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Preface

Polymer is an organic or inorganic, natural or synthetic material composed of macromole-
cules of high molecular weight whose structure consists of repeating units, called mono-
mers, joined in sequence linked by covalent bonds. They are widely present in the
environment. They are essential to life and also produced by various species of biological
systems; therefore, they are called biopolymers.

The residues coming from the woodlands and agricultural exploitation constitute the most
abundant biomass available in earth. Its importance as source of renewable energy has
grown in addition to their environmental impact. Biomass waste is a lignocellulosic feed-
stock, which contains three main biopolymers: cellulose, hemicellulose, and lignin. It is used
for the production of numerous value-added products because of their chemical composi-
tion, but it is necessary to recover efficiently from the valuable biopolymer as intact as possi-
ble by different processing alternatives. Synthetic polymers are used as supports for the
migration of protein and cell growth factors. In addition to serving as support for tissue
must be biocompatible, it should not cause immunogenic reactions and mechanical proper-
ties of supportable tensions. Polymer-coated noble metal nanoparticles are currently of par-
ticular interest to investigators in the fields of nanobiomedicine and fundamental
biomaterials. These materials not only are exhibiting imaging properties in response to stim-
uli but can also efficiently deliver various drugs and therapeutic genes.

To reduce the use of non-renewable resources and to minimize the environmental pollution
caused by synthetic materials, the quest for utilizing biomaterials for a wide range of bio-
medical and industrial applications is increased. Biopolymers are polymeric materials pro-
duced in nature by many biochemical processes induced by plants or microorganisms. The
recent developments and trends of biopolymers have grown especially in the field of nano-
technology. An overview of recent advances in the field of laser-based synthesis of biopoly-
mer thin films is presented here for biomedical applications. The biopolymer thin films have
been used in tissue engineering, cell instructive environments, and drug delivery systems.
Their applications have been used in fabrication of organic and hybrid organic-inorganic
coatings. Matrix-assisted pulsed laser evaporation (MAPLE) and combinatorial-MAPLE
have been introduced and compared with other conventional methods for thin films assem-
bling on solid substrates. Regenerative medicine has been prepared with materials that are
biodegradable, biocompatible, and structurally and chemically stable and that can mimic the
properties of the native extracellular matrix (ECM). Hydrogels are hydrophilic three-dimen-
sional networks that have long received attention in the field of regenerative medicine due
to their unique properties. Silver nanoparticles (AgNps) have attracted much interest in bio-
medical engineering, since they have excellent antimicrobial properties. Silver nano-poly-
mer composites have application in biochemical sensors, antimicrobial activity, and drug
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delivery system. Silver nanoparticles are more effective than ionic homologues (Ag") for
their antimicrobial activity. Antimicrobial properties of silver nanoparticle are used by their
incorporation into medical devices, tissues, and other health-related products for skin path-
ologies to reduce the risk of contamination and to promote higher preventive infection con-
trol.

Recent advances in biopolymers, including functional biomaterials for the manufacturing of
personal protective garments (PPGs) or equipment (PPE), have dramatically improved their
efficiency and performance. Good and acceptable permeation characteristics, mechanical
strength, and durability are common attributes of these materials. Membranes prepared
from oceanic biopolymers have a high potential in membrane separation processes and wa-
ter purification. They more bio-compatible and lower-cost materials compared with artificial
polymers. They have excellent performance in the separation engineering and regulation
factors controlling membrane properties. The controlled interfacial properties of materials
and modulated behaviours of cells and biomolecules on their surface are a requirement in
the development of new generation of high-performance biomaterials for regenerative med-
icine applications. Roughness, chemistry, and mechanics of biomaterials are all sensed by
cells. Organization of the environment at nano- and micro-scale as well as chemical signals
trigger specific responses with further impact on cell fate. Particularly, human mesenchymal
stem cells (hMSCs) are of great promise both in basic developmental biology studies and in
regenerative medicine, as progenitors of bone cells. A new numerical-cum-graphical method
called TI2BioP (Topological Indices to BioPolymers) has been developed to estimate topo-
logical indices (TIs) from two-dimensional (2D) graphical approaches for the natural biopol-
ymers DNA, RNA, and proteins, in which the long biopolymeric sequences turns into 2D
artificial graphs such as Cartesian and Four-color maps; however, it also reads other 2D
graphs from the thermodynamic folding of DNA/RNA strings inferred from other pro-
grams. Its version 2.0 is freely available at http://ti2biop.sourceforge.net/.

Dr Farzana Khan Perveen

Founder Chairperson and Associate Professor

Department of Zoology

Ex-Controller of Examinations

Shaheed Benazir Bhutto University (SBBU), Khyber Pakhtunkhwa
Pakistan
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Biopolymers from Waste Biomass — Extraction,
Modification and Ulterior Uses

Lourdes Ballinas-Casarrubias, Alejandro Camacho-Davila,
Nestor Gutierrez-Méndez, Victor Hugo Ramos-Sanchez,
David Chavez-Flores, Laura Manjarrez-Nevarez,

Gerardo Zaragoza-Galan and Guillermo Gonzalez-Sanchez

Additional information is available at the end of the chapter
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Abstract

The residues coming from woodlands and agricultural exploitation constitute the
most abundant biomass available on earth. Its importance as a source of renewable
energy has grown in addition to the environmental impact. Biomass waste is a
lignocellulosic feedstock which contains three main biopolymers: cellulose, hemicel-
lulose and lignin. It could be utilized for the production of a number of value-added
products due to their chemical composition, but it is necessary to efficiently recover
the valuable biopolymer as intact as possible by different processing techniques.For
different applications, the principal objective of pre-treatment is to keep the cellu-
lose intact, meanwhile hemicellulose and lignin are removed. The yields of the frac-
tions depend on the pre-treatment method, which is the most expensive step in
biomass conversion. Traditionally, cellulose is obtained by kraft, sulphite and soda
treatments. These methods are non-environmentally friendly and generate huge
quantities of toxic wastes. Recently developed models considering the environmen-
tal laws encourage the sustainable processing of biomass into value-added prod-
ucts. The use of ionic liquids as new solvents for biomass waste and organosolv
processes is reviewed, which are used to obtain cellulose. One of the possible appli-
cations of cellulose is membrane synthesis, which has been reported for other bio-
mass materials, such as sugarcane bagasse, mango seed and newspaper. In this
chapter, some green pre-treatment methods, different sustainable routes for cellu-
lose modification and some of the results obtained on membrane development
based on waste biomass are discussed.

Keywords: Biomass, Waste, Pre-treatment, Membranes

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is 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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1. Introduction

An alarming environmental and economic situation is created by agro-industrial and forestry
wastes, which are produced in large amounts annually. For example, in Mexico in 2011,
sawmills produced 3.9 million m® of wood which generated 100 tons of waste. Chihuahua has
the second place in timber production with an 18.3%, in 2011 at the national level. At the state
level, Pinus sp. (955, 654 m® roll) and oak (51, 170 m® roll) are widely used, of which 71.6% are
used by sawmills. In 2008, there were 19, 246 m® of waste in the genus Quercus (oak). Although
fluctuations are reported each year and production of oak has reduced since 2007, 20-25% of
the generated waste at sawmills corresponds to this genus [1]. Generally, these residues are
exposed to the environment causing problems due to the suspension of particles of sawdust
in the air. These residues are used for the production of pellets; however, the amount of
bioaccumulation is very large and hence this technique cannot be applied. Generally, sub-
products are used directly as a fuel or to manufacture agglomerated materials, but this usage
is not enough to overcome the problems of its disposition.

Another interesting subproduct is the agave bagasse. The raw material to produce tequila
with "Denominacion de Origen’ (denomination of origin) is agave tequilana. Bagasse is the
final waste produced after the head of the plant is cooked and pressed to extract the sugar
liquor which will produce tequila by fermentation of Saccharomyces cerevisiae. According to the
National Consortium of Tequila, 350, 000 tons of bagasse waste on a dry basis is produced
annually compared with 14.1 million litres of tequila produced in 2012. The use of agave
bagasse as a resource helps to reduce environmental degradation that is caused by the
accumulation of the tequila waste. These compounds are accumulated and disposed in large
volumes and are resistant to degradation, and they are stored for 6-8 years [2]. For instance,
using the bagasse from agave tequilana is very helpful, from an economic and environmental
point of view.

Biomass waste, as a lignocellulosic feedstock, contains three main biopolymers: cellulose,
hemicellulose and lignin. Due to their chemical composition based on carbohydrates, they are
used for the production of anumber of value-added compounds. Many processing alternatives
are being studied to efficiently recover biomass polymers. The main purpose of pre-treatment
is to remove as much hemicellulose and lignin as possible, while simultaneously keeping
enough cellulose undamaged [3]. Fractions with a high yield of cellulose depend on the pre-
treatment method, which still remains the most expensive and time-consuming step in biomass
conversion. Furthermore, it is very difficult to generalize the process conditions even for a
similar type of biomass due to the broad variability of the raw material composition. Cellulose
is currently separated from lignocellulosic materials using non-environmentally friendly
processes, such as kraft, sulphite and soda treatments, with the consequent generation of toxic
wastes. In the last few years, new rules have been framed due to the growing restrictions in
the environment, based on the sustainable processing of biomass into value-added products
[4]. In this chapter, traditional and environmentally friendly methods for biomass pre-
treatment are reviewed, with special emphasis on the use of green technologies [5, 6]. A brief
description about nanostructured composites used as membrane materials is provided. Some
results obtained using agave bagasse and sawdust are also highlighted.
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2. Materials of cellulosic origin: pre-treatment and new treatments of
biomass for obtaining cellulose

Residues from biomass consist of three macromolecular components: cellulose, lignin and
polyoses as well as small quantities of extractives and mineral salts, having a lamellar structure
in which the components are distributed.

The cellulose and hemicellulose are predominant in the region of the cell wall, and lignin is
distributed throughout the structure, presenting a maximum concentration at the middle
lamella. The transformation processes of lignocellulosic fractions are limited by the structure
of the biomass.

Generally, the breakdown of the complex cellulose-hemicellulose-lignin or its fractionation
by pre-treatment techniques and delignification are required [7]. Cellulose (Figure 1) is a
polymer formed by long linear chains of glucose residues linked by beta-D-glucose bonds,
where the glucose molecules are linked through carbons 1 and 4 to form celobiose; 1-4
hydroxide link occurs at the B-position (equatorial), resulting in the formation of a linear
polymer. Hemicellulose is approximately 25% of the biomass, and it is a linear polysaccharide
polymer similar to cellulose, except that it is primarily composed of xylans, glucomannans and
arabinose. Another difference is that the resistance is lower due to its degree of polymerization
(70-200 units). Like cellulose, it is a polar molecule and therefore contributes to the polarity of
the wood. Hemicelluloses contain various residues of sugars, generally from two to four or up
to six.

CH,OH OH CH,OH OH
H 0 0 HH o 0 H
/ OH HN\/ \/H / OH H
\0/ OH H -\ /\UH \ o/ OH H Z\ H 0/
HH (o) HH
H H,OH H H,

Unidade de Celobiose

Figure 1. Structure of cellulose; central part of the molecular chain [8].

Lignin is a highly stable macromolecule, being the second most abundant biopolymer, after
cellulose. Lignin is primarily composed of p-phenyl propane units forming an amorphous
tridimensional macromolecule, representing 20-30% of the total mass of the lignocellulosic
material. The structure of lignin is attributed to its biosynthetic mechanism, which is processed
via radicals from precursors such as sinapylic, coniferylic and p-coumarylic alcohols. The
following are the most abundant types of bonds formed between the phenylpropane units: 3—
O-4 e a — O-4 (50-65%), B-5 (6-15 %), p-1 (9-15%), 5 (5-9 %) y p—P (2-5%).

Cellulose is one of the most common biopolymers representing about 1.5 x 10' tons of total
annual production of biomass. It is regarded as an inexhaustible raw material for the produc-
tion of eco-friendly and biocompatible products. The wood pulp is the most important for
processing cellulose, which is aimed at the production of paper and paperboard source.
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Approximately 2% was used for the production of regenerated cellulose fibres, films and for
synthesizing many cellulose esters and ethers [9]. These derivatives, produced on an industrial
scale, are used in optical films, portion means, additives, pharmaceuticals, cosmetics and
coating, among others [7]. In its polymeric form, it can be used for papermaking or converted
into derivatives such as acetyl cellulose, nitrocellulose, ethanol, artificial fibres, colloids with
medicinal uses, celluloid, various plastic materials and also in obtaining esters and cellulose
ethers.

Several studies have shown that it is possible to obtain cellulose from agro-industrial waste,
such as waste from fibre, bagasse and wood [10, 11]. However, the cellulose obtained from this
resource has viscosity values unsuitable for papermaking. One option for using it is to
chemically derive it for compounds that can be commercially exploited. To obtain cellulose
from agro-industrial waste, the separation of macromolecular components should be carried
out by chemical, physical or enzymatic processes.

The modification of cellulose has been widely studied due to the possibility of obtaining
compounds with a wide industrial application. These modifications include the production of
cellulose esters, with applications ranging from auxiliaries in large-scale polymerization, the
viscosity thickeners in cosmetics, foods, drugs and membranes. Also, the study of the use of
lignin has both economic and environmental importance due to the wide availability of the
same from agro-industrial wastes.

There are several processes of delignification in the treatment of biomass. Most of them are
based on the previously optimized methods for the delignification of wood. The main
industrial processes of chemical delignification of lignocellulosic materials are the kraft, soda
and sulphite processes, which release large amounts of toxic chemicals to the environment [12].
The complex cellulose-hemicellulose-lignin must be fractionated by pre-treatment to remove
maximum lignin, by not weakening too much the cellulose fibres.

The kraft method stands out among all other chemical pulping processes due to its high
efficiency in lignin removal, without damaging much of the cellulose fibres. Of all the methods,
this method is used in 60% worldwide [8]. The kraft process uses sodium hydroxide and
sodium sulphate in large digesters to which splintered wood is introduced ; this process
removes maximum lignin leaving a brown paste; however, it produces toxic emissions such
as sulphur dioxide (primary contributor to acid rain). A black liquor is obtained that burns
modern plants, generating vapours that can be used for generating electric energy. Waste water
is also treated, purified and recycled to regenerate sodium sulphide and caustic soda.

Another method used is the ‘sulphite’, where a clearer, weak and soft paste is produced. Similar
to the kraft method, the chemicals used can be recycled, but the recovery efficiency of sulphuric
acid is lower, and also a higher amount of sulphur dioxide is released per ton of the pulp
produced.

Unlike traditional industrial pulping methods, processes using techniques of steam explosion
and organic/water solvent mixtures (organosolv) or their combination allow the use of not
only the cellulose but also the lignin and polyoses for the production of various chemical
inputs, also being environmentally friendly routes [7].
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Organosolv process has been investigated to extract lignin from pulp for paper production. In
this process, an organic or aqueous organic solvent is mixed with a catalyst (usually an
inorganic acid such as HCI or H,SO,) to break the bonds of the lignin and hemicellulose [13].
Organic acids as catalysts can also be used, such as oxalic, salicylic and acetylsalicylic acids.
Table 1 shows some of the pre-treatment processes, their advantages and limitations.

Pretreatment Advantage Limitations

Steam explosion Causes degradation of hemicellulose Incomplete disruption of lignin-
and lignin transformation; effective  carbohydrate matrix.

cost.

Fibre explosion with aqueous ammonialncrease the accessibility area, removes It is not efficient with biomass with a
a large amount of lignin and high content of lignin.
hemicellulose, does not produce

inhibitors for subsequent processes.

Explosion with CO, Increases the accessibility area, does ~ Unchanged lignin or hemicellulose

not produce inhibitors for subsequent

processes.

Ozondlisis Reduces the lignin content; don’t Large amounts of ozone are required, it
produce toxic waste. is an expensive process

Biological Degrades lignin and hemicellulose; lowThe hydrolysis speed is very low

energy requirement

Organosolv Hydrolyzed lignin and hemicelluloses. Solvents need to be drained from the
reactor, evaporated, condensed, and

recycled: high cost.

Table 1. Pre-treatment processes. Advantages and limitations.

The objective of pre-treatment is to remove the maximum amount of lignin and hemicellulose
as possible, while maintaining the cellulose intact. Typically used solvents are methanol,
ethanol, acetone, ethylene glycol, triethylene glycol and phenol. The name ethanosolv refers
to an organosolv process with ethanol. The ethanosolv method is more convenient than other
pre-treatments because it is safer, since ethanol is less toxic than other solvents [13].

In addition to the advantages presented in Table 1, organosolv pre-treatment has the following
benefits: 1) organic solvents are easily recovered by distillation and can be recycled back to the
pre-treatment process; 2) after pre-treatment, the recovered lignin can be used for various co-
products (vanillic acid, vanillin and p-coumaryl); and 3) pre-treatment contemplates the use
of all components of the biomass, making it viable for biorefinery of lignocellulosic biomass.
The ethanosolv process is currently one of the best pre-treatments of biomass residues from
an environmental perspective [14-21].

At the top of the development of innovative methods for pulping, it was found that the ionic
liquids (ILs) were the most studied solvent in the last decade [7, 12, 22-26].
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The first report of ionic liquids as non-derivatizing solvents of cellulose was published in 1934
by Charles Graenacher. He applied the N-alkylpyridinium salts for dissolving cellulose and a
homogeneous reaction medium [24]. However, it was in 2002 when Swatloski reported the
use of comparable salts with boiling points below 100 ° C, currently known as ionic liquids,
provoking a new start in the research of cellulose. It has been observed that the most promising
ILs for the modification of cellulose are salts of 1-alkyl-3-methylimidazolium [27-29].

