2, 1-5). In all cases enantiodifferentiating 
activation of rac-Z-Ala-OH afforded triazine “superactive” ester 3a-e with different 
enantiomeric composition. It has been found that the effect of chiral amine used as 
additional chiral selector predominate an effect of cellulose. Enantiomerically enriched 
esters 3a-e in reaction with L-Phe-OMe (S1); D-Phe-OMe (S2), and H-Gly-OMe (S3) gave a 
library of alanine dipeptides of divergent configuration and enantiomeric purity (not linked 
to the support) and side-products (still immobilized on the cellulose membrane). The 
method opened an access to L and D alanine derivatives directly from racemic substrates. 
The best results (ee 92-99%) in the synthesis of L-alanine peptides were obtained in 
condensations mediated by N-methylmorpholine (column 1) or sparteine (column 5) when 
matching effects of cellulose and chiral selector were cooperated. The best results in the 
synthesis of D-alanine peptides (ee 91-98%) were obtained in condensations mediated by 
strychnine (column 2).  

The disadvantage of procedure described above is caused by limited stability of N-
triazinylammonium chlorides 2 prepared on cellulose. Stable immobilized triazine coupling 
reagents were obtained in reactions of cellulose with N-methylmorpholinium p-

L-enantiomer content D-enantiomer content 

 
Cellulose Functionalysed with Grafted Oligopeptides 245 

toluenesulfonates in the presence of sodium bicarbonate or DIPEA. Activation of carboxylic 
components proceeded under conditions similar to the standard synthesis in solution 
yielding “superactive” esters of N-protected amino acids anchored to the support via 
triazine ring (see Scheme 3).  
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Scheme 3. Stable triazine coupling reagents immobilized on cellulose plate.  

A synthetic value of triazine reagents immobilized on cellulose was confirmed by dipeptide 
synthesis. The reagents were found efficient in the synthesis of Z-, Boc, or Fmoc protected 
chromatographically homogenous dipeptides in 72-91%. Moreover, experiments involving 
activation of sterically demanding 2-aminoisobutyric acid (Aib) confirmed that an access to 
the reactive centers of immobilized reagents remains principally unrestricted, although 
slightly lower yield and purity of respective peptides were noticed in this case [9].  

The other modification of cellulosic fibers with tri-functional triazines was applied as 
control release system. The compounds employed were immobilized on cellulose 
substituted with monochlorotriazinyl (MCT) anchor group for fixation of an active 
substance and tuning the reactivity to facilitate release control. While the compounds were 
completely stable under dry conditions, the active substances were released simply by 
surrounding humidity. The reagents offered intriguing perspectives for the preparation of 
modified cellulosic material for single-use application in fields such as healthcare, cosmetics, 
or personal hygiene [10]. 

Cellulose was found also useful support for efficient control of selectivity of chemical 
reactions. In the classic procedure for the nitration of phenols, use of nitric and sulfuric acid 
mixtures results in the formation of ortho and para products with a ratio of about 2:1. 
Nitration of phenols and naphthols in the presence of biodegradable cellulose-supported 
Ni(NO3)2×6H2O/2,4,6-trichloro-1,3,5-triazine system proceeded in acetonitrile at room 
temperature regioselectively. Ortho- nitrated phenols were obtained within a short reaction 
time with good yields. The reaction conditions were mild, and the employed cellulose could 
be recovered several times for further use [11]. The suggested mechanism proposes that 
cellulose acts as a template by forming hydrogen bonds between OH groups, phenol, and 
nitrate anions. This complex would transform substrate into the ortho-substituted 
intermediate followed by regioselective rearrangement to o-nitro phenol. 
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triazine ring (see Scheme 3).  
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2. Cellulose acylated (grafted) with amino acids or peptides 

Designing of new materials based on renewable natural resources is one of the most 
important scientific and technological challenges. The aim of these efforts is to open an 
access to materials which will have to replace toxic or non-biodegradable materials derived 
from fossil resources, while offering similar mechanical, thermal, or optical properties. In 
contrast to polymer membranes, cellulose shows high thermostability up to temperatures of 
about 180 °C, making it possible to use cellulose for reactions at elevated temperatures [12]. 
To date filter papers have been mostly used as the solid support.  

The classic immobilization procedure involved the use of cyanuric chloride [13] as linker for 
anchoring broad range of amino acids and peptides on cellulose. Lenfeld and coworkers [14] 
immobilized 3,5-diiodo-tyrosine (DIT) on cellulose beads activated by the reaction with 
2,4,6-trichloro-1,3,5-triazine and used prepared materials as sorbents in affinity 
chromatography of proteases. Also glutathione-bound cellulose for use in chromatography 
was prepared with cyanuric chloride as linking agent [15]. 

The library of p-nitrophenyl esters of oligopeptides anchored with N-terminal amino-acids 
via triazine linkage to the cellulose were synthesized step by step and after digestion with 
tissue homogenate were used for colorimetric differentiation of hydrolytic activity of 
primary subcutaneously growing tumor of Lewis lung carcinoma (LLC) bearing mice, lung 
metastatic colonies of LLC, blood serum of LLC bearing mice, and appropriate tissue 
homogenate of the healthy mice [16]. 

Cellulose is a polysaccharide containing free hydroxyl groups. In the first report cellulose 
free OH groups were esterified with amino acids activated previously by the transformation 
into appropriate acid halide or anhydride, in the presence of a catalyst, such as Mg(ClO4)2, 
H2SO4, H3PO4, or ZnCl2 [17]. Recently, the more convenient procedure involved the coupling 
method of Fmoc protected amino acids such as Fmoc-β-Ala-OH or Fmoc-Gly-OH [18] by 
using activating reagents such as N,N'-diisopropylcarbodiimide (DIC), 1,1'-
carbonyldiimidazole (CDI) in presence of a base, e.g. N-methyl-imidazole (NMI) [19]. There 
are also recommendations suggesting the use of 1,1'-carbonyl-di-(1,2,4-triazole) (CDT) 
instead of CDI in order to reduce the risk of the deprotection of Fmoc-amino acids during 
the coupling reaction [20]. Since the early reports by Frank, cellulose has found widespread 
application as a support in the synthesis of peptides and oligonucleotides. This involved the 
use of cellulose in the form of sheets, membranes, disks [21] or cotton thread used as 
supporting material [22]. Despite these precedents, alternative cellulose supports, notably 
beads which can offer considerably higher loading levels than that obtained with planar 
supports [23]. Beaded cellulose can be easily prepared by the coagulation-regeneration 
technique involving the addition of a solution of a soluble cellulose derivative, commonly 
the xanthate [24,25] or acetate [26], to a rapidly stirred, inert, immiscible solvent. The beads, 
thus formed, are precipitated either by a sol-gel process or by a reduction in reaction 
temperature. Chemical regeneration of the hydroxyl groups and sieving produces the active 
beads with the desired size distribution. 
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Since the hydroxyl groups are moderately reactive, the process of functionalization of 
cellulose is often preceding with more complex modification procedures. A reactive 
intermediate containing isocyanate groups was prepared by treatment of cellulose with 2,4-
tolylene diisocyanate. The reactions of the intermediate with amino acids and their esters 
gave cellulose derivatives containing amino acid residues. The isocyanate groups reacted 
with amino acid esters in DMSO at low temp. under nitrogen to give high conversions. The 
amounts of amino acid esters bound to the cellulose through urea linkage were evaluated as 
0.35-1.07 mmol/g. The selective adsorption and chelation of metal ions indicated that 
celluloses containing lysine and cysteine residues adsorbed 0.051 and 0.056 mmol Cu2+/g, 
respectively [27].  

An essential drawback of the ester linkage applied for anchoring peptides is instability 
towards aqueous media of pH > 7, not uncommon for bio-assay and stripping conditions. 
Moreover, cellulose and cellulose membranes show only a limited acid stability. This acid 
sensitivity severely restricts palette of reagents and reaction conditions that can be applied, 
even for the most stable commercially available cellulose materials. Therefore, besides the 
direct esterification of cellulose membranes with amino acids, many publications describe 
the use of more stable ether or amide linkers.  

Cellulose undergoes facile alkaline etherification which, given the availability of up to three 
hydroxyl groups per glucopyranose residue, offers the potential to provide very high 
loading supports. Several companies already offer already modified cellulose membranes. 
Specially prepared cellulose membranes with a stably attached aminated spacer of 8 to 12 
PEG units (PEG300-500) are available, which in contrast to common cellulose membranes is 
stable under strong acidic and basic conditions. 

The materials, on which polypeptides were immobilized on different shaped cellulose 
products via chemically stable ether linkage have antimicrobial or anticancer activities. 
These were used as wound dressings, sutures, artificial blood vessel, catheters, dialysis 
membranes, clothing, and stents. Thus, material, on which beetle defensin analogue Arg-
Leu-Leu-Leu-Arg-Ile-Gly-Arg-Arg was immobilized on cotton fabric showed high 
antimicrobial activity even after repeated washing and autoclave sterilization [28]. Also 
other nonapeptide Arg-Leu-Tyr-Leu-Arg-Ile-Gly-Arg-Arg immobilized to amino-
functionalized cotton fibers by a modification of the SPOT synthesis technique was active 
against S. aureus, methicillin-resistant S. aureus and mouse myeloma cells and human 
leukemia cells. The assays revealed that these fibers maintained inhibition activity against 
bacteria and cancer cells after washing and sterilization by autoclaving [29]. 

Cellulose with intrinsic osteoinductive property useful for the preparation of the bone 
substitutes was obtained by immobilization of peptides containing Arg-Gly-Asp (RGD) 
fragment [30]. Biomaterials from bacterial-derived cellulose modified with cell adhesion 
peptide became a promising material as a replacement for blood vessels in vascular surgery 
[31].  
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tolylene diisocyanate. The reactions of the intermediate with amino acids and their esters 
gave cellulose derivatives containing amino acid residues. The isocyanate groups reacted 
with amino acid esters in DMSO at low temp. under nitrogen to give high conversions. The 
amounts of amino acid esters bound to the cellulose through urea linkage were evaluated as 
0.35-1.07 mmol/g. The selective adsorption and chelation of metal ions indicated that 
celluloses containing lysine and cysteine residues adsorbed 0.051 and 0.056 mmol Cu2+/g, 
respectively [27].  

An essential drawback of the ester linkage applied for anchoring peptides is instability 
towards aqueous media of pH > 7, not uncommon for bio-assay and stripping conditions. 
Moreover, cellulose and cellulose membranes show only a limited acid stability. This acid 
sensitivity severely restricts palette of reagents and reaction conditions that can be applied, 
even for the most stable commercially available cellulose materials. Therefore, besides the 
direct esterification of cellulose membranes with amino acids, many publications describe 
the use of more stable ether or amide linkers.  

Cellulose undergoes facile alkaline etherification which, given the availability of up to three 
hydroxyl groups per glucopyranose residue, offers the potential to provide very high 
loading supports. Several companies already offer already modified cellulose membranes. 
Specially prepared cellulose membranes with a stably attached aminated spacer of 8 to 12 
PEG units (PEG300-500) are available, which in contrast to common cellulose membranes is 
stable under strong acidic and basic conditions. 

The materials, on which polypeptides were immobilized on different shaped cellulose 
products via chemically stable ether linkage have antimicrobial or anticancer activities. 
These were used as wound dressings, sutures, artificial blood vessel, catheters, dialysis 
membranes, clothing, and stents. Thus, material, on which beetle defensin analogue Arg-
Leu-Leu-Leu-Arg-Ile-Gly-Arg-Arg was immobilized on cotton fabric showed high 
antimicrobial activity even after repeated washing and autoclave sterilization [28]. Also 
other nonapeptide Arg-Leu-Tyr-Leu-Arg-Ile-Gly-Arg-Arg immobilized to amino-
functionalized cotton fibers by a modification of the SPOT synthesis technique was active 
against S. aureus, methicillin-resistant S. aureus and mouse myeloma cells and human 
leukemia cells. The assays revealed that these fibers maintained inhibition activity against 
bacteria and cancer cells after washing and sterilization by autoclaving [29]. 

Cellulose with intrinsic osteoinductive property useful for the preparation of the bone 
substitutes was obtained by immobilization of peptides containing Arg-Gly-Asp (RGD) 
fragment [30]. Biomaterials from bacterial-derived cellulose modified with cell adhesion 
peptide became a promising material as a replacement for blood vessels in vascular surgery 
[31].  
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Application of cellulose as a support for synthesis of complex template-assembled synthetic 
proteins (TASP) by orthogonal assembly of small libraries of purified peptide building 
blocks has been reviewed [32]. In most cases the linear template precursor was prepared by 
standard solid phase peptide synthesis (SPPS) on synthetic resin with orthogonal protecting 
groups followed by head-to-tail cyclisation of the linear precursor peptide and anchoring 
the template structure on cellulose. The strategy involving cleavable linker allowed control 
of the progress of synthesis on polystyrene resin. Final assembly of peptides prepared under 
standard SPPS conditions proceeded by successive cleavage of orthogonal protecting groups 
followed by coupling of predefined peptides.   

3. Proteins immobilization on cellulose 

Cotton is an excellent material for immobilized enzyme active functional textiles because, 
like the surface of soluble proteins, it is hydrophilic and typically non-denaturing. Many 
methods are now available for coupling enzymes and other biologically active compounds 
to solid supports [33]. Several involve the preliminary preparation of carboxymethyl or p-
amino-benzyl ether derivative of a general support such as cellulose. A simple process 
involves the use trichloro-1,3,5-triazine [34,35] or chlorotriazine derivatives with solubilizing 
groups such as methoxycarbonyl or methylcarbamoyl groups which make them very 
convenient reagents in the coupling with a cellulose carrier [36].   

There are also known other proficient approaches to the covalent attachment of enzymes to 
cotton cellulose. Lysozyme was immobilized on glycine-bound cotton through a 
carbodiimide reaction. The attachment to cotton fibers was made through a single glycine 
and a glycine dipeptide esterified to cotton cellulose. Higher levels of lysozyme 
incorporation were evident in the diglycine-linked cotton cellulose samples. The 
antibacterial activity of the lysozyme-conjugated cotton cellulose against B. subtilis was 
assessed. Inhibition of B. subtilis growth was observed to be optimal within a range of 0.3 to 
0.14 mM of lysozyme. This approach has also been applied to organophopsphorous 
hydrolase and human neutrophil elastase. Immobilizing the chromogenic peptide substrate 
of human neutrophil elastase on cellulose and studying its interaction with the elastase 
enzyme provided colorimetric response of human neutrophil elastase [37].  