To date, much is known about ILs: organic salts with low melting point, of which those
containing ammonium, pyridinium and imidazolium are the most suitable for dissolving
cellulose, in other words, those organic salts with asymmetric cations to interact appropriately
with the skeleton of cellulose.

A generally accepted theory to explain the interaction between the ionic liquid and polymers
has not been proposed. Such solvents are considered non-derivatizing solvents, i.e. with non-
covalent bonds, as shown in studies of *C nuclear magnetic resonance (NMR). These studies
indicate that the chloride interaction is higher for the breaking the hydrogen bond, than in the
cation, as in the DMACc/LiCl systems.

The most widely used ionic liquids, with melting temperatures below 55°C, and extremely
low viscosities, include the AmimCl (1-allyl-3-methylimidazolium chloride) and EMIMAc
(ethyl 1-ethyl-3-methylimidazolium acetate). These are considered as non-toxic, non-corrosive
and biodegradable. Therefore, the use of ILs for extracting cellulose from waste is of particular
interest for the development of green methods for obtaining this vegetal biopolymer.

Another method for biomass waste treatment processes is solid-state fermentation, in which
lignolytic fungi and/or the enzymes that they produce are used [14, 30-33]. These are better
known as techniques of biopulping or biobleaching, if xylanases or laccases are used. A
fermentation process in solid phase is defined as the one occurring in the absence or almost
nule presence of water, using natural and inert substrates as solid supports. The substrate
supplies nutrients to microbial growth, and it serves as a means of attachment of cells. Among
the most important factors for the growth of microorganisms are the particle size, the level of
water and humidity. White rot fungi, such as Phanerochaete chrysosporium and Ceriporiopsis
subvermispora, are the most important [14, 30-33]. However, the main limitations are the long
incubation times thereof, two to four weeks, and the yield loss, because the fungus attacks the
polysaccharides simultaneously.

Therefore, there is a current area of research on the biotechnological processes using enzymes
instead of fungus [34]. The enzymes added directly, such as the lignin peroxidase complex,
into the biomass showed better pulping yields.

3. Chemical modification of cellulose

By the chemical treatment of cellulose, different compounds can be obtained with new and
particular features, including hydrophobic compounds, water-soluble products, thickeners,
ion-exchange materials resistant to the action of microorganisms, etc. In these chemical
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modifications, cellulose ethers, such as methylcellulose (MC), hydroxyl propyl methyl
cellulose (HPMC) and cellulose acetate, are mainly included. The esterification of the cellulose
in acetic acid is not possible and therefore cannot be used as an esterifying agent. Typically,
acetic anhydride is used as an acetylating agent. This acetylation reaction of cellulose with
acetic anhydride can be represented by the following equation:

C,H,0,(OH), +3 (CH,CO),0 - C,H,0(OCOCH, ), + 3 CH,COOH

If the reaction is only performed with acetic anhydride, esterification is very slow; therefore a
catalyst is needed. The most commonly used are sulphuric or perchloric acid. Acid-catalyzed
treatments have many limitations. First, the acid itself is not environmentally friendly reactive,
and its discharge can cause environmental pollution. Second, its corrosivity requires expensive
construction materials, which increase the cost of the process [35].

The esterification of cellulose using ionic liquids is an area of current development [10, 36, 37].

The main advantage of the process is that a regioselective esterification can be obtained. The
direct esterification with highly sterically demanding acylating reactives has been studied with
substances such as pivaloyl chloride and adamantyl and 2,4,6-trimethylbenzoyl of cellulose in
solvents such as DMA¢/LiCl, DMSO/TBAF and AmimCl [27].

In 2011, Wang reported the direct extraction of cellulose with AmimCl, with an 85% yield of
cellulose initially contained in the fibre, using the DMSO/water system as the precipitant [36].
Esterification in this medium can be performed in one step from the cellulose fibre, obtaining
cellulose acetates with 2.16-2.63 degrees of substitution (DS) of. The major advantage of the
process is that it involves a one-step preparation. In a homogeneous medium, the DS can be
easily controlled by adjusting the time of acetylation, as acetylated products may be obtained
according to the needs of synthesis.

4. Preparation and characterization of membranes

The membranes have overcome many shortcomings of conventional separation methods
because of features such as ease of operation, energy advantages, selectivity and low operating
costs. Through selective complexation reactions (reactive membranes) and processes of ultra-,
micro- and nanofiltration (inert membranes), we have been able to make highly specific
separations [38]. Currently, they are the basic materials that stimulate scientific research and
technological development.

The membrane is clearly the most important part of the separation system. A membrane is a
permeable or semi-permeable phase, which divides two fluid phases: feeding (F) and recovery
(S). Itisessentially a barrier that allows the selective passage of the chemical species, controlling
the relative speeds of transport, which ideally produces a phase (F) without the transported
components and a phase (S) enriched with them. The operation of a membrane, therefore, will

9
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depend on its structure, largely determining the separation mechanism and its application.
For this reason, the science of membranes has clearly focused on the development of materials
with different properties such as synthetic polymers, modified natural products, inorganic
membranes, ceramic, metal and liquids [39-41].

The flow across the membranes is possible when a directive force is applied, as concentration
gradients, temperature, and pressure or electrical potential.

This parameter is used as a criterion for the classification of membrane processes that exist;
for example, ultra-, micro- and nanofiltrations are carried out thanks to a hydrostatic pressure
gradient, distillation by membrane is due to a temperature gradient, and due to concentration
gradients processes of pervaporation, dialysis and reactive liquid membranes transportation
are achieved.

In general, the membranes are classified into three: inert, reactive and composite. An inert
membrane is one in which any chemical transformation is not seen involved in the membrane
during separation, whereas in a reactive membrane, the chemical interaction between the
chemical of interest and the reactive component of the membrane determines the process
transport. In a composite membrane at least two types of materials are identified; one of them
can be reactive and the other inert, that is the reason why a "hybrid” transport occurs in the
system.

In the processes of ultra-, micro- and nanofiltration, inert membranes of certain physicochem-
ical properties are generally used. Depending on the application, it is necessary to control the
distribution and pore size, because the transport process is related to a molecular sieving.

The filtration membranes can be easily obtained by phase inversion method. This is a process
by which a polymer is transformed in a controlled way (at fixed conditions of temperature,
humidity and pressure) from a liquid to a solid state. The transition to solid can be adjusted
so that the morphology of the membrane can be determined. A widely used method for the
synthesis of membranes is precipitation by controlled solvent evaporation [42, 43].

Generally, the cost of operating a membrane process depends on the material that the mem-
brane contains. For this reason, it is extremely important to find new synthesis routes that are
economically feasible and environmentally friendly, to obtain membranes. This study is
intended to produce composite membranes from various lignocellulosic materials, in a novel
way, particularly from agro-industrial wastes.

Acetylated cellulose can be regenerated by ILs solutions by precipitation in a wide variety of
non-solvents, including water, alcohols and acetone. If the membrane casting is made simul-
taneously, an adjustment of the topographical and morphological characteristics can be
attained. A large amount of work has been reported using ILs as an alternative to the traditional
methods of obtaining membranes [10, 11, 37, 44-48].

The formation of cellulose acetate membranes via phase inversion using ionic liquids such as
(thiocyanate 1-butyl-3-methylimidazolium) and solvents such as [BMIM] SCN, 1-n-butyl-3-
methylimidazolium thiocyanate [49] has been studied. The process is compared to phase
inversion in water using N-methyl-2-pyrrolidone as a solvent and acetone. It is found that the
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ionic liquid has distinct effects on the process of phase inversion and in the morphology of the
membranes obtained by comparing the process with NMP,N-Methyl-2-pyrrolidone and
acetone due to its viscous nature.

5. Recent advances in membrane synthesis using biomass waste

As mentioned above, agave bagasse and sawdust are biomass wastes which can be revalorized
by obtaining new membrane materials. Results on the organosolv treatment of Pinus sp.
sawdust have been recently reported [42]. The following graph relates the rheological behav-
iour of the membranes obtained using the acetylated cellulose by the organosolv pre-treatment
of sawdust.
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Figure 2. Percentage strain of membranes of acetylated cellulose. Cellulose was recovered by organosolv pre-treat-
ments stated in the figure, such as ethanosolv—-H,SO,, i.e. using sulphuric acid as catalyst and so on; BIOP refers to
biopulping using Phanerochaete chrysosporium, P-B refers to pulping and bleaching and pulping to the traditional meth-
od using 10% sulphuric acid at 120°C.

Strain was recorded at an angular velocity of 6, 286 rad/s. Strain was modified by the cellulose
recovery profile. Biopulping, the longest pre-treatment performed, gave the best cellulose for
membrane resistance. Materials obtained were mainly dense (Figure 3). These can resist up to
9.1 bar, addressing a micro- and ultra-filtration with the rejection of calcium in the range of
9.51-89.75%.

Similar pre-treatments were applied for agave bagasse. Membranes were obtained as shown
in Figure 4. Cellulose was obtained by a traditional method using 10% sulphuric acid at 120°C

11
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as mentioned elsewhere [48]. Acetylation was also performed using the Fischer method, and
acetylated cellulignin was recovered with dichloromethane. This solution was the medium for
casting at different evaporation temperatures and humidity. These materials attain nanofil-
tration pressure and flow conditions.

Figure 3. Scanning electron micrograph of membranes manufactured by acetylated cellulose of Pinus spp. saw dust.

Figure 4. Acetylated cellulignin membranes from agave bagasse. Numbers on the left corners represent the following:
The first two correspond to temperature (°C), i.e. 34, 45, 55; the second two correspond to humidity (%), i.e. 10, 30, 70.
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6. Conclusion

Biomass waste provides an extraordinary source of biopolymers susceptible to transformation
and revalorization, such as cellulose acetates, which can be further used as raw materials for
membrane production. With the application of new environmental regulation for green
technologies, these can even be obtained by the use of ionic liquids.

Biomass pre-treatment is a fundamental step for biomass utilization. Organosolv processes
release good-quality cellulose, which can be further functionalized for other applications such
as the generation of acetylated cellulignin. It could also be a good alternative to implement ILs
or biological routes for cellulose recovery.
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Abstract

Polymer-coated noble metal nanoparticles are currently of particular interest to investiga-
tors in the fields of nanobiomedicine and fundamental biomaterials. These materials not
only exhibit imaging properties in response to stimuli but also efficiently deliver various
drugs and therapeutic genes. Even though a large number of polymer-coated noble metal
nanoparticles have been fabricated over the past decade, most of these materials still
present some challenges emanating from their synthesis. The metal nanoparticles when
encapsulated in a polymer and taken up by human cells might show a lower degree of
toxicity; however, the degree of toxicity for some of the starting materials and precursors
has raised serious concerns. Hence, there is a need to implement the principle of green
chemistry in the synthesis of nanomaterials. The use of environmentally benign materials
for the synthesis of metal nanoparticles provides numerous benefits ranging from bio-
compatibility, availability, cost-effectiveness, amenable scale-up to eco-friendliness. The
biopolymer-based nanovehicles have been found to be more suitable in the field of nano-
technology owing to their high reproducibility, ease of manufacture, functional modifica-
tion and safety (they are not carcinogenic). Unlike synthetic polymers where the raw
material can be derived from petrochemicals or chemical industrial processes, biopoly-
mers are produced from renewable resources such as plant and/or living organism. They
are degradable by natural processes down to elemental entities that can be resorbed in
the environment. Furthermore, they can also be modified to serve a particular purpose
which explains the myriad of their potential applications. The macromolecular chain of
these biopolymers possesses a large number of hydroxyl groups which can easily com-
plex with metal ions. Additionally, these biopolymers also contain supramolecular struc-
tures that can lead to new functionalities of their composites with metal and
semiconductor nanoparticles. In this chapter, a comprehensive discussion on different bi-
opolymers, green synthesis of noble metal nanostructures, mechanisms, characterization
and application in various fields is presented.

Keywords: Biopolymers, Nanoparticles, Green synthesis, Bionanocomposites, Noble met-
als
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1. Introduction

In our modern day, nanotechnology has continued to play a vital role in a plethora of bio-
medical and biotechnological applications especially in sensing, imaging and treatment of
various diseases. A variety of noble metal nanostructures encapsulated or coated with
biopolymers have been studied by researchers in the field of nanobiomedicine. This is due to
the interesting properties and wide-spectrum application of biopolymer-based nanomaterials.
These materials have been shown to combine both the intrinsic features of noble metal
nanostructures and the biological features presented by renewable source polymers [1-3].
They have been found not only to exhibit excellent imaging properties but also to efficiently
deliver various drugs and therapeutic genes [4-7]. Noble metal nanostructures used in therapy
and diagnosis must be non-toxic, stable in biological media and should be specific for the target
[8,9]. However, the requirement of these three factors has hindered the use of many noble
metal nanostructures in a variety of biomedical applications. Hence, there is a need for the
conjugation of these materials with functional biological molecules to necessitate and improve
their efficacy for biomedical functionalities. Bionanocomposites exhibit better biomedical
values than their naked nanoparticle counterparts. They demonstrate colloidal stability,
maintain plasmonic properties and show little or no effect on cell viability in the biological cell
system [10,11].

Generally, the synthesis of most noble metal nanostructures requires a high concentration of
surfactant, which directs the asymmetric geometry. However, studies have shown that
surfactants tend to degrade biological membranes, thus raising significant concern about the
cytotoxicity of these materials [12,13]. The cytotoxicity of these surfactant-bound nanostruc-
tures can be reduced by minimizing the surfactant concentration below the critical micellar
concentration. This reduction is effected at the expense of the stability of the nanomaterials
solution, and as a result, their unique optical properties in biological environments are
compromised.

There have been calls for the development of nanomaterials based on the principles of green
chemistry and, consequently, a myriad of studies have emerged. Some of the proposed
solutions are based on the substitution of toxic reagents with more eco-friendly materials. As
aresult, a lot of research has been done on developing more environmentally benign synthetic
methods for noble metal nanomaterials owing to their wide area of applications. In addition,
there have been calls for the development of sustainable process and practices in order to define
products as green based.

Raveendran and co-workers [14] report three main steps to be considered in the green synthesis
of metallic nanoparticles. These are (i) the choice of solvent medium used for the synthesis, (ii)
use of environmentally benign reducing agent and (iii) the choice of non-toxic material as
stabilizing agent. The use of environmentally benign materials for the synthesis of metal
nanoparticles provides numerous benefits ranging from biocompatibility, renewable feed-
stocks, cost-effectiveness, waste prevention, amenable scale-up, synthetic steps reduction, use
of safer solvents and increase of energy efficiency to eco-friendliness [15-17].
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1.1. Significance and limitations of nanomaterials

Nanomaterials possess phenomenal ability to create better materials as they are currently being
used in numerous products and industrial applications (Figure 1). Most of these materials
present evolutionary development of existing technologies. The use of biomaterials such as
ascorbicacid, glutathione, sugars, glycerol, orange peel, plant extracts and yeast, as alternative
raw materials for synthesizing nanomaterials presents an even more fascinating approach,
thus impacting their significance [18,19]. In the area of nanomaterial research, noble metal
nanostructures have received tremendous attention due to their wide range of applications in
electronics, sensing, catalysis, photonics, environmental clean-up, imaging, water purification,
cancer therapy, labelling and drug delivery [20-23]. Most notable among the breakthrough
applications of biopolymer-based noble metal nanostructures include: the use of biopolymer-
based biodegradable food-packaging materials in the place of non-biodegradable plastics [24],
nanocrystal metal-chitosan granular composite material for water purification [25], selective
tumour ablation using polymer-coated gold nanorods and metal nanostructure for sensing
applications [26-28].

Nevertheless, with noble metal nanostructures having such a phenomenal advantage, there
also exist limitations to their application. There have been increasing concerns relating to their
toxicity arising from their bioaccumulation in human body. It has been reported that they
preferentially accumulate in the liver and spleen [29,30]. As a result, they cause many dys-
functions to these organs causing disruption to their body activities. The nanoparticles size,
shape and surface functional groups play a vital role in their toxicity effect. There exist a
challenge of conjugating nanoparticles to the surface of metal nanoparticles with negligible or
no toxicity effect. As the nanoparticles become conjugated, the surface chemistry, size and
shape tend to change, thus influencing their cell and protein interface interactions. This
inevitably leads to unspecific and non-selective activities in the body [31].

1.2. Noble metal nanoparticles

Nanoparticles of gold, silver and platinum are classified as noble metal nanostructures. They
are nanosized metals with at least one dimension within the nanometre size range of 1-100
nm. Unlike bulk metals, which are typically ductile and possess high thermal and electrical
conductivity, metal nanoparticles completely differ in such physical properties. The properties
exhibited by metal nanoparticles are completely different from those exhibited by their
corresponding bulk metals due to the absence of electron delocalization [32]. Noble metal
nanoparticles have very large surface-area-to-volume ratio when compared to their bulk
counterparts, thus making them attractive for a wide array of many applications. Their
enhanced properties can be tailored by controlling their shape, size and composition [33,34].
A new generation of hybrid nanostructured materials presents an emerging field in nanotech-
nology. Nanobiocomposite over the past few years has become a term used to designate
composites, which contain naturally occurring polymers (biopolymers) and an inorganic
structure. The development of nanocomposites comprising a biopolymer matrix with noble
metal nanostructures has been extensively studied and considerable efforts are now being
directed at biopolymer-based nanocomposites with improved properties [25,26].
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2. Synthesis and cha

Nanoparticle synthesis over the past decades has received enormous attention due to their
oday, researchers have been able to controllably synthesize noble
rious shapes and dimensions. These include zero-dimensional, one-
dimensional, two-dimensional and three-dimensional nanostructures in a remarkable fashion
[35-40]. Noble metal nanoparticles have been synthesized using various methods. Some of
these methods include the electrochemical method [41], photochemical method [42], chemical
sonochemical method [43] and the biosynthesis method [44]. A
universal reflection on the environmental risks or hazards and sustainability arising from most
of these methods other than biosynthetic routes prompted the need for greener approaches in
the manufacture of these materials. As a result, considerable attention has been focused on the
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biosynthesis as the method of choice for the synthesis of these nanoparticles. Metal nanopar-
ticles have been embedded in a host biopolymer matrix in a variety of ways, which include in
situ chemical synthesis, plasma polymerization combined with metal evaporation, ion
implantation and vacuum deposition on viscous flow polymer.

2.1. Synthesis using non-polysaccharide reductants

Interesting biopolymers have been used to synthesize gold, silver and platinum nanoparticles
via direct in situ reduction [45]. This method enables rapid nucleation and growth of noble
metal nanoparticles embedded in a biopolymer matrix using non-polysaccharide reductants.
The result is either nanoparticle composites or more complex nanostructures, depending on
the reaction conditions used. The non-polysaccharide reductant can be either strong like
sodium borohydride or mild like sodium citrate and tetrakis(hydroxymethyl)phosphonium
chloride (THPC).

2.1.1. Sodium citrate

The use of sodium citrate in the synthesis of gold and silver nanoparticles is perhaps the first
method to be developed [46] and it is still relevant today. It is a simple process for reducing
metal salts to nanoparticles with modest monodispersed spherical shape. The particle diam-
eters are usually within the range of 10-20 nm. Colloidal gold and silver nanoparticles are
produced by this technique because the citrate ions act as both capping and reducing agents.
Following this trend, spherical silver nanoparticles with monodispersed and controlled sizes
have also been effectively synthesized. In addition, monodispersed gold nanoparticles with
controlled size have also been reported. This is achieved by altering the concentration of gold
chloride ions with respect to the citrate [47]. Furthermore, Bastus and co-workers [48] report
the enhanced citrate-reducing ability in combination with tannic acid. The tannic acid is
instrumental to the formation of the seeds and subsequent high yield of the final spherical
particles.

2.1.2. Sodium Borohydride (NaBH,)

The most common chemical reduction method for preparing noble metal nanoparticles
involves the reduction of their metal salts or precursor (from M™ to M’) using sodium
borohydride as the reducing agent. Sodium borohydride is a strong reducing agent in organic
and inorganic chemistry, and it is used to reduce most transition metal ions to zero-oxidation
metal nanoparticle state M(0) in the presence of a colloidal stabilizer [49]. The stabilizing agent
prevents the aggregation of the nanoparticles after formation. NaBH, reduces metal precursors
by hydride transfer. However, single-electron transfer is also a possibility, given the electron-
rich nature of borohydride anion. Sodium borohydride can also act as bi- or tridentate ligands
[50]. It has also been demonstrated that NaBH, has the ability to control the size and mor-
phology of nanoparticles to a large extent using appropriate synthetic techniques. As a result,
nanoparticles with very large surface area relative to volume have become feasible. This is
particularly important because the surface plasmon resonance (SPR) band of nanoparticles is
a function of morphology [51,52]. The concentration of NaBH, has been found to affect the
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size, shape, dispersity and even hydrodynamic diameter of the metal nanoparticles. As the
concentration of borohydride increases, the aspect ratio (length divided by width) of the
nanorods formed decreases. Moreover, at a certain higher concentration, shape deformation
occurs. Also, ageing the sodium borohydride solution prior to use has been found to influence
the shape formation of the nanorods [53]. Monodispersed Ag-NPs have also been synthesized
using borohydride reduction of silver salt. The borohydride anions are adsorbed onto silver
nanoparticles and aggregation is prevented by polyvinyl pyrrolidone (PVP) addition. A large
excess of the reductant is also needed to stabilize the nanoparticle product [49] since they are
adsorbed onto silver nanoparticles after they are formed.

2.1.3. Tetrakis (Hydroxymethyl) Phosphonium Chloride (THPC)

THPC is an exceptionally strong reducing agent capable of synthesizing smaller gold or silver
nanoparticles usually used as seeds for the formation of nanoshells [54] and gold nanoclusters
employed for fluorescence imaging [55,56]. Typically, it serves as a good reducing agent in
alkaline solution. However, to achieve good nanoparticle stability, a stabilizer is often added
alongside with THPC during synthesis. Nonetheless, Hueso and co-workers have reported the
use of THPC as both reducing agent and stabilizing ligand in the synthesis of ultra-small noble
metal nanoparticles. This is achieved in a single-step room-temperature method with a wide
variety of monometallic and bi/tri nano alloys as products [57]

2.2. Synthesis using polysaccharide reductants

Polysaccharides are long polymers of monosaccharide sugars and their derivatives. Unlike
proteins or nucleic acids, these polymers can either be straight chained or branched. They can
be of one type of monosaccharide (homopolysaccharides), or more than one (heteropolysac-
charides) in repeating units. Polysaccharides can also be divided into groups according to their
two major functions: contribution to structural components of cells and energy storage.
Cellulose is a structural polysaccharide while starch is mainly an energy storage polysacchar-
ide. Starch is the main energy storage in plants while glycogen is the main energy storage in
animals. Both starch and cellulose are polymers of glucose but they differ based on the
configuration of C-O bonding [58]. They are generally insoluble in cold water, although at
around 100 °C, starch is water-soluble while cellulose needs a temperature higher than 300 °C
to be water-soluble [59]. Upon hydrolysis with acids or enzymes, they eventually yield their
constituent monosaccharide sugars. Polysaccharides have the ability to coordinate metal ions
and thus act as stabilizing agents. Furthermore, they have been known to exhibit reducing
properties in the synthesis of metal nanostructures. This dual role has enabled the production
of metal nanoparticles with improved properties and functionalities such as different shapes
and sizes, hydrophilicity, biocompatibility, specificity and non-toxicity. Due to their non-toxic
nature, polysaccharides are recognized as green reducing agents for nanostructure synthesis.
Their structural hydroxyl groups provide them with strong reducing ability and solubility in
water. Other natural polysaccharides such as chitosan have also gained attention in the
preparation of nanoparticles [60]. Under this section, we will review the use of starch, cellulose
and dextran for the synthesis of noble metal nanoparticles.
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2.2.1. Starch

Chemically, starch consists of long chains of D-glucose (a monosaccharide) units joined by 1,4-
glycosidic bonds. They are formed in plants during photosynthesis. They are present in many
plant-based food sources such as root vegetables, for example, potatoes and cereals. The eco-
friendly biosynthesis of metal nanoparticles using starch has been well reported. Most of them
have been performed through reduction processes. It is a simple method which yields high
amount of nanoparticles and to some extent allows for control of particle size. El-Rafie and co-
workers [61] report the use of alkali-treated maize starch as both reducing agent and stabilizer
for the production of silver nanoparticles. In their report, a redox reaction occurs between
AgNO; and alkali-treated starch to obtain the nanoparticles. The nanosilver obtained is
spherical in shape with particle size ranging between 4 and 6 nm. Valencia and co-workers [62]
also report the use of starch as reducing agent at 90 °C in the presence of NaOH. Spherical-
shaped Ag-NPs with particle diameter between 10 and 30 nm were produced. Furthermore,
the role of pH in the green-mediated synthesis of starch-capped Ag-NPs has been investigated.
Ag-NPs are synthesized using two green materials: glucose as the reducing agent and starch
as the stabilizing agent. The presence of an accelerator (NaOH) is found to affect the size, size
distribution and the pH of the solution of the as-synthesized Ag-NPs. At mildly acidic
conditions, occurrence of starch hydrolysis affects the particle size. The insufficient protection
of the particle surface led to the formation of larger particles but with defined sizes. However,
less starch hydrolysis results in nanoparticle aggregation leading to a blue shift and splitting
of the spectra [63]. Spherical nanoparticles and nanowires of gold and silver with various sizes
and shapes have also been prepared using a monosaccharide (D-glucose) and a polysaccharide
(soluble starch) [64].

Gold nanoparticles coated with different sugars are successfully synthesized using a non-toxic,
water-soluble phosphine amino acid (THPAL) as a reducing agent. The sugars used are glucose
(monosaccharide); sucrose, maltose or lactose (disaccharides); raffinose (trisaccharide) and
starch (polysaccharide) [65]. The capping ligand plays a vital role in transforming the shapes
of the nanoparticles formed. Platinum nanoparticles (Pt-NPs) with uniform particle size (2-4
nm) have also been synthesized using soluble starch. The soluble starch performs a dual role
as both reducing and stabilizing agents. Under alkaline treatment, the degraded intermediate
species with reducing potentials (i.e., small molecules of aldehydes and hydroxyl ketones)
generated in situ, completely reduces the platinum ions. The hydroxyl group in the starch
structure complexes with the platinum ions and prevents aggregation or precipitation, thus
sufficiently stabilizing the platinum nanoparticles formed [66]. Furthermore, the use of glucose
as a reducing agent and starch as stabilizing agent to protect Pt-NPs core in buffer solution
have also been reported [67].

2.2.2. Cellulose

Cellulose chemically consists of long chains of six-membered ring glucose (a monosacchar-
ide) molecules. The repeating units comprise two anhydroglucose rings (C,H,,O;) 1, where
n =10,000-15,000. They comprise the fibre and are indigestible by humans but digestible by
some other animals [68-70]. Celluloses are ideal materials upon which new biopolymer
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composites have thrived. For instance, carboxymethyl cellulose (CMC) obtained from cotton
have been used in the synthesis of Ag-NPs at different conditions. The degree of polymeriza-
tion of CMC is shown to have significant impact on the reduction capacity, particle size and
stability of the silver nanoparticles formed [71]. Also, synthesis of Ag-NPs has been carried
out with cellulose playing a dual role of both reducing and capping agent in aqueous medium.
The cellulose is extracted from an environmentally problematic aquatic weed, water hyacinth.
Particle shape and size evolutions of the silver nanoparticles are achieved by varying the pH
of the solution and reaction time [72]. Metal nanoparticles of gold, silver and platinum have
also been prepared using cellulose gel. Filter paper pulp is used to generate the cellulose
solution which was allowed to coagulate to form a gel. The nanoparticles of gold, silver and
platinum formed are well dispersed and stabilized by the cellulose network. The nanopo-
rous structure of the cellulose hydrogels also prevents aggregation of the nanoparticles
formed [73]. Some bacteria are also capable of producing cellulose via digestion. Cellulose
of this nature is different from cellulose obtained from trees and cotton because it is free from
lignin and hemicellulose. Colloidal silver nanoparticles could be prepared using cellulose of
bacterial origin. Bacterial cellulose (BC) is immersed in the silver nitrate solution and reduced
by different reducing agents (ascorbic acid, hydrazine and hydroxylamine) under the
influence of gelatine and polyvinyl pyrrolidone (PVP), as colloidal stabilizers. The particle
size and size distribution of the BC-Ag’ composite depend on the reductant type and
stabilizer used. Best results are obtained for ascorbic acid-reduced/gelatine-protected Ag
composite [74].

2.2.3. Dextran

Dextran are water-soluble branched polysaccharides of glucose (dextrose) produced by lactic
acid bacterial action on sucrose. The linear chains are linked by a-1,6 glycosidic bond between
glucose molecules while the branches begin from «-1,3 linkages. In this method, metal
nanostructures are prepared using an environmentally benign solvent and dextran as capping
agent, or in some cases dextran serves as both reducing and capping agents. Wang and co-
workers [75] report the synthesis of well-dispersed, uniform and biocompatible gold nano-
particles at room temperature using dextran as both reducing and stabilizing agent. The as-
synthesized dextran-coated Au-NPs are stable in high ionic strength medium, thereby making
them important materials for fabricating novel nanostructures.

Environmentally friendly copolymers of dextran have also been used to synthesize gold-
copolymer and silver-copolymer nanoparticles. The simple green synthetic method makes
use of graft copolymers, dextran-graft-poly(e-caprolactone) and dextran-graft-poly(d-
valerolactone) as reductants and stabilizers in the synthesis of the noble metal nanoparti-
cles. The amphiphilic nature of the copolymer is crucial during the process, as this allows
interaction of the copolymer with the metal surface and the aqueous medium. The OH end
groups of the grafted blocks of copolymers are responsible for the reduction of gold and
silver ions [76,77].
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2.3. Characterization of polysaccharide-stabilized gold and silver nanoparticles

2.3.1. UV-Visible spectrophotometry

UV-Visible spectrophotometry is an essential powerful tool for characterizing the optical
properties of various materials at molecular and atomic levels. Typically, gold and silver
nanoparticles exhibit a UV-Visible characteristic absorption band peak around 520 and 400
nm, respectively, due to their SPR properties [78-81]. The SPR is due to the collective oscillation
of light-excited free-moving conduction band electrons present at the surface of the noble
metals. Stabilizing these metals with polysaccharides usually causes a change in the electron
density of the metals and thus a shift in the positioning of their SPR peaks. However, the
direction and the actual positioning of SPR peak depend on the type of nanoparticle [79,80],
particle size and structure of polysaccharide involved [82-84].

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is used to identify the functional groups present in the polysaccharide used to stabi-
lize metal nanoparticles [80]. In conjunction with UV-Visible, dynamic light scattering and
Zeta potential data, FTIR can be used to evaluate the extent of polysaccharide stabilization
of metal nanoparticles (NPs). Stereotypically, polysaccharide-stabilized gold or silver NPs
usually show absorption wavenumber bands for O-H (3500-3200 cm™: alcohols; 3300-2500
cm!: acids), C-H (3000-2850 cm™: saturated alkanes) and C-O (1320-1000 cm: alcohols and
ethers) groups associated with general carbohydrate structure [79,80,83,85]. To ascertain the
effectiveness of stabilization of nanoparticles by the polysaccharide, shifts in the affected
groups are usually observed. The hydroxyl, hemiacetal and aldehyde groups play signifi-
cant roles in the synthesis and stabilization of polysaccharide-capped silver [85,86] and gold
nanoparticles [79,83].

2.3.3. Zeta potential

The zeta potential measures the overall charge on polymer-stabilized noble metal nanoparticle
system [87] as either negative or positive in millivolts. As mentioned earlier, it may be used in
conjunction with FTIR to assess the extent of nanoparticle stabilization by polysaccharides.
When stabilized with carboxylic acid-terminated polysaccharides, gold and silver NPs are
usually surrounded by negative charges. The negatively charged polysaccharide molecules
interact with one another via electrostatic repulsion and thus help to prevent agglomeration.
Similarly, positively charged polysaccharide-stabilized gold and silver nanoparticles are
stabilized via electrostatic repulsion of the polysaccharide’s molecules. The higher the
magnitude of the zeta potentials, the greater is the extent of charge-to-charge electrostatic
repulsion and thus the greater is the stability of nanoparticles [82] and vice versa. The nega-
tively or positively charged polysaccharide-stabilized silver nanoparticles are important for
efficient antimicrobial efficacy of silver nanoparticles against gram-positive and gram-
negative microbes, respectively [82].
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2.3.4. Dynamic Light Scattering (DLS)

The dynamic light scattering, also known as the photon correlation spectroscopy, uses light
scattered by moving particles in a dispersible solution system to determine the hydrodynamic
size distribution of various particles present in the solution. DLS particle-size estimation is
based on measurement of the intensities of scattered lights by various particles present in the
solution, provided the particles’ movement is Brownian in nature. Therefore, it is used to
evaluate the homogeneity of a solution and thus the aggregation of nanoparticle in the solution.
For a reliable DLS measurement, a polydispersity index of between 0.05 and 0.7 may be
preferable. Also, the refractive indices (1) and absorption values (k) of both the material and
solvent must be accurately known for a reliable conversion of intensity data to volume or
number size distribution. By default, particle sizes are obtained from the extrapolation from
the intensity’s data. However, data can be converted to obtain particle sizes relative to volume
(size based on concentration of particles) or number of primary particles (size based on
percentage number of primary particles) using Mie formula. The most important use of DLS’s
characterization of polysaccharide-stabilized gold and silver nanoparticles is to evaluate the
extent of size characteristics after stabilization. For example, it has been reported that particle
size decreases with increasing concentration of polysaccharide [80,83] up to a certain extent
and then increases at higher concentration due to aggregation [80]. Thus, DLS can be used to
obtain the optimal concentration of the stabilizing agent that favours non-aggregation of
particles in a given solution [83]. DLS can also be used to evaluate the effect of the swelling of
polymers on the size of nanoparticles when the temperature of the medium is increased.

2.3.5. Transmission Electron Microscopy (TEM)

TEM is a two-dimensional technique used to probe the shape and morphology of a nanopar-
ticle system [83,88]. The shapes of nanoparticles affect the optical, chemical and biological
properties of metal nanoparticles. For example, silver nanoparticles have been shown to evolve
different shapes as temperature increases when synthesized and stabilized by methyl cellulose
[89]. This change in shape morphology of stabilized silver nanoparticles was observed using
the TEM technique (Figure 2). Furthermore, TEM can be used to estimate the particle-size
distribution of nanoparticle systems [86]. The particle-size data obtained from TEM are usually
compared to the information obtained from other particle-size measurements such as DLS and
X-ray diffractometry for analytical reliability and accuracy. Furthermore, TEM can be used in
conjunction with FTIR, UV-Vis and other probing techniques to elucidate the mechanism of
evolution of nanoparticles during the course of the synthesis (Figure 3).