Invertase was immobilized onto the cellulose membrane activated photochemicaly using 1-
fluoro-2-nitro-4-azidobenzene as a photolinker and used in a flow through reactor system 
for conversion of sucrose to glucose and fructose [38].  

Over the years, several cellulose affinity ligands have been constructed based on application of 
noncatalytic domain of glycosidic hydrolase (CBD). This cellulose specific anchor was 
originally identified in Trichoderma reesei and Cellulomonas fimi. CBDs is binding on insoluble 
cellulose through high-affinity noncovalent interactions [39] and it is enabling the further 
fusion of an antibody-binding domain (i.e., protein A, protein G, protein L). Cellulose-binding 
domains (CBD) are ideal immobilization domains for affinity ligands because they fold 
independently and do not interfere with their fusion partner. [40] Coupling to cellulose 
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matrices orients the fusion partner away from the solid support [41] reducing steric hindrance; 
and their high-affinity binding to cellulose is considered nearly irreversible. [42] At present, 
many CBD-tagged affinity ligands are purified before attachment to their solid support matrix. 
[43] For large-scale applications, it could be beneficial to directly immobilize the affinity ligand 
at the source of production, thus avoiding the cost and time required for purification. 

Horseradish peroxidase (HRP) was immobilized to cellulose with cellulose-binding 
domain (CBD) as a mediator, using a ligand selected from a phage-displayed random 
peptide library. A 15-mer random peptide library was panned on cellulose-coated plates 
covered with CBD in order to find a peptide that binds to CBD in its bound form. The 
sequence LHS, which was found to be an efficient binder of CBD, was fused to a synthetic 
gene of HRP as an affinity tag. The tagged enzyme (tHRP) was then immobilized on 
microcrystalline cellulose coated with CBD, thereby demonstrating the indirect 
immobilization of a protein to cellulose via three amino acids selected by phage display 
library and CBD [44].  

As a model system, it has been developed a fusion protein, which consisted of antibody-binding 
proteins L and G fused to a cellulose-binding domain (LG-CBD) tethered directly onto cellulose. 
Direct immobilization of affinity purification ligands, such as LG-CBD, onto inexpensive 
support matrices such as cellulose is an effective method for the generation of functional, single-
use antibody purification system. This straightforward preparation of purification reagents 
make antibody purification from genetically modified crop plants feasible and address one of 
the major bottlenecks facing commercialization of plant-derived pharmaceuticals [45].  

In several cases it could be beneficial to directly immobilize the affinity ligand at the source 
of production, thus avoiding the cost and time required for purification. A potential use of 
cellulose-supported affinity ligands for purification of other bioproducts from homogenates 
from genetically modified plants expressing recombinant proteins is under intensive 
studies. To examine the potential of immobilizing affinity purification ligands onto cellulose 
matrices in a single step, the yeast P. pastoris were engineered to express and secrete a 
chimeric protein consisting of antibody-binding proteins L and G[45] fused to a cellulose-
binding domain. A similar fusion was recently reported for cell capture in hollow-fiber 
bioreactors. There are reports on the direct immobilization of chimeric LG-CBD proteins 
onto cellulosic resins for antibody purification. Both protein L and protein G domains 
retained dual functionality demonstrated by the specific binding and purification of scFv 
and IgG antibodies from complex feed stocks of yeast supernatants and tobacco plant 
homogenates. This is a step towards the rapid generation of inexpensive affinity purification 
reagents and systems, to reduce the costs associated with downstream processing of 
pharmaceutical products, including antibodies, from complex production systems such as 
genetically modified crop plants. 

Copolymers having polypeptide side chains grafted on cellulose main chain were used for 
adhesion of fibroblasts. The factor likely to play a key role in determining the binding ability 
was the balance between the hydrophilicity and hydrophobicity of the main- and side-chain 
components [46].  
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fluoro-2-nitro-4-azidobenzene as a photolinker and used in a flow through reactor system 
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Over the years, several cellulose affinity ligands have been constructed based on application of 
noncatalytic domain of glycosidic hydrolase (CBD). This cellulose specific anchor was 
originally identified in Trichoderma reesei and Cellulomonas fimi. CBDs is binding on insoluble 
cellulose through high-affinity noncovalent interactions [39] and it is enabling the further 
fusion of an antibody-binding domain (i.e., protein A, protein G, protein L). Cellulose-binding 
domains (CBD) are ideal immobilization domains for affinity ligands because they fold 
independently and do not interfere with their fusion partner. [40] Coupling to cellulose 
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matrices orients the fusion partner away from the solid support [41] reducing steric hindrance; 
and their high-affinity binding to cellulose is considered nearly irreversible. [42] At present, 
many CBD-tagged affinity ligands are purified before attachment to their solid support matrix. 
[43] For large-scale applications, it could be beneficial to directly immobilize the affinity ligand 
at the source of production, thus avoiding the cost and time required for purification. 

Horseradish peroxidase (HRP) was immobilized to cellulose with cellulose-binding 
domain (CBD) as a mediator, using a ligand selected from a phage-displayed random 
peptide library. A 15-mer random peptide library was panned on cellulose-coated plates 
covered with CBD in order to find a peptide that binds to CBD in its bound form. The 
sequence LHS, which was found to be an efficient binder of CBD, was fused to a synthetic 
gene of HRP as an affinity tag. The tagged enzyme (tHRP) was then immobilized on 
microcrystalline cellulose coated with CBD, thereby demonstrating the indirect 
immobilization of a protein to cellulose via three amino acids selected by phage display 
library and CBD [44].  

As a model system, it has been developed a fusion protein, which consisted of antibody-binding 
proteins L and G fused to a cellulose-binding domain (LG-CBD) tethered directly onto cellulose. 
Direct immobilization of affinity purification ligands, such as LG-CBD, onto inexpensive 
support matrices such as cellulose is an effective method for the generation of functional, single-
use antibody purification system. This straightforward preparation of purification reagents 
make antibody purification from genetically modified crop plants feasible and address one of 
the major bottlenecks facing commercialization of plant-derived pharmaceuticals [45].  

In several cases it could be beneficial to directly immobilize the affinity ligand at the source 
of production, thus avoiding the cost and time required for purification. A potential use of 
cellulose-supported affinity ligands for purification of other bioproducts from homogenates 
from genetically modified plants expressing recombinant proteins is under intensive 
studies. To examine the potential of immobilizing affinity purification ligands onto cellulose 
matrices in a single step, the yeast P. pastoris were engineered to express and secrete a 
chimeric protein consisting of antibody-binding proteins L and G[45] fused to a cellulose-
binding domain. A similar fusion was recently reported for cell capture in hollow-fiber 
bioreactors. There are reports on the direct immobilization of chimeric LG-CBD proteins 
onto cellulosic resins for antibody purification. Both protein L and protein G domains 
retained dual functionality demonstrated by the specific binding and purification of scFv 
and IgG antibodies from complex feed stocks of yeast supernatants and tobacco plant 
homogenates. This is a step towards the rapid generation of inexpensive affinity purification 
reagents and systems, to reduce the costs associated with downstream processing of 
pharmaceutical products, including antibodies, from complex production systems such as 
genetically modified crop plants. 

Copolymers having polypeptide side chains grafted on cellulose main chain were used for 
adhesion of fibroblasts. The factor likely to play a key role in determining the binding ability 
was the balance between the hydrophilicity and hydrophobicity of the main- and side-chain 
components [46].  
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4. Protein sensors 

Current research in the field of pathogen detection in food matrixes is aimed at creating 
fast and reliable detection platforms. Antibody engineering has allowed for the rapid 
generation of binding agents against virtually any antigen of interest, predominantly for 
therapeutic applications, development of diagnostic reagents and biosensors. By using 
engineered antibodies a pentavalent bispecific antibody were prepared by pentamerizing 
five single-domain antibodies and five cellulose-binding modules. This molecule was 
dually functional as it bound to cellulose-based filters as well as S. aureus cells. When 
impregnated in cellulose filters, the bispecific pentamer recognized S. aureus cells in a 
flow-through detection assay. The ability of pentamerized CBMs to bind cellulose may 
form the basis of an immobilization platform for multivalent display of high avidity 
binding reagents on cellulosic filters for sensing of pathogens, biomarkers and 
environmental pollutants [47]. Another approach for designing protein sensor used 
ultrathin films of cellulose modified on surface with small engineered peptides 
HWRGWV or HWRGWVA as substrate for protein detection. Primary tests run with 
peptide HWRGWV confirmed that there was an abundant amount of protein absorbed 
onto the surface, particularly with lower concentration and the sensitivity of a peptide 
greatly affects the ability to adsorb analytes onto the surface, demonstrating that cellulose 
substrates can be used to immobilize peptides which can further be used to selectively 
bind biomolecules [48].  

The sensor for human neutrophil elastase (HNE), an enzyme engaged in chronic wounds 
healing was prepared based on colorimetric determination of enzyme activity. For 
colorimetric detection of human neutrophil elastase chromogenic peptide substrate 
Succinyl-Ala-Ala-Pro-Ala-pNA and its analog Succinyl-Ala-Ala-Pro-Val-pNA were attached 
to derivatized cellulose. Cellulose was pre-treated with 3-aminopropyltriethoxysilane to 
form the amino-propyloxy ether of cellulose, then reacted with the HNE chromogenic para-
nitroanilide peptide substrates to form a covalently linked conjugate of cellulose (Cell-AP-
suc-Ala-Ala-Pro-Ala-pNA or Cell-AP-suc-Ala-Ala-Pro-Val-pNA) through amide bond 
between the Cell-AP amine and the succinyl carboxylate of the substrate. The colorimetric 
response of the cellulose-bound chromophore was assessed by monitoring release of p-
nitroaniline from the derivatized cellulose probe to determine human neutrophil elastase 
levels from 5.0 x 10-3 to 6.0 units per mL [49]. 

5. Epitope mapping - SPOT methodology 

The SPOT synthesis of peptides, developed by Ronald Frank [50], has become one of the 
most frequently used methods for synthesis and screening of peptides on arrays. The 
method is a very useful tool for screening solid-phase and solution-phase assays with the 
size of arrays changeable from a few peptides up to approximately 8000 peptides [51]. 
Several hundred papers regarding modification and application of the SPOT method have 
been published [52]. 
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The method was initiated as an uncomplicated technique for the positionally addressable, 
parallel chemical synthesis on a membrane support. SPOT synthesis of peptides on cellulose 
paper is a special type of solid phase peptide synthesis (SPPS) with each spot considered as 
a separate reaction vessel. The general strategy for parallel peptide assembly on a cellulose 
membrane is shown in Figure 3.  
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Figure 3. SPOT technology procedure.  

Plain cellulose membranes (filter paper, chromatography paper) are commonly used as a 
support in the SPOT synthesis. These are porous, hydrophilic, flexible and stable in the 
organic solvents used for peptide synthesis. Cellulose membranes are relatively inexpensive 
material, which makes them very useful for biochemical and biological studies in aqueous 
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The method was initiated as an uncomplicated technique for the positionally addressable, 
parallel chemical synthesis on a membrane support. SPOT synthesis of peptides on cellulose 
paper is a special type of solid phase peptide synthesis (SPPS) with each spot considered as 
a separate reaction vessel. The general strategy for parallel peptide assembly on a cellulose 
membrane is shown in Figure 3.  
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Plain cellulose membranes (filter paper, chromatography paper) are commonly used as a 
support in the SPOT synthesis. These are porous, hydrophilic, flexible and stable in the 
organic solvents used for peptide synthesis. Cellulose membranes are relatively inexpensive 
material, which makes them very useful for biochemical and biological studies in aqueous 
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and organic media. However, since cellulose is not stable against harsh chemical conditions, 
the SPOT synthesis was developed for the milder type of the two major SPPS strategies 
based on the Fmoc protection of amine function of the main peptide chain [53] and 
orthogonal protecting groups used for protection of side chains. [54].  

5.1. Membrane modifications 

Cellulose membranes are still the most widely used supports for SPOT peptide synthesis. 
The esterification of hydroxy functions of the cellulose with an Fmoc amino acid is a 
convenient method to introduce a spacer molecule and, after Fmoc deprotection, a free 
amino function for the SPPS of peptide arrays. The stability of the cellulose to organic 
solvents and bases allows the synthesis of peptides by utilizing the standard Fmoc 
methodology. Furthermore, the hydrophilic nature of cellulose offers a high compatibility 
with a wide variety of biological assay systems. On the other hand, however, cellulose 
shows only a limited acid stability. This acid sensitivity is severely restricting side chain 
deprotection conditions and stimulated the search of more convenient supports. Increasing 
resistance of peptide-cellulose membrane linkage against various types of reagents has been 
achieved through the development amino-functionalized ether type membranes. Ether type 
membranes provide stable membrane-bonding of peptides or other compound through the 
chemical stability of the ether bound. The first example of this type membrane was a 
cellulose-aminopropyl ether membrane (CAPE membrane) prepared by the treatment of 
cellulose filter paper with N-protected 2,3-epoxypropylamine [55].  

The use of epibromohydrin as an activating reagent allowed introducing reactive bromine 
attached to the cellulose via an ether bond. The bromine moiety is able to react with different 
diamines [56] such as DAP (1,3-diaminopropane) [57] or TOTD (4,7,10-trioxa-1,13-
tridecanediamine) and aminated polyethylene-3 (PEG-3) [58]. DAP modified cellulose 
membranes are known as N-CAPE membranes [59], while membranes modified with TOTD 
as a trioxa or TOTD membranes [60]. An amino type linker functionalized planar cellulose 
support [61] has been obtained by activation of cellulose with tosyl chloride and subsequent 
reaction with broad variety of diamines.  

An additional advantage of CAPE membranes is an excellent signal-to noise ratio during on-
support assay because of the very low background signal of this membrane [62]. Due to 
these properties they were applied in biological studies [63]. Table 1 has shown the 
characteristic of selected examples of amino-functionalized cellulose membranes.  

Another approach to improve SPOT technology involves the use of linker strategies to 
enable cleavage of peptides from the support. An interesting linker was proposed by Frank. 
It is known as a Carboxy-Frank-Linker [64]. This linker allows peptide release from the solid 
support in aqueous solution (pH 7–8). Other linker types used in SPOT technology 
nowadays are the p-hydroxymethylbenzoic acid (HMB) linker, the Rink-amide linker [65], 
photolabile linker [66], the Wang linker [67], thioether moieties [68] or 4-hydroxymethyl-
phenoxy acetic acid (HMPA) and 4-(4-hydroxymethyl-3-methoxyphenoxy)-butyric acid 
(HMPB) linkers [69]. An attractive approach based on the use of the C-terminal amino acid 
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as a linker moiety was reported by Ay and co-workers [70]. Proposed solution was applied 
to sorting peptides according to their C termini using modified membranes with the 
corresponding C-terminal amino acids anchored either spot- or surface-wise. 
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Scheme 4. Different methods of amino functionalization of cellulose membranes: I) preparation of ester 
type membrane with amino acid; II) functionalization with epibromohydrin and subsequent reaction 
with TODT or DAP providing TODT or N-CAPE membranes; III) treatment with N-protected 2,3-
epoxypropylamine giving CAPE membrane; IV) treatment with tosyl chloride and subsequent reaction 
with TODT giving a TOTD like membrane. 
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and organic media. However, since cellulose is not stable against harsh chemical conditions, 
the SPOT synthesis was developed for the milder type of the two major SPPS strategies 
based on the Fmoc protection of amine function of the main peptide chain [53] and 
orthogonal protecting groups used for protection of side chains. [54].  

5.1. Membrane modifications 

Cellulose membranes are still the most widely used supports for SPOT peptide synthesis. 
The esterification of hydroxy functions of the cellulose with an Fmoc amino acid is a 
convenient method to introduce a spacer molecule and, after Fmoc deprotection, a free 
amino function for the SPPS of peptide arrays. The stability of the cellulose to organic 
solvents and bases allows the synthesis of peptides by utilizing the standard Fmoc 
methodology. Furthermore, the hydrophilic nature of cellulose offers a high compatibility 
with a wide variety of biological assay systems. On the other hand, however, cellulose 
shows only a limited acid stability. This acid sensitivity is severely restricting side chain 
deprotection conditions and stimulated the search of more convenient supports. Increasing 
resistance of peptide-cellulose membrane linkage against various types of reagents has been 
achieved through the development amino-functionalized ether type membranes. Ether type 
membranes provide stable membrane-bonding of peptides or other compound through the 
chemical stability of the ether bound. The first example of this type membrane was a 
cellulose-aminopropyl ether membrane (CAPE membrane) prepared by the treatment of 
cellulose filter paper with N-protected 2,3-epoxypropylamine [55].  

The use of epibromohydrin as an activating reagent allowed introducing reactive bromine 
attached to the cellulose via an ether bond. The bromine moiety is able to react with different 
diamines [56] such as DAP (1,3-diaminopropane) [57] or TOTD (4,7,10-trioxa-1,13-
tridecanediamine) and aminated polyethylene-3 (PEG-3) [58]. DAP modified cellulose 
membranes are known as N-CAPE membranes [59], while membranes modified with TOTD 
as a trioxa or TOTD membranes [60]. An amino type linker functionalized planar cellulose 
support [61] has been obtained by activation of cellulose with tosyl chloride and subsequent 
reaction with broad variety of diamines.  

An additional advantage of CAPE membranes is an excellent signal-to noise ratio during on-
support assay because of the very low background signal of this membrane [62]. Due to 
these properties they were applied in biological studies [63]. Table 1 has shown the 
characteristic of selected examples of amino-functionalized cellulose membranes.  

Another approach to improve SPOT technology involves the use of linker strategies to 
enable cleavage of peptides from the support. An interesting linker was proposed by Frank. 
It is known as a Carboxy-Frank-Linker [64]. This linker allows peptide release from the solid 
support in aqueous solution (pH 7–8). Other linker types used in SPOT technology 
nowadays are the p-hydroxymethylbenzoic acid (HMB) linker, the Rink-amide linker [65], 
photolabile linker [66], the Wang linker [67], thioether moieties [68] or 4-hydroxymethyl-
phenoxy acetic acid (HMPA) and 4-(4-hydroxymethyl-3-methoxyphenoxy)-butyric acid 
(HMPB) linkers [69]. An attractive approach based on the use of the C-terminal amino acid 
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as a linker moiety was reported by Ay and co-workers [70]. Proposed solution was applied 
to sorting peptides according to their C termini using modified membranes with the 
corresponding C-terminal amino acids anchored either spot- or surface-wise. 
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Scheme 4. Different methods of amino functionalization of cellulose membranes: I) preparation of ester 
type membrane with amino acid; II) functionalization with epibromohydrin and subsequent reaction 
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Cellulose type Cellulose membrane type Capacity [μmol/cm2] 
Whatman CHr1 Ester type: β-alanine 0.4-0.6 

Amine type: TsCl, diamino-PEG-3 4.0-10.0 
Amine type: TsCl, diamino-PEG-3 + linker 0.45-2.6 

Whatman 50 Ester type: β-alanine 0.2-0.4 
Ester type: glycine 0.8-1.9 
Ester type: different amino acids 0.2-1.7 
Ether type: CAPE (amino-epoxy) 0.05-0.20 
Ether type: N-CAPE, trioxa 0.2-1.2 

Whatman 540 Ester type: β-alanine 0.2-0.6 
AIMS Amine type: amino-PEG 0.4-0.6 

(2.0-5.0) 

Table 1. Characterization of amino-modified membranes. 

In cases of classical SPOT technology in which the peptide is coupled via an ester bond using 
ß-alanine of glycine spacer, peptide can be released from the cellulose by hydrolysis at 
pH>9. Numerous reagents were found suitable for this goal, e.g. aqueous solutions of 
ammonia, sodium hydroxide, trialkylamines or lithium carbonate (see Table 2) [71]. A 
broadly used method for releasing of soluble peptide amides is based on the treatment of 
membranes with ammonia vapor [72]. When the cleavage is carried out with nucleophils in 
an anhydrous environment, the substitution of the ester bond leads to amides, hydrazides 
and other derivatives. 
 

Linker Cleavage conditions C-termini derivatives 
Glycine (differ amino acids) gaseous ammonia amide 

hydrazine hydrazide 
hydroxyl amine hydroxyl amide 
aq. NaOH free carboxylic group 
aq. triethylamine free carboxy group 
primary alkyl/aryl amine alkyl/aryl amide 

Boc-Imidazol linker TFA + aq. buffer free carboxy group 
Allyl linker Palladium (0)-catalyst free carboxy group 
Boc-Lys-Pro TFA + aq. buffer diketopiperazine 
HMB linker gaseous ammonia amide 
Photo-labile linker UV irradiation at 365 nm amide 
Rink-amide linker TFA amide 
Thioether gaseous ammonia amide 
(thiol + coupled by amino acid) NaOH/H2O/methanol free carboxy group 
haloalkyl esters NaOH/H2O/acetonitrile free carboxy group 
Wang linker TFA vapour free carboxy group 

Table 2. Typical linker types bounded to cellulose supports and cleavage methods used for releasing 
the peptides from the membrane. 
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Different type of anchoring of the peptide chain to cellulose matrix was proposed by Kaminski 
[73] and co-workers. 1-Acyl-3,5-dimethyl-1,3,5-triazin-2,4,6(1H,3H,5H)-trion derivatives serve 
both as a spacer and linker. This isocyanuric linker has been introduced by thermal 
isomerization [74] of 2-acyloxy-4,6-dimethoxy-1,3,5-triazines immobilized on the cellulose 
support or isomerization catalysed by the presence of acids. Synthetic procedure leading to 
peptides anchored to cellulose by 1-acyl-3,5-dimethyl-1,3,5-triazin-2,4,6(1H,3H,5H)-trion (iso-
MT) is shown in Scheme 5. In the first step chloro-triazine a immobilized on cellulose was 
treated with N-methylmorpholine yielding N-triazinylammonium chloride b. Then compound 
b activated carboxylic function of Fmoc-protected amino acid to superactive ester c [75], which 
finally in refluxing toluene rearranges to stable isocyanuric derivative d.  
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Scheme 5. Synthesis of peptides with free N-termini anchored by iso-MT linker. 
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Cellulose type Cellulose membrane type Capacity [μmol/cm2] 
Whatman CHr1 Ester type: β-alanine 0.4-0.6 

Amine type: TsCl, diamino-PEG-3 4.0-10.0 
Amine type: TsCl, diamino-PEG-3 + linker 0.45-2.6 

Whatman 50 Ester type: β-alanine 0.2-0.4 
Ester type: glycine 0.8-1.9 
Ester type: different amino acids 0.2-1.7 
Ether type: CAPE (amino-epoxy) 0.05-0.20 
Ether type: N-CAPE, trioxa 0.2-1.2 

Whatman 540 Ester type: β-alanine 0.2-0.6 
AIMS Amine type: amino-PEG 0.4-0.6 

(2.0-5.0) 

Table 1. Characterization of amino-modified membranes. 

In cases of classical SPOT technology in which the peptide is coupled via an ester bond using 
ß-alanine of glycine spacer, peptide can be released from the cellulose by hydrolysis at 
pH>9. Numerous reagents were found suitable for this goal, e.g. aqueous solutions of 
ammonia, sodium hydroxide, trialkylamines or lithium carbonate (see Table 2) [71]. A 
broadly used method for releasing of soluble peptide amides is based on the treatment of 
membranes with ammonia vapor [72]. When the cleavage is carried out with nucleophils in 
an anhydrous environment, the substitution of the ester bond leads to amides, hydrazides 
and other derivatives. 
 

Linker Cleavage conditions C-termini derivatives 
Glycine (differ amino acids) gaseous ammonia amide 

hydrazine hydrazide 
hydroxyl amine hydroxyl amide 
aq. NaOH free carboxylic group 
aq. triethylamine free carboxy group 
primary alkyl/aryl amine alkyl/aryl amide 

Boc-Imidazol linker TFA + aq. buffer free carboxy group 
Allyl linker Palladium (0)-catalyst free carboxy group 
Boc-Lys-Pro TFA + aq. buffer diketopiperazine 
HMB linker gaseous ammonia amide 
Photo-labile linker UV irradiation at 365 nm amide 
Rink-amide linker TFA amide 
Thioether gaseous ammonia amide 
(thiol + coupled by amino acid) NaOH/H2O/methanol free carboxy group 
haloalkyl esters NaOH/H2O/acetonitrile free carboxy group 
Wang linker TFA vapour free carboxy group 

Table 2. Typical linker types bounded to cellulose supports and cleavage methods used for releasing 
the peptides from the membrane. 
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Different type of anchoring of the peptide chain to cellulose matrix was proposed by Kaminski 
[73] and co-workers. 1-Acyl-3,5-dimethyl-1,3,5-triazin-2,4,6(1H,3H,5H)-trion derivatives serve 
both as a spacer and linker. This isocyanuric linker has been introduced by thermal 
isomerization [74] of 2-acyloxy-4,6-dimethoxy-1,3,5-triazines immobilized on the cellulose 
support or isomerization catalysed by the presence of acids. Synthetic procedure leading to 
peptides anchored to cellulose by 1-acyl-3,5-dimethyl-1,3,5-triazin-2,4,6(1H,3H,5H)-trion (iso-
MT) is shown in Scheme 5. In the first step chloro-triazine a immobilized on cellulose was 
treated with N-methylmorpholine yielding N-triazinylammonium chloride b. Then compound 
b activated carboxylic function of Fmoc-protected amino acid to superactive ester c [75], which 
finally in refluxing toluene rearranges to stable isocyanuric derivative d.  
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CH2 O

O

N
H

O

m
 

cellulose

(Aaa)n-NH2

Epitope Peptide sequence Reaction Specificity 
UB-33 H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-

Gln-Phe-Ala-Asp-Ser-Arg-Ile-COO-cellulose 
- 

0% 
H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-
Gln-Phe-Ala-Asp-Ser-Arg-Ile-β-Ala-COO-cellulose 

- 

H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-Gln-Phe-
Ala-Asp-Ser-Arg-Ile-β-Ala-β-Ala-β-Ala-COO-cellulose 

- 

CSF114 H2N-Thr-Pro-Arg-Val-Glu-Arg-Asn(Glc)-Gly-His-Ser-Val-
Phe-Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-COO-cellulose 

+, m 

90% 

H2N-Thr-Pro-Arg-Val-Glu-Arg-Asn(Glc(OAac)4)-Gly-His-
Ser-Val-Phe-Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-COO-
cellulose 

+/- 

H2N-Thr-Pro-Arg-Val-Glu-Arg-Asp-Gly-His-Ser-Val-Phe-
Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-COO-cellulose 

+, m 

H2N-Thr-Pro-Arg-Val-Glu-Arg-Asn(Glc)-Gly-His-Ser-Val-
Phe-Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys- β-Ala-β-Ala-β-
Ala-COO-cellulose 

+, m 

O

N

O

NO
Me

O

N

cellulose

(Aaa)n-NH2

UB-33 

H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-
Gln-Phe-Ala-Asp-Ser-Arg-Ile-β-Ala-iso-MT-cellulose 

+, m 

100% 

H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-
Gln-Phe-Ala-Asp-Ser-Arg-Ile-iso-MT-cellulose 

+, s 

F-8 

H2N-Ser-Ile-Lys-Glu-Asp-Val-Gln-Phe-β-Ala-iso-MT-
cellulose 

+, s 

H2N-Ser-Ile-Lys-Glu-Asp-Val-Gln-Phe-iso-MT-cellulose +, m 

CSF114 

H2N-Thr-Pro-Arg-Val-Glu-Arg-Asn(Glc)-Gly-His-Ser-Val-
Phe-Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-iso-MT-cellulose

+, m 

70% 
H2N-Thr-Pro-Arg-Val-Glu-Arg-Asn(GlcAc4)-Gly-His-Ser-
Val-Phe-Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-iso-MT-
cellulose 

+/- 

H2N-Thr-Pro-Arg-Val-Glu-Arg-Asp-Gly-His-Ser-Val-Phe-
Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-iso-MT-cellulose 

+/- 

Table 3. Interaction of peptidic epitopes with free N-termini anchored on cellulose with antibodies.  

Further stages of the synthesis included the standard SPPS conditions: deprotections of 
Fmoc group and subsequent condensation with Fmoc/tBu-protected amino acids by using 
DMT/NMM/BF4 as a coupling reagent [76]. The data summarized in Table 3 shown that in 
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the several cases for the same antigen the strengths of reaction with antibody depends on 
the anchoring method. Moreover, for isocyanuric linker interactions with antibodies were 
found more selective [77]. 