2.3.6. Scanning Electron Microscopy (SEM), Inductively coupled Plasma Spectroscopy (ICP-MS) and
powder X-Ray Diffractometry (XRD)

SEM is similar to TEM but differs in its magnifications and image outputs. SEM is a three-
dimensional imaging probe, which can be used to visualize the three-dimensional images of
stabilized nanoparticles [80,90,91] (Figure 2). ICP-MS is mainly used to determine the concen-
tration of metals in a material. Thus, it can be used to estimate the concentration of gold and
silver nanoparticles [92] within the surrounding structure of polysaccharide stabilization. The
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amount of nanoparticles present within a stabilizing matrix is essential for such sensitive
applications such as environmental sensing, industrial catalysis and biomedical diagnostics
and therapies. The powder XRD technique is used to probe the extent of the crystallinity of
both unstabilized and stabilized nanoparticles. Particles size can also be estimated using XRD
technique. Usually, a face-centred cubic structure is observed for polysaccharide-stabilized
gold [79,83,93] and silver nanoparticles [82,90].

Figure 2. A: TEM image of methyl cellulose-capped silver nanoparticles at 60 °C [89]; B: TEM image of methyl cellu-
lose-capped silver nanoparticles at 90 °C [89]; C: SEM image of starch-stabilized silver nanoparticles [90]; D: UV-Vis
for starch-capped silver nanoparticles [90]; E: FTIR of starch-capped silver nanoparticles [90]; F: XRD for pullulan/
oxidized pullulan-stabilized silver nanoparticles [82]; Some gold nanostructures (Top): nanoshells (G) [115], nanorods
(H) [114] nanocages (I) [91] and their corresponding SPR characteristics (J-L) (Below).
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Figure 3. Elucidation of a reaction mechanism using UV-Vis and TEM. a: UV-Vis absorption spectra of Ag-NPs at dif-
ferent reaction times during the synthesis of Ag-NPs. b: TEM image of Ag-NPs (at 1 h reaction time) showing necklace
arrangement. c: TEM image at 24 h reaction time, scale bar, 10 nm (inset shows high-resolution image). d: TEM image
at 30 h reaction time, scale bar, 20 nm (inset shows high-resolution image and particle-size distribution) [81].

3. Biomedical applications of polysaccharide-stabilized gold and silver
nanoparticles

3.1. Gold nanoparticles

Gold nanoparticles are essential nanomaterials for many biomedical applications such as
targeted biological sensing [94], site-specific drug delivery, diagnostic imaging [84,95,96] and
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photothermal therapy [95,97]. They are essentially utilized for these applications due to their
unique SPR property, inertness [84,96], non-toxicity, enhanced permeability retention effect,
conjugatable surfaces for the attachment of targeting [98] and therapeutic agents [99], near-
infrared light absorption [97], high light absorption [95] and scattering properties and
generation of therapeutic heat after light irradiation [95]. Recent advances in the use of gold
nanoparticles have focused on the use of polysaccharide-stabilized gold nanoparticles. One of
the reasons for this is the better efficiency of polysaccharides in synthesizing and stabilizing
gold nanoparticles compared to other stabilizing agents such as oligosaccharides or mono-
saccharides [100]. Other reasons are their low toxicity, easily conjugatable functional groups
[101] and good biocompatibility [102,103]. Some of the recent biomedical applications of gold
nanoparticles are provided in the next section.

3.1.1. Targeted plasmonic biosensing detection

Various structures of gold nanoparticles such as the nanospheres, nanorods and nanocages
have been shown to exhibit different SPR characteristics [78,103], which can be used to detect
biomarkers [104] and pathogens in body fluid samples. In targeted plasmonic-assisted
biosensing, stabilized gold nanoparticles are conjugated to some specificbiomolecule targeting
agents such as carbohydrates [102,105] peptides [106], antibodies and oligonucleotides [102]
which react specifically with some disease biomarkers or microbes. This interaction often leads
to the aggregation of gold nanoparticles [104] which causes shifting of the surface plasmon
resonance peak. This shift effect can be detected by visual colour change, spectrophotometric
measurement or dynamic light scattering techniques. Targeted plasmonic biosensing could be
successfully employed for the rapid improvement of various diagnostic techniques such as
homophase immunoassay, DNA assay and enzymatic assay [104].

3.1.2. Targeted bioimaging enhancement

Gold nanoparticles are plasmonic entities which absorb and scatter light from the visible to
near-infrared optical region where tissues are relatively transparent to light [106,107]. These
properties enable them to be used as contrasting agents in many biomedical imaging appli-
cations such as magnetic resonance imaging and computed tomography [108]. When excited
withnear-infrared light, gold nanoparticles absorb and scatter light more than the surrounding
tissues leading to a better detection of their sites of localization. In targeted magnetic resonance
imaging (MRI) technique, stabilized gold NPs are conjugated to an active targeting material
such as a specific site-targeting carbohydrate [105], peptides [106,109,110], aptamers [108] or
external magnetic field-driven iron oxide nanoparticles (IONPs) [111] in order to achieve active
site-targeting, detection and better imaging. Superparamagnetic iron oxide nanoparticles
(SPIONSs) are excellent MRI contrast agents [112,113]. Thus, utilizing stabilized gold-SPION
hybrids, such as SPION-gold core-shell, promotes greater improvement of the MRI technique.
Furthermore, gold NPs may be coupled with conventional imaging dyes or contrasting agents
to improve their imaging efficacies.
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3.1.3. Targeted fluorescence detection

In targeted fluorescence detection, stabilized gold nanoparticles are either bonded directly [98]
or conjugated to a fluorescence molecule [95] bonded to an active site-targeting biomolecule
[110]. The technique makes use of (i) the synergetic properties of the selective localization of
the gold nanoparticles in disease tissues, (ii) interaction of the active targeting biomolecules
with their corresponding disease tissue receptors and (iii) emitted fluorescence light from the
gold nanoparticles [98] or conjugated fluorophore to improve detection of disease tissues [110].
For diagnosis purposes, the active site targeting gold nanoparticle solution may be injected via
intravenous means and the body exposed to the fluorescence spectroscopy imaging technique.
The diseased tissues containing the gold nanoparticle fluorophore conjugates will emit light
of specific wavelength while the healthy tissue remains non-fluorescent [95,110].

3.1.4. Targeted Photothermal Therapy (PTT)

Targeted PTT involves the use of active site targeting stabilized gold nanoparticles (Au-NPs)
for specific tumour cell destructions. The Au-NPs generate therapeutic heat after irradiation
with light of appropriate wavelength and dose. The site targeting agent interacts with the
tumour cell surfaces in order to pave way for the nanoparticles to gain entrance into the cell
where the therapeutic function will take place. Especially suitable for this purpose are the gold
nanorods [78,114] and nanoshells [78,115] whose aspect ratio and the ratio of the shell to core
diameter can be tuned to absorb light in the near-infrared regions where biological tissues are
transparent to light. Gold nanorods have been extensively applied for the eradication of cancer
cells via PTT [102]. Other gold nanoparticle structures that can be used for PTT are gold
nanocages [78,91]. However, all gold nanostructures exhibit different PTT efficacies due to
their different structures and surface plasmon resonance properties.

3.2. Silver nanoparticles

3.2.1. Diagnostic enhancement

Stabilized silver nanoparticles (Ag-NPs), being a plasmonic entity also exhibit biological
imaging characteristic [96,116] and plasmonic and fluorescence detection of biomolecules
[116,117,118] and toxic heavy metals [119,120]. Like gold nanoparticles, it could be used to
improve image contrast of disease tissues when functionalized or employed as nanocarriers
of specific site-targeting agents such as peptides, antibodies and carbohydrates which show
some specific affinity towards certain molecules present in disease tissues. As nanocarriers of
these biomolecules, silver nanoparticles may cause enhanced biological image contrast via
their light absorption and scattering properties. However, the choice of silver nanoparticles
for fluorescence imaging function may be more for silver nanoclusters (Ag-NCs) compared to
other silver morphologies due to their small size-dependent fluorescence effect. It has been
reported that as the size of silver nanoparticles approaches the dimension of the Fermi
wavelength of an electron, they emit fluorescence light which can be tuned from the visible to
near-infrared region after suitable light irradiations [116]. Moreover, Ag-NCs have also been
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found to be useful as an excellent nanobiosensor agent for the detection of biotoxins [118] and
toxic inorganic heavy metals [120]. Nonetheless, like gold nanoparticles, the interaction of
functionalized, stabilized silver nanoparticles with disease biomarkers such as proteins may
cause aggregation and thus a shift in the position of their SPR band which may be used to
detect these biomarkers.

3.2.2. Targeted antimicrobial activity

Silver nanoparticles are especially known for their antibacterial activities [90,121-125].
However, in recent years, reports about the antiviral effects of silver nanoparticles are
beginning to emerge [126-128]. In their study, Gusseme and co-workers [128] employed
biogenic silver nanoparticles to remove murine norovirus 1 (MNV-1) from drinking water.
The biogenic silver was mixed with a water filter to effect the viral removal. Also, the use of
silver nanoparticles in preventing the binding of HIV-1 to human host cells via binding of
nanoparticles to the virus’ glycoproteins in vitro has been reported [129]. The sulphur group
of the virus’ gp120 glycoprotein has been suggested to be the binding target site [129,130].
Furthermore, the applications of silver nanoparticles such as antifungal [131] and antiplas-
modium agents [132] have also been reported.

3.2.3. Anti-angiogenesis activity

Silver nanoparticles could also function as anti-angiogenesis agents by preventing the
formation of new blood vessels responsible for the development of many human diseases such
as cancer, macular degeneration and inflammatory diseases [133]. In their study, Gurunathan
and co-workers [133] suggested that silver nanoparticles readily interfere with the angiogen-
esis pathway by inhibiting the activation of p13k/akt.

4. Conclusion

Biopolymers have continued to revolutionize the advancements of green nanotechnology.
Nanoscale derivatives of polymers like starch, cellulose and dextran can be synthesized on a
large scale and can be used for the manufacture of bionanocomposites. They present promising
alternatives to the environmental challenging non-biodegradable plastics via industrially
viable process. Most of these biopolymers also offer a route for completely green synthesis of
several noble metal nanoparticles performing the dual role of stabilizing and reducing agents
in aqueous medium. Biopolymer-mediated synthesis offers numerous advantages which
include efficient solubility in water, non-cytotoxicity and biocompatibility in biomedical
applications. Polysaccharide-capped silver and gold nanoparticles are emerging as excellent
nanomaterials in many fields, including biomedical and environmental. This is due to the
result of the excellent functionalities inferred on them by the polysaccharide molecules. These
properties include long-term stability and high solubility in aqueous solution, specific
biomolecule targeting which induces specific therapeutic functions and toxicity reduction.

33



34 Recent Advances in Biopolymers

Author details

Olayemi J. Fakayode'?, Adewale O. Oladipo'? Oluwatobi S. Oluwafemi? and
Sandile P. Songca®

*Address all correspondence to: oluwafemi.oluwatobi@gmail.com

1 Department of Applied Chemistry, University of Johannesburg, Doornfontein,
Johannesburg, South Africa

2 Centre for Nanomaterials Science Research, University of Johannesburg, Johannesburg,
South Africa

3 Department of Chemistry, Walter Sisulu University, Private bag X1, Mthatha, South Africa

References

(1]

Djokovi¢ V, Bozanic DK, Vodnik VV., Krsmanovi¢ RM, Trandafilovic LV., Dimitri-
jevi¢-Brankovic¢ S. Structure and optical properties of noble-metal and oxide nanopar-
ticles dispersed in various polysaccharide biopolymers. Phys Chem Interfaces
Nanomater. 2011;18(1):8098-98.

Dos Santos DS, Goulet PJG, Pieczonka NPW, Oliveira ON, Aroca RF. Gold nanopar-
ticle embedded, self-sustained chitosan films as substrates for surface-enhanced
Raman scattering. Langmuir. 2004;20(23):10273-7.

Porel S, Venkatram N, Rao DN, Radhakrishnan TP. In situ synthesis of metal nano-
particles in polymer matrix and their optical limiting applications. ] Nanosci Nano-
technol. 2007;7(6):1887-92.

B. Goudoulas T. Polymers and biopolymers as drug delivery systems in nanomedi-
cine. Recent Pat Nanomed. 2012;2(1):52-61.

Nitta SK, Numata K. Biopolymer-based nanoparticles for drug/gene delivery and tis-
sue engineering. Int ] Mol Sci. 2013;14(1):1629-54.

Liu Z, Jiao Y, Wang Y, Zhou C, Zhang Z. Polysaccharides-based nanoparticles as
drug delivery systems. Adv Drug Deliv Rev. Elsevier B.V.2008;60(15):1650-62.

Zhang L, Chan JM, Gu FX, Rhee JW, Wang AZ, Radovic-Moreno AF, et al. Self-as-
sembled lipid-polymer hybrid nanoparticles. A robust drug delivery platform. ACS
Nano. 2008;2(8):1696-702.

Johnston H, Brown D, Kermanizadeh A, Gubbins E, Stone V. Investigating the rela-
tionship between nanomaterial hazard and physicochemical properties: Informing



[11]

[12]

[14]

[15]

[17]

[18]

Biopolymer-mediated Green Synthesis of Noble Metal Nanostructures
http://dx.doi.org/10.5772/62127

the exploitation of nanomaterials within therapeutic and diagnostic applications. ]
Control Release. Elsevier B.V. 2012;164(3):307-13.

Farokhzad OC, Langer R. Impact of nanotechnology on drug delivery. ACS Nano.
2009;3(1):16-20.

Tebbe M, Kuttner C, Méannel M, Fery A, Chanana M. Colloidally stable and surfac-
tant-free protein-coated gold nanorods in biological media. Appl Mater Interfaces.
2015;7:5984-91.

Li Z, Huang P, Zhang X, Lin ], Yang S, Liu B, et al. RGD-conjugated dendrimer-
modified gold nanorods for in vivo tumor targeting and photothermal therapy. Mol
Pharm. 2010;7(1):94-104.

Alkilany AM, Nagaria PK, Hexel CR, Shaw TJ, Murphy CJ, Wyatt MD. Cellular up-
take and cytotoxicity of gold nanorods: Molecular origin of cytotoxicity and surface
effects. Small. 2009;5:701-8.

Lewinski N, Colvin V, Drezek R. Cytotoxicity of nanoparticles. Small. 2008;4(1):26-
49.

Raveendran P, Fu ], Wallen SL. Completely “green” synthesis and stabilization of
metal nanoparticles. ] Am Chem Soc. 2003;125(46):13940-1.

Wurm FR, Weiss CK. Nanoparticles from renewable polymers. Front Chem.
2014;2(July):49.

Rajan M, Raj V. Potential drug delivery applications of chitosan based nanomaterials.
Int Rev Chem Eng. 2013;5(2):145-55.

Wu G, Li P, Feng H, Zhang X, Chu PK. Engineering and functionalization of bioma-
terials via surface modification. ] Mater Chem B. 2015;3(10):2024-42.

Cinelli M, Coles SR, Nadagouda MN, Btaszczynski J, Stowinski R, Varma RS, et al. A
green chemistry-based classification model for the synthesis of silver nanoparticles.
Green Chem. 2015;17(5):2825-39.

Cabrera FC, Mohan H, dos Santos R], Agostini DLS, Aroca RF, Rodriguez-Pérez MA,
et al. Green synthesis of gold nanoparticles with self-sustained natural rubber mem-
branes. ] Nanomater. 2013; 1-10.

Huang X, Neretina S, El-Sayed MA. Gold nanorods: From synthesis and properties to
biological and biomedical applications. Adv Mater. 2009; 21(48):4880-910.

Nath D, Banerjee P. Green nanotechnology - a new hope for medical biology. Envi-
ron Toxicol Pharmacol. Elsevier B.V. 2013;36(3):997-1014.

Xie J, Zhang Q, Lee JY, Wang DIC. The synthesis of SERS-active gold nanoflower
tags for in vivo applications. ACS Nano. 2008;2:2473-80.

35



36 Recent Advances in Biopolymers

[23]

[24]

[26]

[27]

[30]

[31]

[33]

[34]

[35]

Sahadev A Shankarappa, Manzoor Koyakutty, Shantikumar V Nair. Efficacy versus
toxicity - The ying and yang in translating nanomedicines. Nanomater Nanotechnol.
2014;4(23): 1-9.

Tang XZ, Kumar P, Alavi S, Sandeep KP. Recent advances in biopolymers and bio-
polymer-based nanocomposites for food packaging materials. Crit Rev Food Sci
Nutr. 2012;52(5):426-42.

Sankar MU, Aigal S, Maliyekkal SM, Chaudhary A, Anshup, Kumar AA, et al. Bio-
polymer-reinforced synthetic granular nanocomposites for affordable point-of-use
water purification. Proc Natl Acad Sci USA. 2013;110 (21):8459-64.

Csaki A, Thiele M, Jatschka J, Dathe A, Zopf D, Stranik O, et al. Plasmonic nanoparti-
cle synthesis and bioconjugation for bioanalytical sensing. Eng Life Sci. 2015; 15(3):
266-275.

Joy NA., Janiszewski BK, Novak S, Johnson TW, Oh SH, Raghunathan A, et al. Ther-
mal stability of gold nanorods for high-temperature plasmonic sensing. ] Phys Chem
C. 2013;117(22):11718-24.

Sung HK, Oh SY, Park C, Kim Y. Colorimetric detection of Co* ion using silver nano-
particles with spherical, plate, and rod shapes. Langmuir. 2013;29(28):8978-82.