5.2. Cellulose membrane-bound peptides with free C-termini 

Unfortunately, cellulose is not suitable for classic SPOT peptides synthesis with free C-termini, 
due to engagement of C-terminal fragment of peptide for fixation to support. One potential 
solution to this problem is to synthesize peptides in a nontraditional manner (that is, from the 
N- towards the C-termini) using amino acid ethyl esters [78]. One major drawback with this 
approach is the increased risks of epimeriation [79] at all coupling stages due to repeated solid 
support-bound carboxyl activation. There have been done numerous efforts to develop 
effective ISPPS strategies (inverse solid-phase peptide synthesis). One of the first reports on 
ISPPS described the use of amino acid hydrazides [80]. More recently, amino acid 9-
fluorenylmethyl (Fm) esters [81], and amino acid allyl esters [82] have been used for ISPPS. 
However, few if any of these amino acid derivatives are currently commercially available. The 
Fm ester approach looks attractive considering its similarity to standard Fmoc-based C-
towards-N SPPS, but Fm esters are not as stable as Fmoc amino acids, and Fm ester-based 
inverse peptide synthesis apparently suffers from this limitation. The Fm ester approach also 
suffers from significant racemization during coupling reactions. The allyl ester-based approach 
is practicable and appears currently to be the method most competitive with the t-butyl ester-
based ISPPS method described below. However, allyl esters are also not readily available 
commercially, and moreover, their deprotection requires the use of 20 mol% of Pd(PPh3)4, an 
expensive, heavy metal-based reagent. These strategies for ISPPS, therefore, appear not to be 
ideal, especially since suitable amino acid substrates are not easy available. 

A method for solid-phase peptide synthesis on cellulose in the N- to C-direction that 
delivers good coupling yields and a relatively low degree of epimerization was reported by 
Hallberg [83] and co-workers. The optimized method involves the coupling, without 
preactivation, of the solid support-bound C-terminal amino acid with excess amounts of 
amino acid tri-tert-butoxysilyl (Sil) esters, using HATU or TBTU as coupling reagent and 
2,4,6-trimethylpyridine (TMP, collidine) as a base. For the amino acids investigated, the 
degree of epimerization was typically 5%, except for Ser(t-Bu) which was more easily 
epimerized (ca. 20%). Efficiency of proposed methodology was confirmed on the synthesis 
of five tripeptides: Asp-Leu-Glu, Leu-Ala-Phe, Glu-Asp-Val, Asp-Ser-Ile, and Asp-D-Glu-
Leu. The study used different combinations of HATU and TBTU as activating agents, N, N-
diisopropylethylamine (DIEA) and TMP as bases, DMF and dichloromethane as solvents, 
and cupric chloride as an epimerization suppressant. Experiments indicated that the 
observed suppressing effect of cupric chloride on epimerization in the present system 
merely seemed to be a result of a base-induced cleavage of the oxazolone system, the key 
intermediate in the epimerization process. Proposed methodology can provide an attractive 
alternative for the solid-phase synthesis of short (six residues or less) C-terminally modified 
peptides, e.g., in library format. On the other hand amino acid silyl esters are difficult to 
prepare, unstable to store, and unstable under peptide coupling conditions. 
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CH2 O

O

N
H

O

m
 

cellulose

(Aaa)n-NH2

Epitope Peptide sequence Reaction Specificity 
UB-33 H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-

Gln-Phe-Ala-Asp-Ser-Arg-Ile-COO-cellulose 
- 

0% 
H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-
Gln-Phe-Ala-Asp-Ser-Arg-Ile-β-Ala-COO-cellulose 

- 

H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-Gln-Phe-
Ala-Asp-Ser-Arg-Ile-β-Ala-β-Ala-β-Ala-COO-cellulose 

- 

CSF114 H2N-Thr-Pro-Arg-Val-Glu-Arg-Asn(Glc)-Gly-His-Ser-Val-
Phe-Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-COO-cellulose 

+, m 

90% 

H2N-Thr-Pro-Arg-Val-Glu-Arg-Asn(Glc(OAac)4)-Gly-His-
Ser-Val-Phe-Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-COO-
cellulose 
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O
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H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-
Gln-Phe-Ala-Asp-Ser-Arg-Ile-β-Ala-iso-MT-cellulose 
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100% 

H2N-Cys-His-His-Leu-Asp-Lys-Ser-Ile-Lys-Glu-Asp-Val-
Gln-Phe-Ala-Asp-Ser-Arg-Ile-iso-MT-cellulose 

+, s 

F-8 

H2N-Ser-Ile-Lys-Glu-Asp-Val-Gln-Phe-β-Ala-iso-MT-
cellulose 

+, s 

H2N-Ser-Ile-Lys-Glu-Asp-Val-Gln-Phe-iso-MT-cellulose +, m 

CSF114 

H2N-Thr-Pro-Arg-Val-Glu-Arg-Asn(Glc)-Gly-His-Ser-Val-
Phe-Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-iso-MT-cellulose

+, m 

70% 
H2N-Thr-Pro-Arg-Val-Glu-Arg-Asn(GlcAc4)-Gly-His-Ser-
Val-Phe-Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-iso-MT-
cellulose 

+/- 

H2N-Thr-Pro-Arg-Val-Glu-Arg-Asp-Gly-His-Ser-Val-Phe-
Leu-Ala-Pro-Tyr-Gly-Trp-Met-Val-Lys-iso-MT-cellulose 

+/- 

Table 3. Interaction of peptidic epitopes with free N-termini anchored on cellulose with antibodies.  

Further stages of the synthesis included the standard SPPS conditions: deprotections of 
Fmoc group and subsequent condensation with Fmoc/tBu-protected amino acids by using 
DMT/NMM/BF4 as a coupling reagent [76]. The data summarized in Table 3 shown that in 
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the several cases for the same antigen the strengths of reaction with antibody depends on 
the anchoring method. Moreover, for isocyanuric linker interactions with antibodies were 
found more selective [77]. 

5.2. Cellulose membrane-bound peptides with free C-termini 

Unfortunately, cellulose is not suitable for classic SPOT peptides synthesis with free C-termini, 
due to engagement of C-terminal fragment of peptide for fixation to support. One potential 
solution to this problem is to synthesize peptides in a nontraditional manner (that is, from the 
N- towards the C-termini) using amino acid ethyl esters [78]. One major drawback with this 
approach is the increased risks of epimeriation [79] at all coupling stages due to repeated solid 
support-bound carboxyl activation. There have been done numerous efforts to develop 
effective ISPPS strategies (inverse solid-phase peptide synthesis). One of the first reports on 
ISPPS described the use of amino acid hydrazides [80]. More recently, amino acid 9-
fluorenylmethyl (Fm) esters [81], and amino acid allyl esters [82] have been used for ISPPS. 
However, few if any of these amino acid derivatives are currently commercially available. The 
Fm ester approach looks attractive considering its similarity to standard Fmoc-based C-
towards-N SPPS, but Fm esters are not as stable as Fmoc amino acids, and Fm ester-based 
inverse peptide synthesis apparently suffers from this limitation. The Fm ester approach also 
suffers from significant racemization during coupling reactions. The allyl ester-based approach 
is practicable and appears currently to be the method most competitive with the t-butyl ester-
based ISPPS method described below. However, allyl esters are also not readily available 
commercially, and moreover, their deprotection requires the use of 20 mol% of Pd(PPh3)4, an 
expensive, heavy metal-based reagent. These strategies for ISPPS, therefore, appear not to be 
ideal, especially since suitable amino acid substrates are not easy available. 

A method for solid-phase peptide synthesis on cellulose in the N- to C-direction that 
delivers good coupling yields and a relatively low degree of epimerization was reported by 
Hallberg [83] and co-workers. The optimized method involves the coupling, without 
preactivation, of the solid support-bound C-terminal amino acid with excess amounts of 
amino acid tri-tert-butoxysilyl (Sil) esters, using HATU or TBTU as coupling reagent and 
2,4,6-trimethylpyridine (TMP, collidine) as a base. For the amino acids investigated, the 
degree of epimerization was typically 5%, except for Ser(t-Bu) which was more easily 
epimerized (ca. 20%). Efficiency of proposed methodology was confirmed on the synthesis 
of five tripeptides: Asp-Leu-Glu, Leu-Ala-Phe, Glu-Asp-Val, Asp-Ser-Ile, and Asp-D-Glu-
Leu. The study used different combinations of HATU and TBTU as activating agents, N, N-
diisopropylethylamine (DIEA) and TMP as bases, DMF and dichloromethane as solvents, 
and cupric chloride as an epimerization suppressant. Experiments indicated that the 
observed suppressing effect of cupric chloride on epimerization in the present system 
merely seemed to be a result of a base-induced cleavage of the oxazolone system, the key 
intermediate in the epimerization process. Proposed methodology can provide an attractive 
alternative for the solid-phase synthesis of short (six residues or less) C-terminally modified 
peptides, e.g., in library format. On the other hand amino acid silyl esters are difficult to 
prepare, unstable to store, and unstable under peptide coupling conditions. 
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The alternative strategy for ISPPS based on amino acid t-butyl esters was proposed by 
Gutheil [84] and co-workers . Favorable features of this approach are that amino acid t-butyl 
esters are stable, a large selection of them are commercially available, and the synthesis of 
commercially unavailable monomers is relatively straightforward. The t-butyl ester strategy 
also has the benefit that this approach is exactly the inverse of the well-developed Boc 
strategy for normal C-to-N peptide synthesis, and the extensive knowledge of side chain 
protection strategies and other chemical details can therefore be transferred from Boc 
chemistry to t-butyl ester chemistry. The effectiveness of the proposed solution has been 
demonstrated in the synthesis of tripeptides: Tyr-Ala-Phe, Tyr-Gly-Orn, Tyr-Ala-Val, Asn-
D-Val-Leu, Asn-Leu-Glu, Gly-Ile-Thr, Phe-Ala-Gly. The consecutive incorporation of amino 
acids was performed in the presence of HATU as a coupling reagents using an excess of AA-
OtBu*HCl. The observed racemization of individual amino acids was <2%.  
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The alternative strategy for ISPPS based on amino acid t-butyl esters was proposed by 
Gutheil [84] and co-workers . Favorable features of this approach are that amino acid t-butyl 
esters are stable, a large selection of them are commercially available, and the synthesis of 
commercially unavailable monomers is relatively straightforward. The t-butyl ester strategy 
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protection strategies and other chemical details can therefore be transferred from Boc 
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D-Val-Leu, Asn-Leu-Glu, Gly-Ile-Thr, Phe-Ala-Gly. The consecutive incorporation of amino 
acids was performed in the presence of HATU as a coupling reagents using an excess of AA-
OtBu*HCl. The observed racemization of individual amino acids was <2%.  
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Another approach to the synthesis of peptides attached to the cellulose matrix within N-
terminus and presenting free C-terminus [85] was based on the utilization of 1,3,5-triazine 
derivative as an anchoring group. The peptides anchored via N-terminal moiety to the 
cellulose plate, were synthesized in accord to step-by-step methodology by means of 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium tetrafluoroborate (DMT/NMM/BF4) as 
a coupling [86]. 2-Chloro-1,3,5-triazine fragment, used as an anchoring group, was 
introduced by the treatment of cellulose with 2,4-dichloro-6-methoxy-1,3,5-triazine (DCMT) 
[87]. The first amino acid was attached to the triazine ring by the nucleophilic substitution 
reaction involving amine group. The oligopeptide chain was elongated in accord to step-by-
step methodology in the sequence of standard reactions involving: activation of carboxylic 
function, coupling with the ester of appropriate amino acid, washing, capping, hydrolysis of 
ester moiety, and washing (Scheme 6).  

An amount of natural, all-L diastereomer was sufficiently abundant for selective reaction 
with sera of patients with medically confirmed atherosclerosis even in the case of long 
epitope.  

A more sophisticated approaches are based on inversion of the peptide chain following 
conventional (C  N) synthesis and then modification of the C-terminus. Examples of 
inverting solid support-bound peptides [88] and methods for the generation of liberated C-
terminally modified peptides [89] via a cyclization/cleavage protocols are known. The first 
example of application of the synthesis of inverting cellulose support-bound peptides 
according SPOT-methodology with free C-termini via prepared by successive cyclization 
and re-linearization was described by Hoffmüller and Volkmer-Engert [90]. 

Aminopropyl ether cellulose (CAPE-membrane) (a) was used as the matrix. β-Alanine 
serves both as a spacer and to residue directly engaged in the rearrangement. Dmab-
glutamic acid was coupled as a bivalent linker followed by introducing 
hydroxymethylbenzoic acid (HMB) as a base-labile cleavable site ( b). The intended C-
terminal amino acid was coupled through an ester bond ( c). The Fmoc and Dmab 
protecting groups on the N-terminus and the side chains of the glutamic acids were 
cleaved off and then construct cyclized ( e). Removal of the side chain protecting groups 
followed by hydrolysis of the ester bond linearizes the construct and generated free C 
terminus ( f). Even if presented above method allowed successful synthesis of inverted 
peptides arrays, the obtained yields were low and procedure were found troublesome and 
time-consuming.  

Therefore Volkmer-Engert [91] and co-workers developed a more robust and efficient 
protocol for the preparation of cellulose membrane-bound inverted peptide arrays that 
could be used for widespread mapping different epitopes anchored on solid support and 
presenting C-termini peptides.  

Synthesis of inverted peptides was performed on a cellulose membrane carrying a stable N-
functionalized anchor (N-modified cellulose-amino-hydroxypropyl ether membrane - N-
CAPE), which retained the inverted peptides (i). The inverted and N terminally fixed 
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peptides (i) display a free C terminus resulting from reversal of the peptide orientation by 
successive thioether-cyclization/ester cleavage transformations. Key intermediates in the 
synthesis are the 3-brompropyl esters of Fmoc-amino acid (Fmoc-Aaa-OPBr) (d), the 
membrane-bound mercaptopropionyl cysteine adduct (c), the matrix-bound amino acid 
ester derivative (e), and the cyclic peptide (h). Critical reaction steps are the formation of 
both the cleavable ester bond and the cyclic peptide. 
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Scheme 8. Synthesis of inverted peptides on cellulose membranes allows further modification of side 
chains (phosphorylation).  



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 260 

Another approach to the synthesis of peptides attached to the cellulose matrix within N-
terminus and presenting free C-terminus [85] was based on the utilization of 1,3,5-triazine 
derivative as an anchoring group. The peptides anchored via N-terminal moiety to the 
cellulose plate, were synthesized in accord to step-by-step methodology by means of 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium tetrafluoroborate (DMT/NMM/BF4) as 
a coupling [86]. 2-Chloro-1,3,5-triazine fragment, used as an anchoring group, was 
introduced by the treatment of cellulose with 2,4-dichloro-6-methoxy-1,3,5-triazine (DCMT) 
[87]. The first amino acid was attached to the triazine ring by the nucleophilic substitution 
reaction involving amine group. The oligopeptide chain was elongated in accord to step-by-
step methodology in the sequence of standard reactions involving: activation of carboxylic 
function, coupling with the ester of appropriate amino acid, washing, capping, hydrolysis of 
ester moiety, and washing (Scheme 6).  

An amount of natural, all-L diastereomer was sufficiently abundant for selective reaction 
with sera of patients with medically confirmed atherosclerosis even in the case of long 
epitope.  

A more sophisticated approaches are based on inversion of the peptide chain following 
conventional (C  N) synthesis and then modification of the C-terminus. Examples of 
inverting solid support-bound peptides [88] and methods for the generation of liberated C-
terminally modified peptides [89] via a cyclization/cleavage protocols are known. The first 
example of application of the synthesis of inverting cellulose support-bound peptides 
according SPOT-methodology with free C-termini via prepared by successive cyclization 
and re-linearization was described by Hoffmüller and Volkmer-Engert [90]. 

Aminopropyl ether cellulose (CAPE-membrane) (a) was used as the matrix. β-Alanine 
serves both as a spacer and to residue directly engaged in the rearrangement. Dmab-
glutamic acid was coupled as a bivalent linker followed by introducing 
hydroxymethylbenzoic acid (HMB) as a base-labile cleavable site ( b). The intended C-
terminal amino acid was coupled through an ester bond ( c). The Fmoc and Dmab 
protecting groups on the N-terminus and the side chains of the glutamic acids were 
cleaved off and then construct cyclized ( e). Removal of the side chain protecting groups 
followed by hydrolysis of the ester bond linearizes the construct and generated free C 
terminus ( f). Even if presented above method allowed successful synthesis of inverted 
peptides arrays, the obtained yields were low and procedure were found troublesome and 
time-consuming.  

Therefore Volkmer-Engert [91] and co-workers developed a more robust and efficient 
protocol for the preparation of cellulose membrane-bound inverted peptide arrays that 
could be used for widespread mapping different epitopes anchored on solid support and 
presenting C-termini peptides.  

Synthesis of inverted peptides was performed on a cellulose membrane carrying a stable N-
functionalized anchor (N-modified cellulose-amino-hydroxypropyl ether membrane - N-
CAPE), which retained the inverted peptides (i). The inverted and N terminally fixed 

 
Cellulose Functionalysed with Grafted Oligopeptides 261 

peptides (i) display a free C terminus resulting from reversal of the peptide orientation by 
successive thioether-cyclization/ester cleavage transformations. Key intermediates in the 
synthesis are the 3-brompropyl esters of Fmoc-amino acid (Fmoc-Aaa-OPBr) (d), the 
membrane-bound mercaptopropionyl cysteine adduct (c), the matrix-bound amino acid 
ester derivative (e), and the cyclic peptide (h). Critical reaction steps are the formation of 
both the cleavable ester bond and the cyclic peptide. 
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5.3. Application of SPOT technology 

Cellulose was found to be the support of choice in the SPOT synthesis. The main area of 
application of SPOT technology is for epitope mapping: 

1. Physiology - Antibodies can identify the structural fragments which allow molecules to 
interact between themselves or with their specific receptor. They can also be useful in 
understanding the structure-function relationships.  

2. Pathology - Understanding the mechanism by which an immune-mediated pathology 
develops by a precise identification of both B- and T-cell epitopes on the antigen. 
Antibodies can, therefore, be useful in analyzing the specificity of antibodies 
spontaneously formed in a number of diseases in which an immune response is an 
important parameter. Mapping of epitopes is also essential when one wishes to unravel 
the mechanisms by which immune tolerance is established and/or broken. 

3. Preclinical evaluation of drugs or blood product derivatives - Most drugs act as 
haptens, that is to say that they are too small for being immunogenic. However, after 
combination with plasma or tissue proteins, they can become immunogenic.  

4. Vaccinations - The identification of both B- and T-cell epitopes on a micro-organism or 
bacterial derived products such as toxins or enzymes may have a crucial influence on the 
design of vaccines. This includes not only an increase efficiency of vaccines, but potentially 
the design of vaccines that could stimulate humoral or the cellular immune response.  

5. Diagnosis and subtyping of micro-organisms - Antibodies of defined specificity are 
currently used to distinguish between micro-organisms that belong to the same strain 
or to render diagnostic test more specific. The identification of shared antigenic 
determinants between proteins pertaining to different families can also has an 
important impact on the understanding of cross-reactions. 

6. Mechanism of drug action - an emerging field of interest concerning the use of 
antibodies to study the mechanism of action of drugs [92]. 

Today, experiments to identify and characterize linear antibody epitopes using peptide 
scans, amino acids scans, substitutional analyses, truncation libraries, deletion libraries, 
cyclization scans, all types of combinatorial libraries and randomly generated libraries of 
single peptides are standard techniques widely applied even in non-specialized laboratories 
[93].  

The synthesis of non-peptidic compounds or peptides with non-peptidic elements has been 
carried out on cellulose as well as polypropylene membranes. Using the SPOT technique, 
one of the most frequently synthesized non-peptidic compounds are a peptoids [94]. These 
compounds are synthesized pure or as hybrids with peptides, so-called peptomers [95]. 
Zimmermann et al. [96] investigated the possibility of replacing natural amino acids by 
peptoidic elements. Screening of an array of 8000 hexapeptoids and peptomers was carried 
out by Heine et al [97]. Hoffmann et al. [98] described the transformation of a biologically 
active peptide into peptoid analogues while retaining biological activity. Another 
application of the SPOT method is the synthesis of chimeric oligomers of peptide nucleic 
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acids [99]. Weiler et al. [100] described the synthesis of a PNA oligomer library, with 
coupling yields of >97%. The synthesis of small organic compounds is another broad field 
for the application of SPOT synthesis [101].  

6. Supramolecular structures formed by self-organization of N-lipidated 
peptides anchored to cellulose 

Cellulose is a polysaccharide with two different types of hydroxyl groups i.e. primary and 
secondary. The primary hydroxyl groups are significantly more reactive then the 
secondary. Since the chains of polyanhydroglucose interacts with each other in the 
precisely defined way these functional groups are positioned within the reasonably 
regular fashion on he surface of cellulose. In the crystalline region of cellulose [102] the 
every second primary hydroxyl groups are exposed and accessible for interaction with 
reagents making after the transformation relatively regular pattern of anchored molecules 
separated by the distance of one anhydroglucose residue. Due to this advantageous 
feature of the cellulose the space available in between molecules anchored on the cellulose 
surface is sufficient for docking another molecules. Based on this assumption Kaminski 
and co-workers proposed entirely new approach for designing artificial receptors. 
According to the proposed concept, appropriate structure of molecules anchored on 
cellulose creates precisely defined and functionalized space for trapping ligands as 
presented on Figure 4. 

The relatively weak bonding forces and conformational flexibility of both partners make 
docking of ligands to receptors difficult to study, to categorize by any kind of empirical 
rules, or to predict based on molecular modeling. Even in the case of interactions between 
relatively simple molecules, the possible bonding and repulsive forces of mutual host-
guest interactions are multifaceted, very numerous, and difficult in terms of molecular 
modeling [103]. For the more advanced models involving flexible ligands and complex 
flexible receptor structures the rational construction plan of the host structure still exceeds 
our capabilities [104]. Thus, design of the molecular trap was done intuitively by 
mimicking structural features occurring in natural receptors, synthesis of the library of 
them by methods of combinatorial chemistry and selection of the most efficient 
representatives.  

Strong, yet reversible binding force for the most of potential guest molecules were 
achieved by introducing into binding pockets most of the structural attributes responsible 
for weak intermolecular interactions [105]. These include hydrogen-bond donors and 
acceptors, lipophilic and hydrophilic fragments supplemented with π-donors and π-
acceptors as depicted on Figure 5. 

All these elements were allocated inside the linear structure forming the matrix of podands 
in such a way as to separate the flexible N-lipopeptide fragment from the solid support by 
relatively rigid, aromatic rings. Thus, a bonding “pocket” was composed from the tethered 
fragments of “walls” constructed from aromatic rings, expanded with a diversity of 
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for weak intermolecular interactions [105]. These include hydrogen-bond donors and 
acceptors, lipophilic and hydrophilic fragments supplemented with π-donors and π-
acceptors as depicted on Figure 5. 

All these elements were allocated inside the linear structure forming the matrix of podands 
in such a way as to separate the flexible N-lipopeptide fragment from the solid support by 
relatively rigid, aromatic rings. Thus, a bonding “pocket” was composed from the tethered 
fragments of “walls” constructed from aromatic rings, expanded with a diversity of 



 
Cellulose – Medical, Pharmaceutical and Electronic Applications 264 

interactions offered by flexible peptide fragments, and finally closed with a “zipper” of 
hydrophobic chains of lipidic fragments. Due to the conformational flexibility of interacting 
partners, the relative direction of the functional groups of a ligand as well as that of the 
binding pockets could be readjusted to the most energetically favored orientation of both 
counterparts [106]. Thus structures immobilized on cellulose support via triazine linker 
created the mosaic of binding holes, mimicking the behavior of receptor formed from the 
neighboring, identical lipidated peptides.  

 
Figure 4.  “Molecular traps” formed by podands regularly positioned on the support. 

In the absence of some elements (Figure 6. 1-4) binding process was substantially 
deteriorated compared to the binding ability of complete receptor structure (Figure 6, 5).  

Thus, the fully serviceable monolayer immobilized on cellulose was prepared in the 
stepwise process involving functionalization of cellulose with 1,3,5-triazine derivative 
followed by reaction with m-fenylenediamine, attachment of N-Fmoc amino acids, 
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deprotection of N-terminus and completing the synthetic procedure by binding of 
carboxylic acid (Scheme 8). In the synthesis of the peptide fragment, DMT/NMM/BF4- was 
used as a coupling reagent. For the final acylation of immobilized tripeptides with 
carboxylic acid more lipophilic DMT/NMM/TosO- was found more suitable as a coupling 
reagent [107]. 
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Figure 6. Influence of the structure of podands on binding of antocyane dyes from Rubus laciniatus and 
Beta vulgaris extracts. 
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Scheme 9. Synthesis of N-lipidated peptides (amino acids) immobilized on cellulose via aromatic linker. 

Loading of cellulose support was calculated on the basis of N and Cl content determined by 
elemental analysis 9-10 μmol/cm2 with the anticipated ratio of molecular fragment 
triazine/m-phenylenediamine/amino acid/carboxylic acid.  

The studies of water permeability through the monolayer achieved with 28-element library 
of N-acylated aminoacid prepared from Ala, Phe, Ser and Arg, and cinnamic, 10-undecenic, 
elaidic, oleic, erucic, palmitic, and ricinic acids confirmed that penetration of water is 
possible only in the presence of hydrophlilic functional groups incorporated into the 
monolayer. In their absence the podands were allocated sufficiently dense on cellulose fibers 
to inhibit penetration of water. This means that lipidic “zip” separate the interior of binding 
pocket, but the lipidic barrier remains still penetrable at least to the small, highly polar 
molecules of water.  
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Figure 7. Dependence of water permeability through N-lipidated amino acids layer. 

Process of binding triphenylmethane dyes with an array of N-lipidated dipeptides 
peptides immobilized on cellulose according to the manner described above was not 
dependent on initial concentration of ligand reaching equilibrium within 20-30 min. The 
selectivity and rate of binding depends on the structure of the peptide fragment as well as 
N-lipidic moiety. Even tiny structural changes in guest molecules were detected by 
monitoring the alteration of the binding pattern [108]. Measurements of fluorescence of 
fluorescein docked inside the receptor pocket revealed difference in λmax, curvature and 
intensity of fluorescence depended on the structure of the peptide motif and lipidic 
fragment of binding pocket. This strongly suggests an alternation of charge distribution 
inside the receptor pocket [109].  

Binding of colorless ligand was monitored by replacement of the reporter dye due to 
competitiveness of process (Scheme 10). 

 
Figure 8. The library of N-lipidated dipeptides immobilized on cellulose disks treated with 10 mM/L 
solution of bromochlorophenol blue (1) (left); the same disks after subsequent treatment with 20 mM/L 
solution of S-(þ)-naproxen (right). 
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Loading of cellulose support was calculated on the basis of N and Cl content determined by 
elemental analysis 9-10 μmol/cm2 with the anticipated ratio of molecular fragment 
triazine/m-phenylenediamine/amino acid/carboxylic acid.  

The studies of water permeability through the monolayer achieved with 28-element library 
of N-acylated aminoacid prepared from Ala, Phe, Ser and Arg, and cinnamic, 10-undecenic, 
elaidic, oleic, erucic, palmitic, and ricinic acids confirmed that penetration of water is 
possible only in the presence of hydrophlilic functional groups incorporated into the 
monolayer. In their absence the podands were allocated sufficiently dense on cellulose fibers 
to inhibit penetration of water. This means that lipidic “zip” separate the interior of binding 
pocket, but the lipidic barrier remains still penetrable at least to the small, highly polar 
molecules of water.  
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Scheme 10. Proposed mechanism of competitive binding colorless analyte and reporter dye. 

Docking colorless N-phenylpiperazines pairs of analogues with or without a fluorine atom 
in the phenyl ring [110] revealed that using an array of artificial receptors it is possible to 
verify the presence of such ligand modification. 

Analysis of the binding pattern of N-phenylpiperazine derivatives showed two 
characteristic binding patterns dependent on the structure of amino acid residues 
interacting with ligands. For most amino acid residues weaker binding of fluorinated 
analogues and stronger binding of native phenyl substituted analogues was observed with 
an exception of the receptors bearing tryptophane residue inside the binding pocket [111].  
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An array of N-lipidated peptides immobilized on cellulose was also used in studies of tissue 
homogenates for early diagnosing thyroid gland cancer [112], which is the most common 
malignancy of the endocrine system. There were found different binding patterns of healthy 
and cancer tissue for the various types of cancer.  