Siemianowicz K, Likus W, Markowski ]. Medical aspects of nanomaterial toxicity. In:
Soloneski S, Larramendy ML, editors. Nanomaterials - Toxicity and Risk Assessment.
InTech; 2015. p.161-75

Gonzélez-mufioz M, Diez P, Gonzélez-gonzalez M, Dégano RM, Ibarrola N, Orfao A,
et al. Evaluation strategies of nanomaterials toxicity. In: Soloneski S, Larramendy
ML, editors. Nanomaterials - Toxicity and Risk Assessment. InTech; 2015. p. 23-37.

Clichici S, Filip A. In vivo assessment of nanomaterials toxicity. In: Soloneski S, Lar-
ramendy ML, editors. Nanomaterials - Toxicity and Risk Assessment. InTech; 2015.
p- 93-121

Campelo JM, Luna D, Luque R, Marinas JM, Romero AA. Sustainable preparation of
supported metal nanoparticles and their applications in catalysis. Chem Sus Chem.
2009;2(1):18-45.

Niu W, Zhang L, Xu G. Seed-mediated growth of noble metal nanocrystals: crystal
growth and shape control. Nanoscale. 2013;5(8):3172-81.

Burda C, Chen X, Narayanan R, El-Sayed M A. Chemistry and properties of nano-
crystals of different shapes. Chem Rev. 2005;1025-102.

Babu V], Vempati S, Uyar T, Ramakrishna S. Review of one-dimensional and two-di-
mensional nanostructured materials for hydrogen generation. Phys Chem Chem
Phy. 2015;17(5):2960-86.



[36]

[37]

[38]

[42]

[43]

[45]

[46]

[47]

(48]

[49]

Biopolymer-mediated Green Synthesis of Noble Metal Nanostructures
http://dx.doi.org/10.5772/62127

Tiwari JN, Tiwari RN, Kim KS. Zero-dimensional, one-dimensional, two-dimension-
al and three-dimensional nanostructured materials for advanced electrochemical en-
ergy devices. Prog Mater Sci. 2012;57(4):724-803.

Murphy CJ, Gole AM, Hunyadi SE, Orendorff CJ. One-dimensional colloidal gold
and silver nanostructures. Inorg Chem. 2006;45(19):7544-54.

Song Y, Yang Y, Medforth CJ, Pereira E, Singh AK, Xu H, et al. Controlled synthesis
of 2-D and 3-D dendritic platinum nanostructures. ] Am Chem Soc. 2004;126(2):635-
45,

Zhang Y, Grady NK, Ayala-Orozco C, Halas NJ. Three-dimensional nanostructures
as highly efficient generators of second harmonic light. Nano Lett. 2011;11(12):5519-
23.

Kuchibhatla SVNT, Karakoti AS, Bera D, Seal S. One dimensional nanostructured
materials. Prog Mater Sci. 2007;52(5):699-913.

Mohl M, Kumar A, Mohana Reddy AL, Kukovecz A, Konya Z, Kiricsi I, et al. Synthe-
sis of catalytic porous metallic nanorods by galvanic exchange reaction. ] Phys Chem
C. 2010;114:389-93.

Abdelrasoul GN, Cingolani R, Diaspro A, Athanassiou A, Pignatelli F. Photochemi-
cal synthesis: Effect of UV irradiation on gold nanorods morphology. ] Photochem
Photobiol A Chem. 2014;275:7-11.

Zhu Y, Wang X, Guo W, Wang ], Wang C. Sonochemical synthesis of silver nanorods
by reduction of silver nitrate in aqueous solution. Ultrason Sonochem. 2010;17(4):
675-9.

Sathishkumar M, Pavagadhi S, Mahadevan A, Balasubramanian R. Biosynthesis of
gold nanoparticles and related cytotoxicity evaluation using A549 cells. Ecotoxicol
Environ Saf. 2014;114:232-40.

Ayyad O, Mufioz-Rojas D, Oré-Solé ], Gdmez-Romero P. From silver nanoparticles to
nanostructures through matrix chemistry. ] Nanopart Res. 2010;12(1):337-45.

Turkevich ], Stevenson PC, Hillier J. A study of the nucleation and growth processes
in the synthesis of colloidal gold. Discuss Faraday Soc. 1951;11(c):55-75.

Zhao L, Jiang D, Cai Y, Ji X, Xie R, Yang W. Tuning the size of gold nanoparticles in
the citrate reduction by chloride ions. Nanoscale. 2012;4(16):5071.

Bastiis NG, Merkoci F, Piella ], Puntes V. Synthesis of highly monodisperse citrate-
stabilized silver nanoparticles of up to 200 nm: Kinetic control and catalytic proper-
ties. Chem Mater. 2014;26(9):2836—46.

Mavani K, Shah M. Synthesis of silver nanoparticles by using sodium borohydride as
a reducing agent. Int ] Eng Res Technol. 2013;2(3):1-5.

37



38 Recent Advances in Biopolymers

[50]

[51]

[52]

[56]

[57]

[60]

[61]

[62]

Deraedt C, Salmon L, Gatard S, Ciganda R, Hernandez R, Ruiz ], et al. Sodium boro-
hydride stabilizes very active gold nanoparticle catalysts. Chem Commun. Royal So-
ciety of Chemistry. 2014;50(91):14194-6.

El-Sayed MA. Small Is different: shape-, composition-dependent properties of some
colloidal semiconductor nanocrystals. Acc. Chem. Res., 2004; 37(5):326-333.

Lee KS, El-Sayed MA. Dependence of the enhanced optical scattering efficiency rela-
tive to that of absorption for gold metal nanorods on aspect ratio, size, end-cap
shape, and medium refractive index. ] Phys Chem B. 2005;109(43):20331-8.

Samal AK, Sreeprasad TS, Pradeep T. Investigation of the role of NaBH, in the chem-
ical synthesis of gold nanorods. ] Nanopart Res. 2009;12(5):1777-86.

Yong KT, Sahoo Y, Swihart MT, Prasad PN. Synthesis and plasmonic properties of
silver and gold nanoshells on polystyrene cores of different size and of gold-silver
core-shell nanostructures. Colloids Surf A Physicochem Eng Asp. 2006;290:89-105.

Zhang Z, Xu L, Li H, Kong J. Wavelength-tunable luminescent gold nanoparticles
generated by cooperation ligand exchange and their potential application in cellular
imaging. RSC Adv. 2013;3(1):59-63.

Kumar R, Korideck H, Ngwa W, Berbeco RI, Makrigiorgos GM, Sridhar S. Third gen-
eration gold nanoplatform optimized for radiation therapy. Transl Cancer Res.
2013;2(4):228-39.

Hueso JL, Sebastian V, Mayoral A, Usén L, Arruebo M, Santamaria J. Beyond gold:
rediscovering tetrakis-(hydroxymethyl)-phosphonium chloride (THPC) as an effec-
tive agent for the synthesis of ultra-small noble metal nanoparticles and Pt-contain-
ing nanoalloys. RSC Adv. 2013;3(26):10427.

Atsushi F, Dhepe PL. Sustainable green catalysis by supported metal nanoparticles.
Chem Rec. 2009;9(4):224-35.

Sasaki C, Sumimoto K, Asada C, Nakamura Y. Direct hydrolysis of cellulose to glu-
cose using ultra-high temperature and pressure steam explosion. Carbohydr Polym.
2012;89(1):298-301.

Venkatesham M, Ayodhya D, Madhusudhan A, Veera Babu N, Veerabhadram G. A
novel green one-step synthesis of silver nanoparticles using chitosan: catalytic activi-
ty and antimicrobial studies. Appl Nanosci. 2012;4(1):113-9.

Ahmed HB, Zahran MK. Facile precursor for synthesis of silver nanoparticles using
alkali treated maize starch. Int Sch Res Not. 2014:1-12.

Ayala Valencia G, Cristina de Oliveira Vercik L, Ferrari R, Vercik A. Synthesis and
characterization of silver nanoparticles using water-soluble starch and its antibacteri-
al activity on Staphylococcus aureus. Starch - Starke. 2013;65(11-12):931-7.



[66]

[67]

[72]

[76]

Biopolymer-mediated Green Synthesis of Noble Metal Nanostructures
http://dx.doi.org/10.5772/62127

Singh M, Sinha I, Mandal RK. Role of pH in the green synthesis of silver nanoparti-
cles. Mater Lett. 2009;63(3—4):425-7.

Shervani Z, Yamamoto Y. Carbohydrate-directed synthesis of silver and gold nano-
particles: Effect of the structure of carbohydrates and reducing agents on the size and
morphology of the composites. Carbohydr Res. 2011;346(5):651-8.

Katti KK, Kattumuri V, Bhaskaran S, Katti KV, Kannan R. Facile and general method
for synthesis of sugar coated gold nanoparticles. Int ] Green Nanotechnol Biomed.
2012;29(6):997-1003.

Tongsakul D, Wongravee K, Thammacharoen C, Ekgasit S. Enhancement of the re-
duction efficiency of soluble starch for platinum nanoparticles synthesis. Carbohydr
Res. 2012;357:90-7.

Engelbrekt C, SOrensen KH, Liibcke T, Zhang J, Li Q, Pan C, et al. 1.7 nm platinum
nanoparticles: Synthesis with glucose starch, characterization and catalysis. Chem
Phys Chem. 2010;11(13):2844-53.

Habibi Y, Lucia LA, Rojas OJ. Cellulose nanocrystals: chemistry, self-assembly, and
applications. Chem Rev. 2010;110:3479-500.

Moon R]J, Martini A, Nairn J, Simonsen ], Youngblood ]J. Cellulose nanomaterials re-
view: structure, properties and nanocomposites. Chem Soc Rev. 2011;40(7):3941-94.

Siqueira G, Bras ], Dufresne A. Cellulosic bionanocomposites: A review of prepara-
tion, properties and applications. Polym (Basel). 2010;2(4):728-65.

Hebeish AA., El-Rafie MH, Abdel-Mohdy FA, Abdel-Halim ES, Emam HE. Carboxy-
methyl cellulose for green synthesis and stabilization of silver nanoparticles. Carbo-
hydr Polym. 2010;82(3):933—41.

Mochochoko T, Oluwafemi OS, Jumbam DN, Songca SP. Green synthesis of silver
nanoparticles using cellulose extracted from an aquatic weed; water hyacinth. Carbo-
hydr Polym. 2013;98(1):290-4.

Cai J, Kimura S, Wada M, Kuga S. Nanoporous cellulose as metal nanoparticles sup-
port. Biomacromolecules. 2009;10(1):87-94.

De Santa Maria LC, Santos ALC, Oliveira PC, Barud HS, Messaddeq Y, Ribeiro SJL.
Synthesis and characterization of silver nanoparticles impregnated into bacterial cel-
lulose. Mater Lett. 2009;63(9-10):797-9.

Wang Y, Zhan L, Huang CZ. One-pot preparation of dextran-capped gold nanoparti-
cles at room temperature and colorimetric detection of dihydralazine sulfate in uric
samples. Anal Methods. 2010;2(12):1982.

Saldias C, Leiva A, Valderas J, Radi¢ D. Environmentally friendly synthesis of noble
metal nanoparticles assisted by biodegradable dextran-graft-lactone copolymers. Pol-
ym Adv Technol. 2014;25(4):372-9.

39



40 Recent Advances in Biopolymers

[77]

[81]

[82]

[83]

[86]

[87]

[88]

[89]

Bezugly M, Kutsevol N, Rawiso M, Upr C, Cedex S, Bezugla T. Water-soluble
branched copolymers dextran-polyacrylamide and their anionic derivates as matrices
for metal nanoparticles in situ synthesis. Chemik. 2012;66(8):862-7.

Huang X, El-Sayed, MA. Plasmonic photo-thermal therapy (PPTT). Alexandria ]
Med. 2011;47(1):1-9.

Hussain ST, Igbal M, Mazhar M. Size control synthesis of starch capped-gold nano-
particles. 2009;11:1383-91.

Mandal A, Sekar S, Chandrasekara, N. Vibrational spectroscopic investigation on in-
teraction of sago starch capped silver nanoparticles with collagen: a comparative
physicochemical study using FT-IR and FT-Raman. RSC Adv. 2015;5:15763-71.

Oluwafemi SO, Vuyelwa N, Scriba M, Songca, SP. Green controlled synthesis of
monodispersed, stable and smaller sized starch-capped silver nanoparticles. Mater
Lett. 2013;106:332-6.

Coseri S, Spatareanu A, Sacarescu L, Rimbu C, Suteu D, Spirk S, Harabagiu V. Green
synthesis of the silver nanoparticles mediated by pullulan. Carbohydr Polym.
2015;116:9-17.

Tagad CK, Rajdeo KS, Kulkarni A, More P, Aiyer RC, Sabharwal, S. Green synthesis
of polysaccharide stabilized gold nanoparticles: chemo catalytic and room tempera-
ture operable vapor sensing application. RSC Adv., 2014; 4, 24014-24019.

Vijayakumar S, Ganesan, S. In vitro cytotoxicity assay on gold nanoparticles with dif-
ferent stabilizing agents. ] Nanomater. 2012:1-9.

Mochochoko T, Oluwafemi OS, Jumbam DN, Songca SP. Green synthesis of silver
nanoparticles using cellulose extracted from an aquatic weed; water hyacinth. Carbo-
hydr Polym. 2013;98(1):290—4.

El-Sheikh MA, El-Rafie SM, Abdel-Halim ES, El-Rafie MH. Green synthesis of hy-
droxyethyl cellulose-stabilized silver nanoparticles. ] Polym. 2013; 1-11.

Gupta NR, Prasad BLV, Gopinath CS, Badiger, MV. A nanocomposite of silver and
thermo-associating polymer by a green route: a potential soft-hard material for con-
trolled drug release. RSC Adv. 2014;4:10261-8.

Aramwit P, Bang N, Ratanavaraporn ], Ekgasit, S. Green synthesis of silk sericin-cap-
ped silver nanoparticles and their potent anti-bacterial activity. Nanoscale Res Lett.
2014;9(1):1-7.

Bhui DK, Pyne S, Sarkar P, Bar H, Sahoo GP, Misra, A. Temperature controlled syn-
thesis of silver nanostructures of variable morphologies in aqueous methyl cellulose
matrix. ] Mol Liq. 2011;158(3):170-4.



[91]

[93]

[94]

[95]

[96]

[97]

[98]

[100]

[101]

[102]

Biopolymer-mediated Green Synthesis of Noble Metal Nanostructures
http://dx.doi.org/10.5772/62127

Cheng F, Betts JW, Kelly SM, Hector, AL. Green synthesis of highly concentrated
aqueous colloidal solutions of large starch-stabilised silver nanoplatelets. Mat Sci
Eng C. 2015;46:530-7.

Hu M, Chen ], Li ZY, Au L, Hartland GV, Li X, Marquez M, Xia Y. Gold nanostruc-
tures: engineering their plasmonic properties for biomedical applications. Chem Soc
Rev. 2006;35(11):1084-94.

Fabricius AL, Duester L, Meermann B, Ternes TA. ICP-MS-based characterization of
inorganic nanoparticles—sample preparation and off-line fractionation strategies.
Anal Bioanal Chem. 2014; 406(2):467-79.

Hien NQ, Phu DV, Duy NN, Quoc LA. Radiation synthesis and characterization of
hyaluronan capped gold nanoparticles. Carbohydr Polym. 2012;89(2):537—41.

Khlebtsov N, Bogatyrev V, Dykman L, Khlebtsov B, Staroverov S. Analytical and
theranostic applications of gold nanoparticles and multifunctional nanocomposites.
Theranostics. 2013;3(3):167-80.

Jang B, Park ], Tung C, Kim I, Choi Y. Gold nanorod-photosensitizer complex for
near-infrared fluorescence imaging and photodynamic/photothermal therapy in
vivo. ACS nano. 2011; 5(2):1086-94.

Wolfbeis OS. An overview of nanoparticles commonly used in fluorescent bioimag-
ing. Chem. Soc. Rev., 2015: 44, 4743-4768.

Huang X, Jain PK, El-Sayed IH, El-Sayed MA. Plasmonic photothermal therapy
(PPTT) using gold nanoparticles. Lasers Med Sci. 2008;23(3):217-28.

He H, Xie C, Ren J. Nonbleaching fluorescence of gold nanoparticles and its applica-
tions in cancer cell imaging. Anal Chem. 2008; 80(15):5951-7.

Lee HJ, Liu Y, Zhao J, Zhou M, Bouchard RR, Mitcham T, Wallace M, Stafford R]J, Li
C, Gupta S, and Melancon MP. In vitro and in vivo mapping of drug release after la-
ser ablation thermal therapy with doxorubicin-loaded hollow gold nanoshells using
fluorescence and photoacoustic imaging. ] Control Release. 2013;172(1):1-17.

Kavita KK, Vijaya K, Sharanya B, Kattesh VK, Kannan, R. Facile and general method
for synthesis of sugar coated gold nanoparticles. Int ] Green Nanotechnol and Bi-
omed. 2012;29(6):997-1003.

Sathiyanarayanan G, Vignesh V, Saibaba G, Vinothkanna A, Dineshkumar K, Viswa-
nathana MB, Selvin J. Synthesis of carbohydrate polymer encrusted gold nanoparti-
cles using bacterial exopolysaccharide: a novel and greener approach. RSC Adv.
2014;4:22817-27.

Locatelli E, Monaco I, Franchini MC. Surface modifications of gold nanorods for ap-
plications in nanomedicine. RSC Adv. 2015;5:21681-99.

41



42

Recent Advances in Biopolymers

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Biju V. Chemical modifications and bioconjugate reactions of nanomaterials for sens-
ing, imaging, drug delivery and therapy. Chem Soc Rev. 2014;43(3):737-962.

Valentini P, Pompa PP. Gold nanoparticles for naked-eye DNA detection: smart. RSC
Adyv. 2013; 3:19181-90.