By incorporation into the peptide fragment of receptor amino acid residues characteristic of 
catalytic triade of the hydrolytic enzymes the binding pockets demonstrated catalytic activity 
[113]. These were able to catalyse hydrolysis of esters bond [114]. All members of the library of 
36 structures formed by permutations of Ser, Glu, His acylated with 6 long chain carboxylic 
acids were active as esterase and effectively catalyzed hydrolysis of p-nitrophenyl ester of Z-L-
Leu-L-Leu-OH at pH 7-7.5 and temp not exceeding 20oC. The postulated mechanism of 
catalytic activity of N-lipidated oligopeptides is presented on Figure 9. 
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Figure 9. The postulated mechanism of catalytic activity of N-lipidated tripeptides of catalytic triade. 

In this case the progress of hydrolysis was so fast that under the conditions of the 
experiment it was difficult to identify the most catalytically active structure. The extinction 
at 405 nm increased from the initial value of 0.300 for the substrate to more than 0.800 before 
the first cycle of measurements was completed. The rate of reaction diversified enough for 
identification of the most active catalytic structures was afforded by using significantly less 
reactive, sterically hindered substrate Z-Aib-Aib-ONp.  

As the final effect of catalytic activity is the transformation of relatively non-polar organic 
molecule into ionic species, one can expect application of this phenomena for the 
construction of sensors [115]. There are also many other interesting area of application of 
catalytically active N-lipidated peptides immobilized on cellulose. Most expected are effects 
stereochemical results of such transformations, expecting open access to essentially 
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[113]. These were able to catalyse hydrolysis of esters bond [114]. All members of the library of 
36 structures formed by permutations of Ser, Glu, His acylated with 6 long chain carboxylic 
acids were active as esterase and effectively catalyzed hydrolysis of p-nitrophenyl ester of Z-L-
Leu-L-Leu-OH at pH 7-7.5 and temp not exceeding 20oC. The postulated mechanism of 
catalytic activity of N-lipidated oligopeptides is presented on Figure 9. 

n

 

O

R 1
N H

O

R 1NH

N H

O
OH

O

O H O

OH
O HO H

O
OH

O

O H

O H

O
O

OH O H

N

N

N

O

NH

O M e

O O
O

OH O H

N

N

N

O

N

O M e

OO
O

OH
O H

O
OH

O

O H

O H

N

N

N

OM e O

N

N

N

OM e O

N H

O

R

H

N H

N H

OR 2

NH

O

R 3

N H

NH

O
R 2

NH

O

R 3

O

R 1
NH

N H

N H

OR 2

NH

O

R 3

NH

N
H

NH

O

R 2

R 3

O

NH

O O
O

O

H

O
H

H

O
H

H
O

H

R

O
H

H
O

H

N

N
C H 2

H
O

H

H

O
H

R

O
H

R 1, R 2, R 3 =  , C H 2C H 2C O O H  , C H 2O H

I
N
T
E
R
M
E
D
I
A
T
E

S
U
B
S
T
R
A
T

P
R
O  
   D
   U
   C  
   T

 
Figure 9. The postulated mechanism of catalytic activity of N-lipidated tripeptides of catalytic triade. 

In this case the progress of hydrolysis was so fast that under the conditions of the 
experiment it was difficult to identify the most catalytically active structure. The extinction 
at 405 nm increased from the initial value of 0.300 for the substrate to more than 0.800 before 
the first cycle of measurements was completed. The rate of reaction diversified enough for 
identification of the most active catalytic structures was afforded by using significantly less 
reactive, sterically hindered substrate Z-Aib-Aib-ONp.  

As the final effect of catalytic activity is the transformation of relatively non-polar organic 
molecule into ionic species, one can expect application of this phenomena for the 
construction of sensors [115]. There are also many other interesting area of application of 
catalytically active N-lipidated peptides immobilized on cellulose. Most expected are effects 
stereochemical results of such transformations, expecting open access to essentially 
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unlimited access to configurational arrangement of stereogenic centers of polypeptide 
fragment [116].  
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unlimited access to configurational arrangement of stereogenic centers of polypeptide 
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1. Introduction 
In recent times historical environment situations became inevitable also for modern 
environmental analytic. They alone allow to evaluate an anthropogenic impact into the 
environment compartments. All prognoses to future in environmental sciences at least base 
on interpolations deduced from historical situations in combination of present situations. 
Mostly glaciology [1], [2] is a source of information about historical environment. 
Unfavourable for such a proceeding is the fact, that glacier mostly are situated at inhabited 
places [3]. So they reveal only global or supra-regional data. Data from cultural centre's 
nowadays only are taken by imission measurements, e.g. bones [4], monitoring the exposure 
of an individual to its environment. 

We approach the task to receive information about the historical environment situation in 
settlement areas by examining historical well dated and localisable artefacts of the homo faber. 

To make a product acceptable to such a strategy, it must fulfil some requirements, listed in 
the following: 

 Property of an analytical passive sampler 
 Common and widespread product 
 Reproducible way of production (guild) 
 Defined state at the begin of contamination 
 Damage / manipulation must be evident 
 Exact dating of the product 
 Regional allocation possible 

In the work introduced here, historical paper like antiquarian books are used as such a 
source of environment historical data specially for the environmental compartment of air 
and water. Antiquarian books mostly are fulfilling all listed requirements. 
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The selected objects of study further must have a complete block with original 
binding/cover. They must be produced before 1840 (“handmade paper”).  

The paper of historical books can be allocated by their watermark, which is characteristic for 
the paper mill. It can be dated by the printing date of the book – lean production was 
necessary, because the amount of paper for one book project was so big, that long time 
storing was nearly impossible 

The absence of water spots and/or conservatorial treatment makes sure that there is no 
unwanted contamination of the book (Figure 1). 

The work is divided into two parts, one dealing with airborne contaminants [5], one with 
water-borne contaminants [6]. In both cases antiquarian books are used as source for 
environmental historical data. 

2. Antiquarian books and environmental airborne contaminants 

The degradation of books and papers in the last decade has been focussed at from science 
and the public. Historical storage conditions were taken into account as factors, but they are 
experimental not to be simulated under real conditions, because it is impossible to simulate 
realistically long time storing. 

The first part of this publication herein precisely starts at this point. An attempt was  
made to detect the historical immigration of airborne pollutants specifically in books,  
so as to provide the basis for a long-term correlation between pollutants in the paper,  
the corresponding concentration of atmospheric trace components and the damage of the 
paper. 

 

 
Figure 1. Ancient books, Terentius, 1499, not usable as source of historical environmental data because 
of obvious contamination 
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2.1. Volatile pollutants in paper and decay of paper 

The degradation of paper and books in the last decade strongly has been brought into 
interest in science and the public. The importance of environmental factors during storage in 
the libraries was highlighted and partially documented with current environmental 
analytical data. Historical storage conditions were discussed as important factors, however, 
both were only discussed in models – but no proof of the intrance of historical pollutants by 
atmosphere was given. 

As part of the work described herein was set precisely at this point. An attempt was made  
to record the historical input of airborne pollutants specifically in bound antiquarian books 
[5]. 

In the focus of this study there are no exemplary studies on the adsorbability of harmful 
substances and at least their degradation mechanisms in the paper [7], [8]. Rather, as part of 
a comprehensive project, which is still running, the pollutants really trapped by the 
historical paper of the books were determined. Later the pollutants experimentally found to 
be present in library environment (via indoor measurements) in combination with kinetics 
of the uptake of pollutants in the book, should allow to estimate the situation of historical 
indoor environment and historical sources of contaminants. 

The starting point for this study was the hypothesis that the paper of antiquarian books can 
serve as a passive sampler for air pollutants. 

Components such as the cellulose of the paper play a role as a trap for a great variety  
of contaminants. This property of the cellulose is often used in the environmental analysis  
of gas samples for sample enrichment of various polar and medium polar contaminants 
such as Atmospheres [9], [10], [11]. This process will take place also in paper writing 
material. 

This passive sampler system should contain information about the pollution that a book was 
exposed to, although of course not only the current pollutant inputs, but also historical 
contaminants / pollution must be considered.  

Historical damage, e.g. of gas gangrene of leather materials due to the gas lighting of 
19.century have to be taken into account during these investigations. 

It is assumed that the significantly not air-permeable cover of books has a shielding effect 
for the passage of harmful gases. 

So as a criterion for detecting a contaminant sampled via this mechanism is a concentration 
difference between the centre of an individual page and its edges, which are more in contact 
with the air surrounding the page. 

One part of the overall project is to try to find a way that allows a correlation between 
pollutants in the paper, the damage to the paper and for modern inputs of pollutants in the 
concentration of atmospheric trace components of the current storage locations. 
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2.2. Contaminations in paper  

The decay of writing materials such as paper provides a non-negligible danger to the 
existence of entire libraries, and thus our cultural knowledge at all. 

The damage is often catalysed by impurities in the writing surface either directly or causally 
induced [12]. Just trace elements are involved in a variety of ways in decay processes of 
cellulose. Such impurities can already produce in very small trace concentrations harmful 
effects.  

They can be attributed to different sources. In principle, three mechanisms of entry of 
pollutants into books are to be distinguished: 

Entry to the manufacturing process 

Already in the production of written support materials, traces have been introduced into the 
material of pollutants. These can be direct (black-colored parchment) or as a result of their 
decomposition processes (ink corrosion) have a detrimental effect [13]. 

Entry through restoration measures 

Conservation processes often bring chemicals into the paper. This entry can be wished 
(magnesium-Wei T'o the entry process, pesticides) or technically unavoidable (chloramine T 
residues after bleaching processes) done [14]. 

Input of pollutants from the environment during storage 

Writing materials generally have a large internal surface that is covered with chemically 
reactive groups. They are therefore able to adsorb and thus to enrich pollutants from phases 
in contact with the material. The absorbed substances can cause damage (damaged paper in 
the field of cutting edge books) [15], [8]. 

2.3. Mechanisms of pollutant entry into paper 

Of these damage processes in this part especially the latter damage mechanisms are 
investigated. The air surrounding the books is to be considered as a contaminating factor. 
For books which were stored for centuries, especially the historical situation is to be seen as 
the mostly important. 

The possible components in the gaseous state, or bound to dust particles or aerosol droplets 
from the surrounding air migrate into the cellulose of the paper. These pollutants can be 
divided into two main groups: 

 Molecular, stable in aqueous systems, usually non-polar compounds (pesticides, dyes, 
solvents) 

 Polar with water ion forming compounds (SOx, NOx, acids, amines) 

The first group (molekular unpolare organic trace substances) according today's knowledge 
play only a relatively minor role in as initial substances of decay mechanisms. On the other 
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hand polar inorganic and organic substances or ions in aqueous systems are very important. 
They seem to be the main cause of various damage mechanisms. Examples therefore include 
cellulose degradation processes by acidic components or oxidative degradation of cellulose, 
catalysed by traces of heavy metal [12]. 

In the project described here, therefore, an attempt was made to determine in the paper of 
selected books the concentration of some ionic impurities with a high damage potential. 

As particularly significant thereby the material region nearby to the cutting edges is to be 
seen. There the ambient air comes into most intensive contact with the cellulose of the paper. 
These cutting edge regions are often already damaged, which visually clearly can be 
recognized.  

A difference in the corresponding ion content between the centre and the cutting edges of a 
page reveals a adsorption of these compounds from the surrounding atmosphere in the 
border region of the books – so acting as a passive sampler. 

Such a difference in concentration can´t be attributed to the production of paper (Figure 2). 
The multiple folding of the individual printed sheets of paper before the binding of a book 
coincides that the edge region of such a sheed Is no longer the cutting edge of the book page. 

 
Figure 2. Mechanism of incorporation of contaminants into a book 

As the source of this adsorption process some pollutant gases are obvious. Mostly they 
hydrolyse to the corresponding ionic components which can be detected in the paper: 

 Acid gases 
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NOx  → HNO2, HNO3 

SOx  → H2SO3, H2SO4 

HCl  → HCl (aqu.) 

CO2  → "H2CO3" 

CH3COOH  → CH3COOH 

R-COOH → R-COOH 

 Basic gases 

NH3  →  "NH4OH" 

2.4. Analysis of pollutants after the entry into the paper 

To solve the corresponding chemical analysis problem initially encountered an appropriate 
problem-matched sampling system was developed that meets the requirements for the 
analysis of unique cultural objects. 

Since using reflective spectroscopy methods directly applied on antiquarian paper does not 
provide the necessary information (detection limits) specially with respect to the acid-
forming ionic components, eluates of the papers had to be examined. 

One part of this work therefore was the development of techniques that allow to obtain 
aqueous eluates of well-defined locations on written antiquarian papers, without damaging 
the delicate system irreversible. Because of the cultural value of these books, it is necessary 
to work absolutely non-destructive with those objects.  

Therefore some investigations had to be done with model papers. Normal filter paper, as 
used in laboratory was used to develop the non-destructive elution technique. Hereafter 
historical sheets of paper were utilised to develop the analytical methods, taking the matrix 
interference into account. 

Finally a method was developed wherein the selected spots on a page were stamped by a 
cyclic rubber stamp with a saturated solution of paraffin to prevent scum rings and 
chromatographic effects. The encircled area was conditioned by spraying with a solution of 
30 % w/w ethanol in water for 10 min. Afterwards it is clamped between two meandric 
polypropylene plates, guaranteeing a uniform washing of the conditioned area. It is rinsed 
thoroughly with a elution solution of deionised water (2 x 1.0 mL) by a peristaltic- pump 
with a flow rate of 0.27 mL/min – so eluting the adsorbed ions. The flushed area was 8,5 cm².  

Up to four clamp arms were provided with appropriate meanderic suction plates to eluate 
one page at three spots simultaneous. So - after appropriate pre-swelling of the paper - it is 
thus possible to eluate the antiquarian paper without permanently visible irreversible 
changes of the condition of the paper (Figure 3). An additional burden on the papers by an 
additional chemical entry will not occur with this method - on the contrary, the studied site 
is cleaned by washing with distilled water of pollutants. 
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Figure 3. Elution system to determine the first elution of historical paper 
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 Luther, M. /, Klemmen, C. Die heilige Schrift Neuen Testaments, Tübingen 1729, Part I  
 Luther, M. /, Klemmen, C. Die heilige Schrift Neuen Testaments, Tübingen 1729, Part II 
 De Lambertini, P.C., De servorum beatificatione et beatorum canonizatione; Patavia 

1743 
 Wilischen, CF; Biblia parallelogram - harmonico exegetica, Leipzig 1753 

In a second phase of 5 books from a library [17] were investigated, which were kept for 
about 300 years ago in the same room: 

 Faber, M., Opus concionum Tripartitum; Verdussen, Antwerp 1663 
 Volume 1 
 Volume 2 
 Volume 3 

 Adriani, H.; Catholycke seremoonen op all Epistelen end Gospels van de soundings end 
heylighe daghen van den gheheelen Jare; Verdrussen, Antwerp 1620 

 Viguerius, J.; Institutiones thiological it sacris literis Conciliis doctoribus ecclesiasticis, 
Thomas Aquinas praecique D., Walter, Cologne, 1607 

In each book different pages at four points were eluted (Figure 2) and analysed towards the 
content of Cl-, SO4 2- and NO3-. One sampling point was the centre of the page, one in the 
middle of the top cutting line, one in the middle of lower cutting line and one in the middle 
of front cutting line. In some cases 6 points (Figure 4) were examined. 