Adak AK, Lin H, Lin C, Lin H. Biomolecular chemistry studying carbohydrate — pro-
tein interactions. Org Biomol Chem. 2014;12:5563-73.

Opyelere AK, Chen PC, Huang X, El-Sayed IH, El-Sayed MA. Peptide-conjugated gold
nanorods for nuclear targeting. Bioconjug Chem. 2007;18(5):1490-7.

Zhou F, Xing D, Ou Z, Wu B., Resasco DE, Chen WR. Cancer photothermal therapy
in the near-infrared region by using single-walled carbon nanotubes. ] Biomed Opt.
2009;14(2):0210009.

Kim D, Jeong YY, Jon S. A drug-loaded aptamer gold nanoparticle bioconjugate for
combined CT imaging and therapy of prostate cancer. ACS Nano. 2010;4(7):3689-96.

Chen WH, Chen JX, Cheng H, Chen CS, Yang J, Xu XD, Wang Y, Zhuo RX, Zhang
XZ. A new anti-cancer strategy of damaging mitochondria by pro-apoptotic peptide
functionalized gold nanoparticles. Chem Commun (Cambridge, England).
2013;49(57):6403-5.

Meyers ]D, Cheng Y, Broome, AM, Agnes RS, Schluchter MD, Margevicius S, Wang
X, Kenney ME, Burda C, Basilion JP. Peptide-targeted gold nanoparticles for photo-
dynamic therapy of brain cancer. Particle & Particle Systems Characterization.
2015;32:448-57.

Wagstaff AJ, Brown SD, Holden MR, Craig GE, Plumb JA, Brown RE, Schreiter N,
Chrzanowski W, Wheate NJ. Cisplatin drug delivery using gold-coated iron oxide
nanoparticles for enhanced tumour targeting with external magnetic fields. Inorgani-
ca Chim Acta. 2012;393:328-33.

Thomas R, Park IK, Jeong YY. Magnetic iron oxide nanoparticles for multimodal
imaging and therapy of cancer. Int ] Mol Sci. 2013;14:15910-30.

Pereira C, Pereira AM, Rocha M, Freire C, Geraldes CFGC. Architectured design of
superparamagnetic Fe; O, nanoparticles for application as MRI contrast agents: mas-
tering size and magnetism for enhanced relaxivity. J. Mater Chem B. 2015;3(30):6261-
73.

Murphy CJ, Gole AM, Hunyadi SE, Stone JW, Sisco PN. Alkilany A, Kinard BE, Han-
kins P. Chemical sensing and imaging with metallic nanorods, Chem. Commun.,
2008, 544-557.

Loo C, Lin A, Hirsch L, Lee M-H, Barton J, Halas N, West J, Drezek R. Nanoshell-
enabled photonics-based imaging and therapy of cancer. Technol Cancer Res Treat.
2004;3(1):33-40.



[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Biopolymer-mediated Green Synthesis of Noble Metal Nanostructures
http://dx.doi.org/10.5772/62127

Yuan Z, Chen Y, Li H, Chang H, Chen Y. Fluorescent silver nanoclusters stabilized
by DNA scaffolds. Chem Commun. 2014;50:9800-15.

Gangula A, Podila R, Ramakrishna M, Karanam L, Janardhana C, Rao AM. Catalytic
reduction of 4-nitrophenol using biogenic gold and silver nanoparticles derived from
breynia rhamnoides. Langmuir. 2011;27:15268-74.

Chen ], Zhang X, Cai S, Wu D, Chen M, Wang S, Zhang J. A fluorescent aptasensor
based on DNA-scaffolded silver-nanocluster for ochratoxin A detection. Biosens Bio-
electron. 2014;57:226-31.

Farhadi K, Forough M, Molaei R, Hajizadeh S, Rafipour A. Highly selective Hg*" col-
orimetric sensor using green synthesized and unmodified silver nanoparticles. Sens
Actuator: B-Chem. 2012;161(1):880-5.

Peng J, Ling J, Zhang X, Bai H, Zheng L, Cao Q, Ding Z. Sensitive detection of mercu-
ry and copper ions by fluorescent DNA/Ag nanoclusters in guanine-rich DNA hy-
bridization. Spectrochim Acta A Mol Biomol Spectrosc. 2015;137:1250-7.

Sondi I, Salopek-Sondi B. Silver nanoparticles as antimicrobial agent: a case study on
E. coli as a model for Gram-negative bacteria. ] Colloid Interface Sci. 2004;275:177-82.

Hernandez-Sierra JF, Ruiz F, Cruz Pena DC, Martinez-Gutiérrez F, Martinez AE,
Guillén ADJP, Tapia-Pérez H, Castafion GM. The antimicrobial sensitivity of Strepto-
coccus mutans to nanoparticles of silver, zinc oxide, and gold. Nanomedicine.
2008;4:237-40.

Kaviyaa S, Santhanalakshmi ], Viswanathanb B, Muthumary ], Srinivasan K. Biosyn-
thesis of silver nanoparticles using citrus sinensis peel extract and its antibacterial ac-
tivity. Spectrochim Acta. 2011 (Part A); 79: 594-59.

El-Sherif H, El-Masry M, Kansoh A. Hydrogels as template nanoreactors for silver
nanoparticles formation and their antimicrobial activities. Macromol Res.
2011;19(11):1157-65.

Velmurugan P, Cho M, Lee SM, Park JH, Bae S, Oh BT. Antimicrobial fabrication of
cotton fabric and leather using green-synthesized nanosilver. Carbohydr Polym.
2014;106:319-25.

Speshock JL, Murdock RC, Braydich-Stolle LK, Schrand AM, Hussain SM. Interaction
of silver nanoparticles with Tacaribe virus. ] Nanobiotechnology. 2010;8(19):1-9.

Gusseme BD, Sintubin L, Baert L, Thibo E, Hennebel T, Vermeulen G, Uyttendaele
M, Verstraeten W, Boon N. Biogenic silver for disinfection of water contaminated
with viruses. Appl Environ Microbiol. 2010;76(4):1082-7.

Bart De Gusseme BD, Hennebel T, Christiaens E, Saveyn H, Verbeken K, Fitts JP,
Boon N, Verstraete W. Virus disinfection in water by biogenic silver immobilized in
polyvinylidene fluoride membranes. Water Res. 2011;45: 1856-64.

43



44 Recent Advances in Biopolymers

[129]

[130]

[131]

[132]

[133]

[134]

Elechiguerra JL, Burt JL, Morones JR, Camacho-Bragado A, Gao X, Lara HH, Yaca-
man M]. Interaction of silver nanoparticles with HIV-1. ] Nanobiotechnology.
2005;3(6):1-10.

Lara HH, Ayala-Nufiez NV, Ixtepan-Turrent L, Rodriguez-Padilla C. Mode of antivi-
ral action of silver nanoparticles against HIV-1. ] Nanobiotechnology. 2010;8:1-10.

Panacek A, Kolar M, Vecefova R, Prucek R, Soukupova ], Krystof V, Hamal P, Zboril
R, Kvitek L. Antifungal activity of silver nanoparticles against Candida spp. Biomat-
er. 2009;30(31):6333—40.

Ponarulselvam S, Panneerselvam C, Murugan K, Aarthi N, Kalimuthu K, Thangama-
ni S. Synthesis of silver nanoparticles using leaves of Catharanthus roseus Linn. G.
Don and their antiplasmodial activities. Asian Pac ] Trop Biomed. 2012:574-80.

Gurunathan S, Lee K], Kalishwaralal K, Sheikpranbabu S, Vaidyanathan R, Eom SH.
Antiangiogenic properties of silver nanoparticles. Biomater. 2009;30:6341-50.

Tsuzuki T. Commercial scale production of inorganic nanoparticles, Int ] Nanotech-
nol. 2009;6(5/6): 567-78.



Section 2

Application of Biopolymers







Chapter 3

Biopolymers — Application in Nanoscience and
Nanotechnology

Sneha Mohan, Oluwatobi S. Oluwafemi, Nandakumar Kalarikkal,
Sabu Thomas and Sandile P. Songca

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62225

Abstract

In order to reduce the use of non-renewable resources and to minimize the environmen-
tal pollution caused by synthetic materials, the quest for utilizing biomaterials is on a rise.
Biopolymers in nature are produced by a range of microorganisms and plants. Biopoly-
mers produced by microorganisms require specific nutrients and controlled environmen-
tal conditions. This chapter discusses the recent developments and trends of biopolymers
especially in the field of nanotechnology. A basic introduction regarding biopolymers is
included at the beginning of the chapter. A detailed discussion on various characteriza-
tion techniques used for characterizing biopolymers and various frequently used biopol-
ymers is also included. Applications of biopolymers in various fields, especially in the
field related to nanoscience and nanotechnology, is elaborated at the end of the chapter.
Biopolymers together with nanotechnology have already found many applications in var-
ious fields including water treatment, biomedical application, energy sector, and food in-
dustry. This chapter is intended to give an overview on the importance of biopolymers in
nanotechnology-based applications.

Keywords: Application, Characterization, Biodegradable, Biopolymers, Nanotechnology

1. Introduction

Biopolymers are polymeric biomolecules which contain monomeric units that are covalently
bonded to form larger molecules. The prefix ‘bio” means they are biodegradable materials
produced by living organisms. A wide variety of materials usually derived from biological
sources such as microorganisms, plants, or trees can be described using the term “biopolymer”.
Materials produced by synthetic chemistry from biological sources such as vegetable oils,
sugars, fats, resins, proteins, amino acids, and so on can also be described as biopolymer [1].

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is 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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As compared to synthetic polymers which have a simpler and more random structure,
biopolymers are complex molecular assemblies that adopt precise and defined 3D shapes and
structures. This is one important property which makes biopolymers active molecules in
vivo. Their defined shape and structure are indeed keys to their function. For example,
hemoglobin would not be able to carry oxygen in the blood if it was not folded in a quaternary
structure.

The main property that distinguishes biopolymers from fossil-fuel-derived polymers is their
sustainability, especially when combined with biodegradability. Biodegradable biopolymers
from renewable resources have been synthesized to provide alternatives to fossil-fuel-based
polymers. They are often synthesized from starch, sugar, natural fibers, or other organic
biodegradable components in varying compositions. The biopolymers are degraded by
exposure to bacteria in soil, compost, or marine sediment. Furthermore, subjecting biodegrad-
able biopolymers to waste disposal by utilizing their characteristic of being degradable by the
bacteria in the ground significantly reduces emission of CO, compared with conventional
incineration. Therefore, attention is drawn to the use of biodegradable biopolymers from the
viewpoint of global warming prevention. In recent years, with the critical situation of the global
environment worsening due to global warming, the construction of systems with sustainable
use of materials has been accelerated from the viewpoint of effectively using limited carbon
resources and conserving limited energy resources. Furthermore, the cost of petroleum
feedstocks has risen dramatically and there is a rising consumer interest in using “green” (or
renewable resources) as the basis for consumer products.

One of the fastest-growing materials sectors in the past several years has been the production
of polymers from renewable resources. Their development is fueled by the potential these
polymers hold to replace fossil-fuel-based polymers. The main reasons for this drive can be
summarized as follows: (1) inadequate fossil-fuel resources; (2) pricing instability of fossil fuel;
(3) contribution of fossil fuel as a feedstock to climate change; (4) its occasional role as a political
weapon; and (5) its association with the waste disposal problem created by the fossil-fuel-
derived polymers.

The main objectives of this chapter are to give a basic introduction of biopolymers, its classi-
fication and different sources, and method of preparation. This chapter also describes various
physical and morphological characterization techniques used for biopolymers. Some widely
used biopolymers are discussed in detail followed by applications of biopolymers in various
fields especially in the field of nanotechnology.

2. Different classes of biopolymers

Biopolymers are classified into different ways based on different scales. Based on their
degradability, biopolymers can be divided into two broad groups, namely biodegradable and
non-biodegradable, and alternatively, into bio-based and non-bio-based biopolymers (Fig. 1).
On the basis of their polymer backbone, biopolymers can be classified roughly into the
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following groups: polyesters, polysaccharides, polycarbonates, polyamides, and vinyl
polymers. These groups are again classified into several subgroups based on their origin.

Biopolymers can be classified, depending on the nature of the repeating unit they are made
of, into three groups: (i) polysaccharides are made of sugars (e.g. cellulose found in plants),
(if) proteins are made of amino acids (e.g. myoglobin found in muscle tissues), and (iii) nucleic
acids are made of nucleotides (DNA, genetic material of a given organism). Based on appli-
cation, biopolymers can be classified as bioplastics, biosurfactant, biodetergent, bioadhesive,
biofloculant, and so on.

Biopolymers

[ ] Based on repeating units
Biodegradable  Nonp-biodegradable

¥

Polysaccharrides Proteins  Mucleic acids

Bio based Non-bio based

Based on polymer backbone

Ll ¥

Polyesters Polysaccharrides Polycarbonates Palyamides Vinyl polymers

Figure 1. Different class of biopolymers

3. Sources and preparation of biopolymers

Polymeric biomaterials are synthetically derived or modified polymers designed for various
applications. Engineering the production of novel biopolymers in plants provides a truly
biorenewable avenue for their synthesis. Like all polymer industries, these polymers are also
produced in bulk and then shaped for a specific end use. Microorganisms also play an
important role in producing a huge variety of biopolymers, such as polysaccharides, polyest-
ers, and polyamides which range from viscous solutions to plastics (Table 1). Their physical
properties are dependent on the composition and molecular weight of the polymer [2]. The
properties of various biopolymers synthesized by the aid of microorganisms can be tailored
by the genetic manipulation of microorganisms, thereby making it suitable for high-value
medical application such as tissue engineering and drug delivery.
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Biopolymers which are produced with the help of microorganisms require specific nutrients
and controlled environmental conditions. They are produced either directly via fermentation
or by chemical polymerization of monomers, which are in turn produced through fermenta-
tion. Most biopolymers are biocompatible with no adverse effects on biological systems. The
mechanism of synthesis of biopolymers from bacterial origin is believed to be either as a result
of their defense mechanism or as storage material [3]. They can be degraded by natural
processes, microorganisms, and enzymes so that it can be finally reabsorbed in the environ-
ment. Biopolymers or organic plastics are a form of plastics derived from renewable biomass
sources such as vegetable oil, corn starch, pea starch, and so on (Fig.2). By shifting the focus
more into the biopolymers, the conservation of fossil resources and reduction in CO, emissions
can be achieved thereby promoting sustainable development [4]. Among the microorganisms,
algae serve as an excellent feedstock for plastic production because of their high yield and the
ability to grow in a range of environments. The use of algae opens up the possibility of utilizing
carbon and neutralizing greenhouse gas emissions from factories or power plants. Algae-based
plastics have been a recent trend in the era of bioplastics compared to traditional methods of
utilizing feedstocks of corn and potatoes as plastics. While algae-based plastics are in their
infancy, once they are into commercialization they are likely to find applications in a wide
range of industries. Currently, microbial plastics are considered as an important source of
polymeric material that have a great potential for commercialization. They can modify the flow
characteristics of fluids, stabilize suspensions, flocculate particles, encapsulate materials, and
produce emulsions [5].

<" PHB grmul Lignoceilulosic —a Ena:m_r
biomass T
B — &
| PHB |

* Plastics
Bbma crop s Ghmm

Qilseed crop

(Cunreni Oyginicn in Bcaschnology

Figure 2. Schematic representation of the production of polyhydroxybutyrate (PHB) in both biomass and oilseed crops
[6].
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Polymer Method/ Source Example of bacteria used for
synthesis
Hybrid plastics Adding denatured algae biomass to Filamentous green algae,

petroleum-based plastics like polyurethane

and polyethylene as fillers

Cladophorales

Cellulose-based plastics

Biopolymer of glucose

30 % of the biomass produced after
extraction of algal oil is known to

contain cellulose

Poly-lactic acid (PLA)

Polymerization of lactic acid lactic acid

Bacterial fermentation of algal

biomass

Bio-polyethylene

Ethylene produced from ethanol, by a

chemical reaction called cracking.

Bacterial fermentation of algal

biomass

Ethanol derived from natural gas or

petroleum

Poly esters Biomass Bacteria like Akaligenes eurrophus,

E. coli, etc.

Table 1. Some biopolymers, their sources, and preparation

4. Structure of biopolymers

The structure of biopolymers has been a subject of investigation ever since they were discov-
ered. So far, the most accurate methods for structure determination have been X-ray diffraction
techniques. These techniques are, however, restricted to crystallizable molecules, and it has
not been established if the molecular structure in a crystal is identical to that in solution. Many
methods have been developed or adopted to probe biopolymer properties in solution [7]. The
composition and sequence of the monomer units of biopolymers determine their so-called
primary structure. Conformation, that is, one or another spatial form of the biopolymer
molecules, is determined by their primary structure. Depending on the chemical structure and
external conditions, the molecules may be in one or more preferred conformations.

Specific form and structure provide functionality to biological elements microscopically and
macroscopically. The combination of cell and cell tissues results in the outward appearance of
biological organisms. The causes for the shape of these building blocks of life are manifold.
Biopolymers are important for the organization and functionality of cells. Prominent examples
are the DNA as the carrier of the genetic code and the cytoskeletal filaments building the
scaffold of the cell. The unique property of DNA depends on its equilibrium polymer confor-
mations based on its internal characteristics like flexibility, topology and filament diameter
and external constraints such as confinement. Any variation in these properties will alter the
genetic characteristics of that living system which shows the significance of structure of
biopolymers in living systems.
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5. Different characterization techniques

Most of the techniques used for the characterization of polymers can be utilized for the
characterization of biopolymers. Characterization of biopolymers has two purposes:

1. Development of parameters for processing;
2. Determination of end-use performance characteristics.

Through characterization, the most important properties of interest are molecular mass,
polydispersity, size, degree of association, conformation, interaction, and so on. Some of the
characterization techniques which are used for the analysis of biopolymers are listed in the
following.