2.6. Results and discussion of the adsorption of airborne pollutants in historical 
books 

All the books examined with intact cover showed a clear accumulation of pollutants NO3- 
and SO42- at the cutting edges of the book. The centre of each side was in average 
significantly lower contaminated with pollutants than the average range (by a factor 2 to 10).  

The highest concentrations were apparent in the region of the head section, followed by the 
front and finally the foot trim. Diagram 1 shows exemplary values. For the borders of a 
paper in the book this difference can not be explained by the paper production but only by 
the entry of airborne pollutants into the cellulose of the edges of books. It is obvious here 
that the ions detected by hydrolysis of gaseous pollutants - have been formed - primarily 
through contact with the atmosphere. They are in good agreement with the above theories 
to the entry mechanism from the gas phase. 

Apart from the adsorption of pollutants into the cellulose of the book, there are further 
possible processes, that can cause differences of concentrations of contaminants at diverse 
areas of a book. So the printing ink could be a source as well as the degradation of the paper. 
Furthermore the book cover could be a source of an input of chemicals into the cellulose. 
Comparing the distribution of contaminants from the first to the last pages in combination 
with the distribution on a single page allows to differentiate between these processes. Figure 
4 illustrates this coherence. 
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Diagram 1. Pollutant concentrations in De Lambertini, P.C.; Patavia 1743 

 

 
Figure 4. Causes for a variation of concentrations of contaminants within a book. Concentration 
differentiation at a single page and over the whole book allows to deduce the source of the contaminant. 
The numbers 1, 2, 3 symbolize the concentrations. The numbers are proportional to the concentrations. 
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Looking at the distribution (Diagram 2) within the different pages of a book unsually an 
increase in the concentrations of contaminants is observed in the direction of the middle 
layers. This result can be understood by the shielding effect of book cover, which is more 
pronounced in the middle layers. 

 

 
Diagram 2. Page depending distribution of nitrate concentration in the eluate [mg/L] in Lucas, F., Lyon 

1612 

Page depending distribution of nitrate concentration in the eluate [mg/L] in Lucas, F., Lyon 
1612. The letters on horizontal axis shows the pagination of the book. 

So for the first time, the entry of NOx, SOx, and HCl from the atmosphere into the finished 
book could be proved [5]. The concentration of the hydrolytic produced sulphate, nitrate 
and chloride ions were much lower in the edges of the pages of bound books, than in the 
centre (by a factor of 2-10) of the same pages. Thus it can be assumed that the cellulose of the 
book here acts as a trap for contaminants and so enriches over longer periods of time these 
pollutants. The upper cut edge of the books showed in all cases the highest pollutant 
concentrations. Studies of uptake of organic acids mostly showed a similar behaviour[15]. 

3. Cellulose of antiquarian books as source for historical water data 

3.1. Paper production and water contamination 

The production of paper in ancient times was a well defined technical process [18], which 
was “quality assured” by the strict regulations of the guilds. It was started with rags, which 
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were sorted and cut. After fouling 1 month in water the resulting textile fragments were 
crushed with a pounding-machine to fibres. Cleaning of the fibre with river water happened 
in the HOLLÄNDER, a mills/shredder which allowed to produce a pulp of fibres. Finally 
the paper was produced with a sieve, containing the watermark, in thin layers. Water was 
pressed out and the paper was dried between layers of felt. 

Paper production from pulp in a vat (e.g.16.Century) means at least the contact of cellulose 
with huge amounts of water of river (production water). It was the solvent of the pulp. With 
the energy of water mills the rag milling machines were powered. Therefore paper mills 
always were situated directly at a river. Nearly all pictures, showing the production process 
of paper, in the background show a river. 

3.2. Use of paper as source for historical water data 

The new approach to get environmental data uses the characteristics of production process 
described above. Cellulose has selective ion exchange properties – so it is able to trap 
(heavy) metal cations from water during production [19], [20]. The fibres adsorb 
contaminants (traces of metals) from the (river) water, forming a dynamic adsorption 
equilibrium. 

This ion exchange process may be caused by traces of e.g. carbocylates, amines and amino-
acids fixed to the fibres of the paper. It could be proofed, that there is a great variety of 
selectivity of different modern papers towards heavy metals, while alkalines and 
earthalkalines are much less attracted. Each metal can be characterized by an individual 
Langmuir / Donnan-plot on every special paper. These facts allows us to take into focus 
individual heavy metal -ions and their interaction with the paper.  

This is stopped and conserved when the pulp is separated from the production water. With 
drying the heavy metal content is conserved within the paper and so stores in historical 
books. 

To get information about the heavy metal content of historical water, it is first necessary to 
determine the adsorbed heavy metal content in the paper at some blank area (First elute). 
This process should be done without any destruction in a flow system. In the elutes, the 
heavy metal content is determined by Inverse Stripping Voltammetry (Pb and Cd) and 
Graphite Furnace Atomic Absorption Spectrometry (GFAAS) (Zn and Cu). 

In a second step the eluted paper area is equilibrated in a non-destructive flow system under 
defined conditions with different concentration of heavy metals (Cu, Pb, Zn, Cd) to plot the 
adsorption isotherm. For the initially determined first elute, it is now possible to calculate 
the concentration of heavy metals in the production water of the pulp – and so of the 
corresponding river. A similar approach to nowadays contaminants was done with biofilm, 
allowing to determine illegal discharger in waster water technology [21], [22], [23]. 

Our approach is shown in (Figure 5 ). 
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corresponding river. A similar approach to nowadays contaminants was done with biofilm, 
allowing to determine illegal discharger in waster water technology [21], [22], [23]. 

Our approach is shown in (Figure 5 ). 
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Figure 5. Principal approach to get environmental data from historical paper 

3.3. Experimental approach to determine historical water pollution 

Antiquarian books reveal a new source of environmental historical data. Because of their 
cultural value, it is necessary to work absolutely non-destructive with those objects.  

Therefore some investigations had to be done with model papers. Normal filter paper, as 
used in laboratory was used to develop the non-destructive elution technique. hereafter 
historical sheets of paper were utilised to develop the analytical methods, taking the matrix 
interference into account. 

Historical books without any damage and manipulation, fulfilling requirements above 
described, were selected in close cooperation with some libraries (Table 1). 
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Book 1 Ioannis Maldonati 
 Societatis Iesu - Theologi commentarii in quattuor Evangelistas 
 Stefanus Mercatoris; Pontmousson, 1596 
 

Book 2 Paciuchelli 
 Lectiones morales in Ionam Prophetam- Band II 
 Hieronymus Verdussen; Amsterdam/Antwerpen, 1680 
 

Book 3 J. Meyer 
 Sive historiae Rerum Belgicarum 
 Sigismund Feyerabend; Frankfurt a.M., 1580 
 

Book 4 Nicephori Callisti Xantopuli 
 Scriptoris vere catolici, ecclesiasticae historiae libri decem et octo ..... 
 Sigismund Feyerabend; Frankfurt a. M., 1588 
 

Book 5 Jan Jakub Scheuchzer 
 Geestelyke Natuurkunde 
 Petrus Schenk; Amsterdam, 1735 
 

Book 6 Estius (Hessels van Est). / Petrus Lombardus 
 In quatuor libros sententarium commentaria, Vol 1 
 Jean de Nully; Paris, 1697 
 

Book 7 Estius (Hessels van Est). / Petrus Lombardus 
 In quatuor libros sententarium commentaria, Vol 2 
 Jean de Nully; Paris, 1697 
 

Book 8 Estius (Hessels van Est). / Petrus Lombardus 
 Commentariorum in epistolas apostolicas 
 N. Boucher, Rouen, 1709 

Table 1. Books selected for the determination of process waters. 

On one of the pages of the historical books 3 spots are selected. As already above mentioned 
they were stamped by a cyclic rubber stamp (d = 40 mm) with a saturated solution of 
paraffin (RT, mp. 80°C) in n-hexane to prevent scum rings and chromatographic effects. The 
encircled area is conditioned by spraying with a solution of 30 % w/w ethanol in water for 
10 min. afterwards it is clamped in an elution system (figure 3). 

The paper is clamped between two meandric polypropylene plates, guaranteeing a uniform 
washing of the conditioned area. It is rinsed thoroughly with a aqueous solution of 0,1 
mol/L Mg(NO3)2  (pH 3.7 adjusted with HCl) by a peristaltic pump with a flow rate of 0,27 
mL/min.  

There are taken several fractions (each 10 mL) of the elute (n = 4-8). They are analysed 
separately to indicate the completeness of the extraction (Figure 6). 
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Figure 6. First elution. Concentration of the separated fractions 

Afterwards in the flow-system the eluted paper spot is equilibrated for 100 min by cycling 
different concentration of heavy metals (mixture of Cu2+, Pb2+, Zn2+, Cd2+, each 10, 50, 100, 
150, 250 µg/L) to determine the adsorption isotherm. The adsorption of metals on paper is 
done under defined conditions with deionized water (pH = 5.7), 100 mL containing 0.0422 g 
Ca(NO3)2 x 4 H2O ( Figure 7). The solution cycling in the flow system was at least 25.0 mL, 
which means a great excess of ions in relation to the ion exchange capacity of the paper. All 
these experiments were done at RT. 

 
Figure 7. Equilibration system to determine the adsorption isotherms of historical paper 
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Several samples of 100 µL are taken during this process and analysed, revealing the kinetic 
of the extraction (Figure 8). 

 
Figure 8. Kinetic of the adsorption equilibrium on filter paper 

The determination of the elutes were done in case of Cu2+ and Zn 2+ by ETV-AAS and in case 
of Pb2+ and Cd2+ with Inverse Stripping Voltammetry.  

Atomic absorption was done using the Shimadzu atomic absorption spectrometer AA-6800, 
equipped with a high speed self reversal background compensation method (HSR). The 
injection volume was 20 µL. Only self reversal technique [24] allows to compensate 
background in the elutes of historical paper, which is invisible to deuterium technique. The 
instrumental operating conditions were standard reference methods for ETAAS (Cu2+: 342,8 
nm, Zn2+: 213,9 nm) 

Differential pulse voltammetric determinations were done on the system 757 VA of 
Metrohm at a hanging mercury electrode. In NH4NO3 electrolyte (10mmol/l) the deposition 
was done for 90 s at – 1,15 V, the sweep from – 1,15 V to 0,05 V with a sweep rate of 0,0595 
V/s and a pulse amplitude of 0,05 V. 

All calibrations were done by standard addition (Two additions). 

3.4. Results and discussion 

Some graphic examples for the resulting adsorption isotherm are shown in Figure 9. In the 
corresponding concentration rage, the adsorption isotherm is nearly linear. Using of the 
values of the “first elute”, the process water concentration can be calculated. 
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Figure 9. Graphical calculation of the composition of pulp process water of historical paper. The 
neglecting influence of Cu2+ - concentration (200 µg/L) on the adsorption of Pb2+ on 17.century paper is 
shown as well. 

3.5. Influence of matrix ions on the adsorption of heavy metals 

The basis of the determination of heavy metal contamination of historical (river) waters is 
the equilibrium between these metal ions and the fibre of cellulose of the paper. It works as 
a weak acid ion exchanger.  

Ions like Ca2+ or Mg2+, present in normal surface water, compete against the heavy metal 
ions like Cu2+ or Pb2+ and so shift the balance of adsorption for those compounds towards 
the solution. 

To be able to estimate the content of heavy metal ions in the paper production water, it first 
should be necessary to investigate the influence of these matrix compounds in the water on 
the adsorption isotherm 

We could show, that the content of Ca2+ has no influence on the amount of Pb2+ and Cu2+ ions 
adsorbed on historical paper (Figure 10). There is no cross-selectivity for adsorption of heavy 
metals in presence of Ca-matrix > 50 mg/L Ca2+. In consequence it is not necessary to know 
exactly the chemical composition concerning Ca2+ and Mg2+ of the water used at that time. 
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Figure 10. Influence of the Cu2+ - concentration (measured as mg(CaO)/Lon the adsorption of Pb2+ and 
Cu2+ traces (each 10 µg/L) on 17.century paper 

To determine the adsorption isotherm the paper is equilibrated with well defined 
concentrations of a multi element solution. This is only useful if the adsorption each heavy 
metal ion is independent of the other heavy metal ions, present during the equilibration 13 
shows, that there is no dependence of the adsorption isotherm for Pb2+ ions of the presence 
of Cu2+ ions. 

3.6. Validation of the procedure 

New chemical methods normally are validated by the analysis of certified standard 
reference material or – if not available - by a reference to a well established analytical 
method [25], [26]. 

Both is impossible with the method presented here. Neither exists exists a “reference-paper” 
exists allowing the analysis of a “historical reference production water”, nor a reference 
method analysing these water yet is established. 

In consequence there are only the plausibility of the results as well as the plausibility of the 
process which can provide security for results or at least a low residual error probability. 

For every point of the adsorption isotherm, a mass balance was calculated, showing that 
there was no irreversible adsorption in the paper/system or any contamination by the 
system. This mass balance furthermore ensures the plausibility of the concept. 

Second the result of the calculated production water concentration should be the same 
within one page and in one book. Both could be proved, in several cases (Table 2). 
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Table 2. Calculated M 2+ concentration of historical production water on different spots of one page and 
of different pages of “Geestelyke Natuurkunde” of J.J.Scheuchzer, Amsterdam at Petrus Schenk 1735 

These results are astonishing for the first eluates for example on some pages were 
significantly different concentrated. But these varying values were compensated by the fact, 
that all spot showed varied adsorption isotherm (Figure 11), smoothing the difference 
significantly. The isotherm is taken / used here as measured – no attempts were made to fit 
them to the BET-theories. 