5.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR can be used to study the various functional groups and interactions present in biopoly-
mers. Interactions like hydrogen bonding, amide linkage, etc., can be easily detected by
analyzing the spectra [8]. Among various techniques, attenuated total reflection (ATR)
sampling device-based Fourier transform infrared (ATR-FTIR) spectroscopy is considered as
a potential one. It requires minimal sample preparation, permits routine analysis at both
laboratory and on-field environments, and is easy to operate. Visible and near-infrared (VIS
NIR) spectroscopy is a well-established alternative for measuring constituents of biological
materials. The NIR spectrum is influenced by the different vibrational modes of the molecules,
which are caused by their interaction with electromagnetic radiation absorbed at specific
wavelengths. This technique can be used for the identification of several complex components
such as proteins and carbohydrates in biological materials. Chemometrics allows the extraction
of relevant information contained in the spectra for the development of calibration models that
allow the classification and prediction of organic sample’s composition. The thermotropic
phase behavior of a suite of newly developed self-forming synthetic biopolymers has been
investigated by variable-temperature Fourier transform infrared (FT-IR) absorption spectro-

scopy [9].

Various studies have extensively used the FTIR technique to explore the physical and me-
chanical properties of biopolymers. Two-dimensional (2D) correlation analysis was applied to
characterize the ATR spectral intensity fluctuations of immature and mature cotton fibers [10].
FTIR analysis can also be used to verify the interactions between various biopolymers in its
composites [11].

Figure 3 shows FTIR spectra of chitosan-starch films, keratin, and the composites synthesized
with 20 %. Figure 3A (a) shows the band at 3400 cm™ which is assigned to the hydrogen-bonded
hydroxyl groups due to the presence of starch in chitosan-starch film. Fig. 3A (b) shows that
the main vibrations attributed to the keratin structure were identified in the region around
3300 cm™ and correspond to a range of amide bands. Furthermore, the peak at 2945 cm™ is
assigned to the asymmetric vibration of the CH of the methyl group. In Figure 3B (a) the main
peaks related to chitosan-starch films are seen at 700-770 cm™ which correspond to the
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saccharide structure, and the three-characteristic peaks between 995 and 1150 cm™ are
attributed to C-O bond stretching.
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Figure 3. IR spectra of the composite films: A) from 4000-2500 cm™; B) from 1800-700 cm™. (a) chitosan-starch film; (b)
chitosan-starch-short biofiber 20%; (c) chitosan-starch-long biofiber 20 %; (d) chitosan-starch-ground quill 20 %; (e) ker-
atin [11].

In Fig 3A(e) the band at 1630 cm™ is assigned to the C=O group and the peaks at 1530 cm™ and
1510 cm™ are attributed to the in plane bending of NH group, while the signal at 1,430 cm™ is
related to bending of the CH,; group for keratin. FTIR results correlate to the thermomechanical
properties and the morphological features of the composite. The spectrum indicates that a
better storage modulus is obtained for composites with short and large fibers than the
composite with ground quill. Also better distribution is obtained in these composites.

5.2. X-ray diffraction analysis

X-ray diffraction techniques can be successfully used to study the crystallinity of the biopol-
ymers. Figure 4 represents the X-ray diffraction studies of native wheat starch, compressed
starch foam, and compressed starch/fiber foam [12]. The native wheat starch had a semi-
crystalline structure with peaks typical of A-type crystals. The gelatinization/compression
processes during the composite preparation cause decrease of crystallinity resulting in
diffractograms exhibiting a broad amorphous peak with no significant residual A-type
crystallinity. The starch granule structure was disrupted by the processes of gelatinization and
high compression which is clearly visible from the spectrum. Small peaks were found around
20 12.0, 17.3, and 19.5, which is characteristic for crystallographic parameters of VH-type
crystals for destructured starch prepared from solution. For the starch/fiber sample, the
spectrum obtained indicates that the crystallinity of the fiber overlaps with the gelatinized
starch.
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Figure 4. X-ray diffraction profile for native starch, starch (76 MPa) and starch/fiber (76 MPa) [11].

5.3. NMR spectroscopy

The molecular dynamics of water adsorbed on biopolymer surfaces and functional groups of
biopolymers can easily be determined by using the NMR technique [13]. NMR spectroscopic
technique relaxation times and their dependence on temperature and magnetic field have
proved to be a useful source of information for molecular structure, phase change, conforma-
tional exchange, solubility, and diffusion of biopolymers. Many studies of spin-lattice
relaxation time (T,), spin-spin relaxation time (T,), and spin-lattice relaxation time in the
rotating frame (T,) of different biopolymers have been already reported [14]. The molecular
origin of nuclear spin relaxation has been examined in cellulose and its derivatives [15]. In
order to understand the behavior of main functional groups, the effect of temperature on
nuclear-spin relaxation has been probed extensively in biopolymers in cell walls [16, 17]. The
temperature dependence of relaxation times of starch chain has been studied in order to
investigate structure-hydration relationships in the biopolymer [18].

5.4. Thermal analysis

Thermal analysis (TA) method has become an indispensable analytical technique for the
characterization of polymers. The characterization technique provides relevant information
about thermal and chemical stability, phase transition temperatures and kinetics, theology and
molecular relaxation times of the polymers. It provides information regarding the relation
between the polymers chemical structure and their physical properties. The properties of
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processed polymer depend on morphology and molecular chain orientation of the polymer
backbone. In conventional thermal analysis techniques, the method usually involves the
monitoring of material properties as a function of temperature. Differential scanning calorim-
etry (DSC) is one important method used to study the thermal behavior of biopolymers.
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Figure 5. DSC thermograms of PLA/butylated starch blend and blend/MMT composites with MMTclays of different
hydrophobicity. The samples had a clay and starch content of 4.5 wt % and 25.5 wt % of the total composite weight,
respectively. The control sample PLA-ST-0 had no clay [19].

Figure 5 shows the standard/conventional DSC curves of the neat blend and blend/clay
composites. All of the samples showed a glass transition with enthalpy relaxation at approx-
imately 55 °C. There was some apparent cold crystallization for the samples that could not be
clearly separated from the melting endotherm [19]. The melting endotherms appeared at
approximately 150 °C, and the values could not be accurately determined because of the
apparent influence of the cold crystallization exotherms. It was clear that the area under the
cold crystallization and melting peaks (enthalpy of cold crystallization and melting, respec-
tively) was higher for the control sample and the samples with less to moderate hydrophobic
clays when compared with that of the composites with hydrophobic to extremely hydrophobic
clays. This indicated the tendency of the more hydrophobic clays to hinder the re-arrangement
of the PLA molecules into organized crystalline structures. Such a hindrance was highest in
the case of the PLA-ST-C93A composite because of the high level of compatibility between two
phases.

5.5. VIS-NIR spectroscopy

There is an increasing interest in the use of polysaccharides and proteins for the production of
biodegradable films. VIS-NIR spectroscopy is a reliable analytical tool for objective analyses
of biological sample attributes. It can be used to investigate the compositional characterization
of biodegradable materials and correlation of their mechanical properties [20]. Partial least
square regression can be used to investigate the correlation between spectral information and
mechanical properties. Large-scale production of films requires fast and non-invasive analyt-
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ical methods in order to assess film composition and mechanical properties. VIS-NIR spec-
troscopy is a well-established alternative as a non-destructive process analytical technology
for measuring constituents of biological materials. The NIR spectrum is influenced by the
different vibrational modes of the molecules, which are caused by their interaction with
electromagnetic radiation absorbed at specific wavelengths. This technique has been used for
the identification of several complex components such as proteins and carbohydrates in
biological materials. Chemometrics allows the extraction of relevant information contained in
the spectra for the development of calibration models that allow the classification and
prediction of the composition of organic samples [21].

5.6. Scanning Kelvin Probe Microscopy (SKPM)

SKPM has become a very strong tool in material science [22], giving up a surface mapping of
electrostatic potential [23]. Electrical properties have an important role in the rejection of
charged species in membrane applications such as water softening and heavy metal removal.
Increasing membrane charge may improve ion rejection for nanofiltration (NF) and reverse
osmosis (RO) processes. If membrane is electrically charged, electrostatic interaction becomes
significant for ion removal. Nanocomposites which presented the best flows were character-
ized by SKPM for getting information about their electrical potential.
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Figure 6. SKPM views of CTA (cellulose triacetate) and nanofiltration composites MOL (Lignin). Topography and sur-
face potential mapping are shown at the left and at the right side of the figure, respectively [23].
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Figure 6 shows SKPM image of cellulose triacetate and lignin. The dark zones in the images
correspond to a potential difference between surface and AFM tip, whereas no difference
corresponds to bright zones. For neat CTA (cellulose triacetate) membranes, no indication of
electrical potential at the surface of the material was found. When lignin is incorporated into
the polymer membrane, the resulting nanofiltration membranes showed a surface electrical
potential.

6. Frequently studied biopolymers

6.1. Gelatin

Gelatin is a protein made from animal products. It is produced by the partial hydrolysis of
collagen obtained from skin, bones, and tissues of animals. They are mostly derived from type
I collagen containing no cysteine. There are mainly two types of gelatin based on their synthesis
procedure and composition. Type A, which is obtained by acid hydrolysis of collagen, has 18.5
% of nitrogen and type B obtained by the alkaline hydrolysis of collagen has 18 % of nitrogen
as they do not contain amide groups [24]. At elevated temperatures, it melts and exists as coils
and on lowering the temperature, it undergoes coil to helix transformation. Collagen is
resistant to proteases, whereas gelatin is susceptible to these enzymes. Due to the presence of
many functional groups like -NH,, -SH, and -COOH, gelatin can be modified with biomole-
cules and nanoparticles for various applications [25].
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Figure 7. Structure of gelatin

It is hemostatic, pro-angiogenic, non-immunogenic, biodegradable, and biocompatible [26]
and can be cross-linked to form hydrogels [27]. It is an ECM protein with wide number of
applications in bone tissue engineering [28], wound dressing [29], drug delivery [30], and gene
transfection [31]. Gelatin is used for weight loss and for treating osteoarthritis, rheumatoid
arthritis, and brittle bones (osteoporosis). Gelatin is also used for improving hair quality and
to shorten recovery after exercise and sports-related injury. In manufacturing, gelatin is used
for preparation of foods, cosmetics, and medicines.
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6.2. Starch

Starch is a semi-crystalline polymer composed of amylose and amylopectin molecules [32].
The primary carbohydrate used for energy storage in plants is starch, the equivalent of
glycogen in animals. Both starch and glycogen are polymers of glucose, with different
glycosidic linkages between glucose monomers and different degrees of branching. Amylose
is a linear polymer composed of (1-4)-linked a-D-glucopyranosyl units while amylopectin is
avery large molecule made up of (1-4)-linked a-D-glucopyranose chains with a-(1-6) branches.
Starch is one of the most abundant natural polymers and it is cheap and degradable [33].
Properly processed starch can be made into various commercial products [34]. Due to their
sensitivity to moisture and poor mechanical properties, they have only found use in various
niche markets. Studies have shown that by incorporating fibers, the mechanical and barrier
properties of starch products can be improved [35]. Nano and micro structured fibers when
dispersed in the polymer matrix while preparing the composite, will improve its tensile
strength and flexibility [36].

The significance of starch in plants and humans are undeniable. While plants consider it as a
storage of energy, humans need it as a vital part of their diet and also for various commercial
products. Starch and its derivatives have already been explored in various applications like in
the manufacture of paper, textiles and adhesives. Their biodegradable and renewable nature
make them an environmental friendly alternative to the use of synthetic additives in many
other products, including plastics, detergents, pharmaceutical tablets, pesticides, cosmetics,
and even oil-drilling fluids.

6.3. Cellulose

The monomer unit in cellulose is $-1, 4 linked glucan chains with hydrogen bonds formed
between hydroxyl groups and oxygen atoms both within a single glucose chain and between
neighboring chains. Hydrogen bonding and van der Waals forces aggregate glucan chains
together side by side to form cellulose microfibrils. These cellulose microfibrils are then stacked
together to form crystalline cellulose [37]. The polar -OH groups present in the cellulose chain
form many hydrogen bonds with OH groups on adjacent chains, bundling the chains together.
The stacking of chains is so regular that it forms hard, stable crystalline regions, and this gives
the bundled chains more stability and strength. The length of the chain varies greatly from a
few hundred sugar units in wood pulp to over 6000 for cotton. It is the most common natural
organic polymer which is considered as an almost inexhaustible source of raw material for the
increasing demand for environment friendly and biocompatible products. Due to the strong
hydrogen bonding, it is insoluble in common solvents. As a result, it is chemically modified
into ether, ester, and acetal derivatives.

Cellulose, the most abundant biological material on Earth, is also composed of glucose
monomers but joined by beta glycosidic bonds, giving it a straighter shape that packs closely
and provides mechanical strength in wood [38].

The remarkable strength of wood is due to cellulose which is a long chain of linked sugar
molecules. Plant cell walls, which are the basic building block for textiles and paper, also have
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Figure 8. The structural representation of cellulose

cellulose as main component. The purest natural form of cellulose is cotton which is used in
many textile applications.

Recently, cellulose has been excessively used in the form of nanofibrils. Cellulose nanofibrils
(CNF) or nanocellulose is typically generated by mechanical grinding or high-pressure
fluidization of cellulose to remove its lignin content. CNF consists of very thin (5-20 nm) and
long (several pm) fibrils with high aspect ratio. At low concentrations, it forms a transparent
gel-like material which can be used for producing biodegradable and environmentally safe,
homogeneous, and dense films for various applications, especially in biomedical field.
Extraction of CNF has been reported from various sources like coir, banana, sugar beet, hemp,
softwood, and hardwood pulps. After using various plasticizers, various thermal, mechanical,
barrier, and physical properties of the cellulose can be improved so that it can be used in
various commercial applications. Plasticizing improves properties like grease proofness, and
high barrier against oxygen transmission especially at dry conditions. All cellulose-synthesiz-
ing organisms including bacteria, algae, tunicates, and higher plants have cellulose synthase
proteins, which catalyze the polymerization of glucan chains.

6.4. Chitin and chitosan

Chitin is a nitrogen-containing polysaccharide, related chemically to cellulose that forms a
semitransparent horny substance, and is a principal constituent of the exoskeleton, or outer
covering, of insects, crustaceans, and arachnids [39]. The structure of chitin is comparable to
the polysaccharide cellulose, which consists of 3-(1 — 4) linked nacetylglucosamine, forming
crystalline nanofibrils or whiskers. Chitin is the second most abundant naturally occurring
polysaccharide found in the outer shell of crustaceans and insect exoskeleton. Chitin is
insoluble in most of the organic and inorganic solvents. Chitosan, the de-acetylated derivative
of chitin, is a cationic polysaccharide that can form polyelectrolyte complexes with other
polysaccharides and is the second most abundant natural biopolymer after cellulose (Fig. 9).
It consists of B-(1 — 4)-linked D-glucosamine and N-acetyl-D-glucosamine. Due to easy
applicability, water sorptivity, oxygen permeability, blood coagulating property, and cytokine
induction (interleukin-8), which activate the fibroblast migration and proliferation, it is used
as wound dressing material.

Chitosan, due toits good film forming property, has been widely used for casting free-standing
films. It can be applied as a coating on various surfaces to improve the permeability of the



60 Recent Advances in Biopolymers

Figure 9. The structure of (a) chitosan biopolymer

surface against moisture and various gases. The water vapor permeability of the paper
increased as a result of the chitosan coating. Chitosan coatings can be made on to NH;- or
CO,-plasma activated polypropylene films, thereby making the film surfaces hydrophilic and
prevent oxygen, carbon dioxide, and ethylene transmission. Barrier properties can be further
improved by using nanoclays incorporated into chitosan.

6.5. Polylactic Acid (PLA)

Polylactic acid or polylactide (PLA, Poly) is a biodegradable thermoplastic aliphatic polyester
derived from renewable resources, such as corn starch, tapioca roots, chips, starch, or sugar-
cane. PLA is obtainable primarily by the ionic polymerization of lactide, a ring closure of two
lactic acid molecules. At temperatures between 140 and 180 °C and under the action of catalytic
tin compounds (such as tin oxide), a ring-opening polymerization takes place. Lactide itself
can be made through lactic acid fermentation from renewable resources such as starch by
means of various bacteria. PLA can also be produced directly from lactic acid by polyconden-
sation. However, this process yields low molecular weight polymers, and the disposal of the
solvent is a problem in the industrial production. The properties of PLA primarily depend on
the molecular mass, the degree of crystallinity, and possibly the proportion of co-monomers.
A higher molecular mass raises T, as well as T,,, tensile strength, elastic modulus, and lowers
the strain after fracture. Due to the CHj; side group, the material has water-repellent or
hydrophobic behavior. PLA is soluble in many organic solvents, such as dichloromethane or
the like. PLA has higher transparency than other biodegradable polymers, and is superior in
weather resistance and workability.
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Figure 10. Structural formula of PLA

6.6. Poly(e-Caprolactone) (PCL)

Poly(e-caprolactone) (PCL) is a biodegradable polyester which is commonly used for prepar-
ing scaffolds for various tissue engineering applications. It has a low melting point of around
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60 °C and a glass transition temperature of about -60 °C. It is used in the manufacture of
specialty polyurethanes with good water, oil, solvent, and chlorine resistance. PCL can be used
as an additive for resins to improve its impact resistance and their processing characteristics.
PCL is compatible with a range of other materials which enable it to be mixed with other
biodegradable polymers to lower its cost and increase biodegradability. It can also be used as
a polymeric plasticizer to other polymers like PVC. Polycaprolactone is also used for splinting,
modeling, and as a feedstock for prototyping systems such as a 3D printer. PCL is biocom-
patible, biodegradable polymer which has shown to be capable of supporting a wide variety
of cell types. PCL is also a well-known FDA-approved biomaterial which is most widely used
in biomedical field [40]. The PCL is intrinsic hydrophobic in nature. Its poor surface wetting
and interaction with the biological fluids avoid cells adhesion and proliferation [41]. PCL is
prepared by ring opening polymerization of e-caprolactone in the presence of a catalyst. The
significance of PCL in various tissue engineering applications increased because it is degraded
by hydrolysis of its ester linkages in physiological conditions. This property makes it useful
for various implantable biomaterials. Since its degradation rate is lower than that of polylac-
tide, it is proposed to be used as long-term implantable devices.