The standard deviation of the metal concentrations of the “first eluates” is much greater 
than the standard deviation of the concentrations calculated for the process water. This fact 
reveals local differences of the ion exchange characteristics of the paper, caused by different 
thickness or varied chemical micro structure and so – not at least - verifies indirectly the 
results of the corresponding production water. Different ion exchange systems in contact 
with the same water reveal - according our theory - the same water concentration. 

 
Figure 11. Inhomogeneity of different eluted spot of a page is compensated by the varied adsorption 
isotherms. 

Page Spot Pb Cu Zn

µg/L µg/L µg/L

553 1 107 10,3 54

553 2 83 10,3 69

553 3 117 12,6 52

561 Mean(1-3) 70 15 48
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At least the plausibility of the results can be assured by the books themselves. We looked 
into two books, being volume 1 and volume 2 of the same work “In quatuor libros 
sententarium commentaria” from Estius (Hessels van Est). Both volumes were printed in 
Rouen (Rothomagni) in the year 1709 by N. Boucher. Both papers had the same watermark, 
which yet couldn´t be identified. It is very probably that both volumes were printed from 
the same lot of paper, having at least the same production water. There was sufficient 
compliance between the results concerning the heavy metal content of the production water 
(Table 3: ). 

 

Table 3. Comparison of the heavy metal content of a production water 

The limits of detection (LOD) were calculated from the adsorption isotherm for each ion 
involving the LOD´s of matrix containing elutes with the ETVAAS respectively Inverse 
Stipping Voltammetry using the 3- criteria. The LOD allow to determine historical waters 
even in the range of modern instrumental analytic (Table 4: ). 

 

Table 4. Limit of Detection (LOD) and Limit of quantification (LOQ) for the determination of historical 
process water with the help of antiquarian paper. 

3.7. Determination of historical production water. 

Historical books from the 16. to the 18. century, fulfilling the above described requirements, 
were  selected and eluted in the above described manner (Figure 2). All books had at least 
folio format (width > 25 cm, height > 35 cm). 

On selected pages, mostly from the middle of the books and without any printing the “first 
elutes” were leached out parallel at three spots of one page. In some books several pages 
were analysed. 

In all selected papers it was possible to determine the adsorption isotherm for one (Pb2+) or 
several elements (Cu2+, Pb2+, Zn2+, Cd2+). 

Book Dated Pb Cu Zn Cd

µg/L +/- µg/L +/- µg/L +/- µg/L +/-

Estius Vol 1 1697 23,1 3,0 23,3 7,0 25,6 6,3 4,2 2,0

Estius Vol 2 1697 17,4 3,3 35,7 6,0 28,7 8,2 5,3 2,2

Ion (2+) Pb Cu Zn Cd

µg/L µg/L µg/L µg/L

0,93 0,92 0,35 1

1,6 1,5 0,4 1,7

LOD (3)

LOQ (5)
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So heavy metal contents of production waters were calculated from the paper of books of 
the 16.-18. century (Table 5:).  

 
 

Table 5. Concentrations of heavy metals found in historical process waters. 

The results contained from process waters from the Rhine, Main and Moselle region around 
1580-1700 are comparable to modern uncontaminated surface water (Pb2+~ 1-10 µg/L), 
sometimes even higher than today [27]. Remarkable high values were determined in the 
process waters of the Netherlands around 1680-1735. Here concentrations up to 50 µg/L Zn2+ 
and 100 µg/L Pb2+ are to be found (Table 6). Specially in the region of Amsterdam and 
Antwerp, there are no fast flowing rivers as they are found at many other paper producing 
sites. It is known, that Dutch paper mills used windmills for energy supply instead of water 
mills. The water in those economical booming regions were only slowly flowing waters - in 
consequence of the geographical situation of the Netherlands. In consequence the waters of 
highly populated regions may be heavily loaded with hazardous pollutants. Lead – for 
example - at this time was commonly used, eg. for the production of tools, bullets, colours, 
metal type and water technology. Astonishing high values of heavy metals were found in a 
book, printed in Rouen in the year 1709. Specially the concentration of cadmium calculated 
from this paper seems to be very high – although this metal at this time was unknown. But 
Zn2+ in minerals[28] often is accompanied by Cd2+. If it is no modern contamination, the 
water came in contact with a (mineral) compound liberating a lot of toxic metals.  

Book Page Date Pb Zn Cu Cd

.of  print µg/L µg/L µg/L µg/L

1 952 1596  9      +/- 3 21      +/-5  3   +/- 0,7 < LOD

2 463 1690 18     +/- 7 67    +/-13   1   +/-1,4 < LOD

3 93 1580 15     +/- 2  4     +/-  5 < LOD +/- 2 < LOD

4 802 1588 23     +/- 6 28     +/- 4  4   +/- 1,5 < LOD

862 34     +/- 4 21   +/- 11  3    +/-1,5 < LOD

5 553 1735 102  +/-18 61    +/-12 11   +/-1,3 < LOD

561 70      +/-7 48    +/-32 15   +/-1,4 < LOD

6 1697 23,1 +/- 3 25,6 +/- 6,3 23,3 +/- 7,0 4,2 +/- 2,0

7 1697 17,4 +/- 3,3 28,7 +/-  8,2 35,7 +/- 6,0 5,3 +/- 2,2

8 1709 51 +/- 17 182 +/- 28 41 +/- 18 34 +/- 22
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After the whole analytical process, there is only a small imprint rested in the book. The 
stamped paraffin easily can be removed by heating with a flat iron between blotting paper. 
Apart from a water cleaned spot, there are no relicts (Figure 12) in the paper. So the 
procedure is conform to the strict requirements demanded for cultural heritage. 

 
Figure 12. Picture of the paper after finishing the elution procedure 

4. Conclusion 

Historical contamination of environmental compartments can be seen as an experiment 
done by mankind. It allows – in its interpretation – to deduce answers for present 
environmental questions. So for example in presence the consequences of a change of 
climate is estimated by the data gained at the shelf ice layer in Arctic and Antarctica regions 
[29].  

In the present work first steps to receive information about the historical environment 
situation in settlement area were done. We succeeded to determine the historical 
environmental compartment water by examining historical well dated and localisable 
commodities of the homo faber – old books and its paper. 

It could be proved, that the atmosphere surrounding a book for centuries leaves traces in the 
cellulose of these books. In the center of the books, most anion forming acids are in lower 
concentrations than cutting edges, being in close contact with the atmosphere. The in 
historical times often emitted SOx are in much higher concentrations to be found, than the 
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So heavy metal contents of production waters were calculated from the paper of books of 
the 16.-18. century (Table 5:).  
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Apart from a water cleaned spot, there are no relicts (Figure 12) in the paper. So the 
procedure is conform to the strict requirements demanded for cultural heritage. 

 
Figure 12. Picture of the paper after finishing the elution procedure 

4. Conclusion 

Historical contamination of environmental compartments can be seen as an experiment 
done by mankind. It allows – in its interpretation – to deduce answers for present 
environmental questions. So for example in presence the consequences of a change of 
climate is estimated by the data gained at the shelf ice layer in Arctic and Antarctica regions 
[29].  

In the present work first steps to receive information about the historical environment 
situation in settlement area were done. We succeeded to determine the historical 
environmental compartment water by examining historical well dated and localisable 
commodities of the homo faber – old books and its paper. 

It could be proved, that the atmosphere surrounding a book for centuries leaves traces in the 
cellulose of these books. In the center of the books, most anion forming acids are in lower 
concentrations than cutting edges, being in close contact with the atmosphere. The in 
historical times often emitted SOx are in much higher concentrations to be found, than the 
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actual dominant NOx, which in former times were very rare, for they are only produced wir 
modern high temperature burning processes. 

So the acid catalysed decay of cellulose of antiquarian books becomes not only a 
consequence of modern production techniques, but as well of historical environmental 
conditions. If we succeed to understand the kinetics of the ”passive sampler“ book, we will 
even be able to describe these historical environments. 

At present, the distribution of organic acids with the same technique and organic 
components with the principle of thermal extraction as well as its adsorption kinetics are 
under investigation in antiquarian books. In another long-term framework of this project is 
to explain the basis of the data thus obtained material is a correlation between damage type, 
degree of damage and concentration of individual pollutants present in the respective 
storage areas. 

The information thus obtained will then provide the basis to develop in later projects 
concepts that allow to keep the content to be at particularly harmful gas components in 
library spaces as small as possible. Thought is the use of specific sorbent into the air intake 
side of the usually existing climate systems. From the experience gained here is a concept for 
the safe storage of records can be developed. 

In addition, new contributions made to the environmental history, it might even succeed in 
using the information obtained to infer historical air pollution. 

Ancient papers from well dated books are eluted without destruction of their paper and the 
resulting solution is analysed by ETAAS and Invers Stripping Voltammetry to determine 
the historical impact of metals. Afterwards in a flow-system the eluted paper spot is 
equilibrated with different concentration of heavy metals (Cu2+, Pb2+, Zn2+, Cd2+) to plot the 
adsorption isotherm of that very spot.  

It could be shown that the gained values concerning the content of some heavy metal ions in 
the pulp production water are plausible and seem to be realistic. 

Yet there seems to be no contradiction to define the process water to be identical with the 
river water.  

Such a correlation would be very essential for environmental history, Therefore it is 
necessary to discuss how realistic this approach could be. Nearly all contemporary pictures 
of the 16. -18. century show a beck or river directly “behind the windows of the building”. 
So the water for the pulp production in most cases will be directly taken from the river / 
beck into the production container. In this filling process an additional contamination is not 
very probable. Contamination is more supposable by desorption from the container 
material. All bequeathed pulp mills use wooden casks or granite vats for the hand paper 
production. Both material should not have any significant influence on the heavy metal 
content of the production water. So to our opinion it is allowed to draw the conclusion that 
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the production water is – concerning its contamination with heavy metal ions – identical 
with the water of the corresponding river.  

So a new field of environmental data is accessible, allowing to evaluate historical 
environmental pollution. In moment one antiquarian book edition, stored in different 
libraries is in investigation to assure the principle.  

5. Summary 

Environmental historical data alone allow to evaluate the anthropogenic impact into 
environment. It is often forgotten, that all scientific predication of future development of 
environment is extrapolated from historical data. To receive information about the historical 
environment situation in inhabited regions, we approach to this task examining historical 
well dated and locatable products of the homo faber.  

The work introduced here uses books as a source of environment historical data specially 
for the environmental compartment of water and air.  

The paper of historical books is well dated by their printing and allocated by their 
watermark [30]. Often its owner signs reveal the history of the rooms were it was situated.  

In the Instrumental Analysis cellulose is often used as a trap of traces of analyts. So in 
gaseous phase it enriches middle polar up to polar compounds as NOx, SOx, HCl, organic 
acids or esters. In aqueous phases they additionally have to a certain extend the properties 
of ion exchanging polymers. Both processes can be used to make a new approach to aquire 
environmental historical data. Historical papers mostly are produced from cellulose – e.g. of 
a pulp produced by old tatters. For this process is well documented, it is possible to use 
them as passive samplers for airborne and aqueous contaminants – so opening an new 
method to get environmental historical data of the compartments air and water. 

Airborne contaminants enter a book only by its cutting edge and not by the air-impermeable 
cover. In consequence a gradient between the centre of the pages and its border, 
representing an transportation process of the contaminants like in a analytical passive 
sampling equipment.  

The cellulose of historical paper is a trap for traces of heavy metals and other compounds 
contaminating their production water in historical times. Great amounts of water were 
brought into contact with the paper pulp in historical paper mill process. The cellulose of 
the pulp acts as ion exchange material for heavy metals, forming a dynamic equilibrium.  

Ancient papers from well dated and located books are eluted without destruction of their 
paper and the resulting solution is analysed towards its contaminants, caused either by the 
storing of the books in library (airborne contaminants) or by adsorption from its production 
water (water-borne contaminants) with modern methods of instrumental analysis. 
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the production water is – concerning its contamination with heavy metal ions – identical 
with the water of the corresponding river.  
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environmental pollution. In moment one antiquarian book edition, stored in different 
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5. Summary 
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environment is extrapolated from historical data. To receive information about the historical 
environment situation in inhabited regions, we approach to this task examining historical 
well dated and locatable products of the homo faber.  

The work introduced here uses books as a source of environment historical data specially 
for the environmental compartment of water and air.  

The paper of historical books is well dated by their printing and allocated by their 
watermark [30]. Often its owner signs reveal the history of the rooms were it was situated.  

In the Instrumental Analysis cellulose is often used as a trap of traces of analyts. So in 
gaseous phase it enriches middle polar up to polar compounds as NOx, SOx, HCl, organic 
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of ion exchanging polymers. Both processes can be used to make a new approach to aquire 
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a pulp produced by old tatters. For this process is well documented, it is possible to use 
them as passive samplers for airborne and aqueous contaminants – so opening an new 
method to get environmental historical data of the compartments air and water. 

Airborne contaminants enter a book only by its cutting edge and not by the air-impermeable 
cover. In consequence a gradient between the centre of the pages and its border, 
representing an transportation process of the contaminants like in a analytical passive 
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contaminating their production water in historical times. Great amounts of water were 
brought into contact with the paper pulp in historical paper mill process. The cellulose of 
the pulp acts as ion exchange material for heavy metals, forming a dynamic equilibrium.  
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paper and the resulting solution is analysed towards its contaminants, caused either by the 
storing of the books in library (airborne contaminants) or by adsorption from its production 
water (water-borne contaminants) with modern methods of instrumental analysis. 
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In case of airborne contaminants like NOx, SOx, HCl, organic acids it is possible to prove that 
acids in the paper are not only introduced by production, but to a great extend as well 
trapped from environment. We further on show, that some organic acid are set free by the 
books into the environment. 

A well defined pulp production process, starting with used clothes, so allows to estimate the 
historical heavy metal concentration (Cu2+ , Pb2+, Zn2+, Cd2+) in the production water. 

In a flow-system the paper is first eluted and then the eluted paper spot is equilibrated with 
different concentration of heavy metals to plot the adsorption isotherm of that very spot.  

Both data together allow a calculation of the heavy metal content of the historical river. For 
different waters of Germany and the Netherlands of the 16.-18. century the heavy metal load 
could be estimated. The resulting concentrations mostly were similar to the level of modern 
surface waters, but in the case of the dutch waters of the 17. century, they were e.g. for Pb2+ 
significantly higher than modern values. 

In summary this new field of research opens a new source of environmental historical data, 
which may at least help to understand local environmental processes and the long time 
stability of paper. 
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