6.7. Poly-(Vinyl Alcohol) (PVA)

Poly(vinyl alcohol) (PVOH or PVA) is a white, colorless and odorless, water-soluble synthetic
polymer with molecular formula [CH, CH(OH)],. It is commercially available as beads or as
solutions in water. Itis used as thickener in glues, paper-making, sizing agent in textiles, water-
soluble films useful for packing, and a variety of coatings. Polyvinyl alcohol is used as an
emulsion polymerization aid, as protective colloid, to make polyvinyl acetate dispersions. PVA
is prepared by first polymerizing vinyl acetate, and the resulting polyvinyl acetate is converted
tothe PVA.PV A has a wide range of potential applications in optical, pharmaceutical, medical,
and membrane fields. It is a water-soluble polymer and allows the development of environ-
ment-friendly material processes [42].

6.8. Polyvinyl Acetate (PVAc)

Polyvinyl acetate (PVAc) belongs to polyvinyl ester family and is a thermoplastic resin
produced by the polymerization of vinyl acetate monomer. Its general formula is
[CH;COOCHCH,], with a solids content of 50-55 % in water [43]. Most polyvinyl acetate
emulsions available in market contain various co-monomers such as n-butyl acrylate, 2-ethyl
hexyl acrylate, ethylene, dibutyl maleate, and dibutyl fumarate. Polymerization of vinyl
acetate with ethylene can also be used to produce solid vinyl acetate/ethylene copolymers with
more than 50 % vinyl acetate content. Polyvinyl alcohol (PVOH) is produced by methanolysis
or hydrolysis of polyvinyl acetates. The reaction can be controlled to produce any degree of
replacement of acetate groups. Polyvinyl acetate has immense applications in various fields
like biomedical, synthesis of metal nanoparticles, sensing activity, and so on [44].

6.9. Collagen

Collagen is the most abundant protein in human. It is found in the bones, muscles, skin, and
tendons, where it forms a scaffold to provide strength and structure. Endogenously produced,
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collagen plays numerous important roles in health, with the breakdown and depletion of the
body’s natural collagen associated with a number of health problems [45]. Exogenous collagen
is supplied to the body for medical and cosmetic purposes, including helping with healing and
repairing of the body’s tissues. Around 30 % of the protein in the human body is collagen and
80-90 % of the collagen in the body consists of types L, II, and 1Il. Among this, type I collagen
fibrils are stronger than steel hence is the substance that holds the whole body together.
Collagen gives the skin its strength and structure, and also plays a role in the replacement of
dead skin cells. Collagen in medical products can be derived from human, bovine, porcine,
and ovine sources. Collagen dressings attract new skin cells to wound sites [46]. Controllable
factors that damage the production of collagen include sunlight, smoking, and high sugar
consumption.

6.10. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV, is a polyhydroxyl- alkanoate- type
thermoplastic linear aliphatic polyester. PHBV (Fig. 11) is synthesized by bacteria as an
intercellular carbon and energy storage compounds under growth limiting conditions. It is
biodegradable, nontoxic, and biocompatible plastic which can be produced from glucose and
propionate by the recombinant Escherichia coli strains [47]. PHBV is a copolymer of 3-hydrox-
ybutanoic acid and 3-hydroxypentanoic acid and can also be synthesized from butyrolacone
and valerolactone in presence of oligomeric aluminoxane as catalyst. PHBV has many
applications especially for the development of implanted medical devices for dental, ortho-
pedic, hernioplastic, and skin surgery. Various potential medical devices like bioresorbable
surgical sutures, biodegradable screws and plates for cartilage and bone fixation, biodegrad-
able membranes for periodontal treatment, surgical meshes with PHBV coating for hernio-
plastic surgery, wound coverings, and the like have been developed using this biopolymer [48].
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Figure 11. Structural formula of PHBV

7. Applications of biopolymers

Biopolymers, due to its biocompatible and biodegradable nature, can be used to improve the
performances of other biologically active molecules in a product. They can also be modified
to suite various potential applications which include the following.

7.1. Synthesis of nanomaterials

Nanotechnology is the science of nanomaterials which deals with its synthesis, characteriza-
tion, and applications. Researchers are currently focusing on developing more eco-friendly
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processes for the synthesis of nanoparticles. The main focus for the synthesis protocol has
shifted from physical and chemical processes towards “green” chemistry and bioprocesses.
Metal nanoparticles, due to their quantum size effects, possess various novel properties.
However, most of their synthesis protocol imposes a major threat to the environment [49]. In
common synthetic methods, the reducing agents used which include organic solvents and
toxic-reducing agents like hydrazine, N-dimethylformamide, and sodium borohydride are
considered to be highly toxic for the environment [50]. All these chemicals are highly reactive
and pose potential environmental and biological risks. With the increasing interest in mini-
mization/elimination of waste and adoption of sustainable processes, the development of
green chemistry approaches is desirable. Biopolymers have been extensively used as capping
and reducing agent for the synthesis of various nanoparticles. Biopolymers like chitosan,
heparin, soluble starch, cellulose, gelatin, PVA, PVP, and so on can be used to replace various
toxic regents in synthesizing different nanoparticles [51-53].

7.2. Biomedical applications

In recent years, biopolymer materials have aroused great interest because of their biomedical
applications, such as those in tissue engineering, pharmaceutical carriers, and medical devices
[54, 55]. A common biopolymer, gelatin, was widely applied in medicine for dressing wounds,
as an adhesive, and so on. Porous gelatin scaffolds and films were produced with the help of
solvents or gases as simple porogens, which enable the scaffolds to hold drug or nutrients to
be supplied to the wound for healing [56]. Electrospun PLGA-based scaffolds have been
applied extensively in biomedical engineering, such as tissue engineering and drug-delivery
system [57]. MWCNT-incorporated electrospun nanofibers with high surface area-to-volume
ratio and porous characteristics have also shown potential applications in many aspects of
tissue engineering [58, 59].

Biomaterials made from proteins, polysaccharides, and synthetic biopolymers are preferred
but lack the mechanical properties and stability in aqueous environments necessary for
medical applications. Cross-linking improves the properties of the biomaterials, but most
cross-linkers either cause undesirable changes to the functionality of the biopolymers or result
in cytotoxicity. Glutaraldehyde, the most widely used cross-linking agent, is difficult to handle
and contradictory views have been presented on the cytotoxicity of glutaraldehyde-cross-
linked materials [60].

7.3. Food industry

Replacing the oil-based packaging materials with biobased films and containers might give
not only a competitive advantage due to more sustainable and greener image but also some
improved technical properties. Biopolymers are currently used in food coatings, food pack-
aging materials, and encapsulation matrices for functional foods. They provide unique
solutions to enhance product shelf life while also reducing the overall carbon footprint related
to food packaging [61]. Within food-related applications, these biobased materials are partic-
ularly useful in three main areas: food packaging, food coating, and edible films for food and
encapsulation. The most commercially viable materials in food packaging are certain biode-
gradable polyesters and thermoplastics like starch, PLA, PHA, and so on, which can be
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processed by conventional equipment. These materials are already used in a number of
monolayer and multilayer applications in the food-packaging field. Starch and PLA biopoly-
mers are potentially the most attractive types of biodegradable material. This is due to the
balance of their properties and the fact that they have become commercially available. PLA is
of particular interest in food packaging, due to its excellent transparency and relatively good
water resistance. The challenge for these specific biomaterials is to improve their barrier and
thermal properties so that they perform like polyethylene terephthalate (PET). Other materials
extracted from biomass resources, such as proteins (e.g., zein), polysaccharides (e.g., chitosan),
and lipids (e.g., waxes), also have excellent potential as gas and aroma barriers. The inherent
high rigidity and the difficulty of processing them in conventional equipment are the main
drawbacks of these types of materials. The hydrophilic nature of most of the biopolymers
affects their use as high-end products. The absorption of moisture causes plasticization of these
materials thereby deteriorating the barrier properties of these materials.

Renewable polymers have also been used for encapsulation purposes. Encapsulation has
previously been described as a technology to protect sensitive substances against the influen-
ces of adverse environments. The term “microencapsulation” refers to a defined method of
wrapping solids, liquids, or gases in small capsules, which can release their contents under
specific circumstances [62]. Such technologies are of significant interest to the pharmaceutical
sector. The increasing interest in edible films and coatings using biopolymers is due to their
ability to incorporate a variety of functional ingredients. Plasticizers, such as glycerol, acetylat-
edmonoglyceridesand polyethylene glycol, which are used tomodify themechanical properties
of the film or coating, make significant changes to the barrier properties of the film. However,
the major advantage of coatings is that they can be used as a vehicle for incorporating natural
or chemical active ingredients, such as antioxidants and antimicrobial agents, enzymes, or
functional ingredients, like probiotics, minerals, and vitamins. These ingredients can be
consumed with the food, thus enhancing safety, nutritional, and sensory attributes. Edible films
can be used as flavor or aroma carriers in addition to providing a barrier to aroma loss [63].

Chitosan has shown great potential as an antimicrobial packaging agent to preserve food
against a wide variety of microorganisms. Incorporating antimicrobial compounds into edible
films or coatings provides anovel way to improve the safety and shelf life of ready-to-eat foods.
Lysozyme is one of the most frequently used antimicrobial enzymes in packaging materials,
since it is a naturally occurring enzyme. Biopolymers such as amylose, when mixed with
plasticizers have excellent potential in forming thin films for various food and packaging
applications [64]. Starch has high sensitivity to relative humidity (RH) due to its hydrophilic
nature and this can be reduced by introducing plasticizers which enhances the flexibility of
the matrix [65,66]. But this technique also has some limitations due to the complex interactions
between the hydrophilic plasticizers and the starch. An “anti-plasticization” process takes
place with increased stiffness of the matrix if the structure of the plasticizer molecule and the
polymer matrix is not compatible [67].

7.4. Packaging applications

Currently, the most commercially viable materials in food packaging are certain biodegradable
polyesters, which can be processed by conventional equipment. These materials are already
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used in a number of monolayer and multilayer applications in the food-packaging field.
Among the most widely researched thermoplastics, the sustainable biopolymers used in
monolayer packaging include starch, PHA, and PLA [68]. Starch and PLA biopolymers are
potentially the most attractive types of biodegradable material. This is due to the balance of
their properties and the fact that they have become commercially available. The challenge for
these specific biomaterials is to improve their barrier and thermal properties so that they
perform like polyethylene terephthalate (PET). Other materials extracted from biomass
resources, such as proteins (e.g., zein), polysaccharides (e.g., chitosan), and lipids (e.g., waxes),
also have excellent potential as gas and aroma barriers. The main drawbacks of these types of
materials are their inherently high rigidity and the difficulty of processing them in conven-
tional equipment.

For bio-based food-packaging applications, the most important parameter to be considered is
its barrier properties. Hydrophilic polymers usually have poor moisture resistance which
cause water vapor transmission through packaging and thus affect the quality of foods. This
results in shorter shelf lives, increased costs, and eventually more waste. Another technique
to improve the barrier properties of biopolymers is to add various nanofillers like nanoclays,
metal oxide nanoparticles, and so on [69]. Among the bioplastics, polyglycolic acid (PGA) has
excellent barrier properties thus it's one of the most promising new commercially available
barrier polymers. Its precursor, glycolic acid, can now be produced via a natural metabolic
route, the glyoxylate cycle.

7.5. Water purification

Safe drinking water is a significant, but simple indicator of development. Nanotechnology has
shown promising developments in providing safe drinking water through effective purifying
mechanisms. Several nanomaterials have already proved to have antibacterial and antifungal
properties. Developing affordable materials which can constantly release these antibacterial
materials like silver nanoparticles to water is an effective way of providing microbially safe
drinking water for all. Developing various nanocomposites with functional materials which
can scavenge various toxic metals like arsenic, lead, etc., from water together with the
antibacterial agents can result in affordable water purifiers that can function without electric-
ity. The main challenge in this technology is developing stable materials which can release
nanoparticles continuously overcoming the scaling on nanomaterials caused by various
complex species present inside water.

A relatively new biopolymer, chitosan, shows superior performance where many conventional
polymers fail. It is a versatile polymer with applications in water treatment, biomedical and
dietary supplement industries. Chitosan is used as a flocculant in water treatment processes
and will biodegrade in the environment over periods of weeks or months rather than years.
Compared to chitosan, many aggressive and cheap synthetic flocculants are available but they
leave a residual impact on the environment. Chitosan removes metals from water by forming
chelates.

Chelation is a process by which multiple binding sites along the polymer chain bind with the
metal to form a metal cage like structure, to remove it from a solution. This property of chitosan
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together with its biodegradability make it an eminent candidate for treating difficult industrial
storm water and waste water, where conventional methods failed to reduce the contaminant
levels. Porous GO-biopolymer gels can efficiently remove cationic dyes and heavy metal ions
from wastewater [70]. Nanocrystalline metal oxyhydroxide-chitosan granular composite
materials prepared at near room temperature through an aqueous route was also efficient in
water purification [71]. Nanofiber membranes can improve the water-filtration process
without adversely affecting environment. Combining various nanomaterials together with
biopolymers can effectively restrict the formation of biofilms on the polymer surface.

8. Conclusions

Increasing awareness towards the sustainable development has caused the researchers to think
about natural and biodegradable polymers for replacing synthetic polymers for various
applications. Nanotechnology has already emerged as the future technology which can make
tremendous changes to the current existing technology. Various biopolymers are produced by
the bacteria under limiting conditions to store carbon and energy resources. Incorporation of
various nanofillers to these biopolymers will improve its mechanical and barrier properties
which will improve its various applications. The biocompatibility together with the biode-
gradability of these materials encourages the use of these materials in day-to-day applications.
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Abstract

This chapter provides an overview of recent advances in the field of laser-based synthesis
of biopolymer thin films for biomedical applications. The introduction addresses the im-
portance of biopolymer thin films with respect to several applications like tissue engi-
neering, cell instructive environments, and drug delivery systems. The next section is
devoted to applications of the fabrication of organic and hybrid organic-inorganic coat-
ings. Matrix-assisted pulsed laser evaporation (MAPLE) and Combinatorial- MAPLE are
introduced and compared with other conventional methods of thin films assembling on
solid substrates. Advantages and limitations of the methods are pointed out by focusing
on the delicate transfer of bio-macromolecules, preservation of properties and on the
prospect of combinatorial libraries’ synthesis in a single-step process. The following sec-
tion provides a brief description of fundamental processes involved in the molecular
transfer of delicate materials by MAPLE. Then, the chapter focuses on the laser synthesis
of two polysaccharide thin films, namely Dextran doped with iron oxide nanoparticles
and Levan, followed by an overview on the MAPLE synthesis of other biopolymers. The
chapter ends with summary and perspectives of this fast-expanding research field, and a
rich bibliographic database.

Keywords: Biopolymers, MAPLE and Combinatorial- MAPLE, thin films, biomedical ap-
plications

1. Introduction

During the last decades, thin film layers have proved to be in the forefront for continuous
developments in nanosciences and nanotechnologies [1]. Several research fields are nowadays
related to thin films with a broad range of potential applications. Thin (<1 ym) and very thin
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films (<100 nm) have already proven as key prospectives for advances in semiconductor
devices, wireless and telecommunications, integrated circuits, solar cells, light emitting diodes,
liquid crystal displays, magneto-optic memories, audio and video systems, compact disks,
electro-optic coatings, memories, multilayer capacitors, flat-panel displays, smart windows,
computer chips, magneto-optic disks, lithography, micro-electro-mechanical systems, and
multifunctional protective coatings, as well as other emerging cutting-edge technologies [1].
Among them, biopolymer thin films area hot topic for biomedical applications like tissue
engineering and cell instructive environments, drug delivery systems, antimicrobial surfaces,
or biosensors.

Both natural and synthetic biopolymer thin films are representatives for engineering of the
cell/biomaterial interface in view of controlling cell behavior, with a high impact for the design
of instructive surfaces for tissue repair or cell supports [2]. Several techniques for the synthesis
of biopolymer thin films such as dip-coating, spin-coating, drop-casting, and Langmuir—
Blodgett are currently used. Separately, each technique exhibits advantages and drawbacks,
generally allowing the assembling of a limited class of compounds [3, 4].

Pulsed laser technologies have extensively confirmed to be versatile for the fabrication of high-
quality biomaterial thin films as they ensure the stoichiometry preservation [5]. However, in
case of biopolymers, Pulsed Laser Deposition (PLD) induces an irreversible damage of the
organic materials’ composition due to high laser intensities [6]. This limitation is avoided by
the new technique called matrix-assisted pulsed laser evaporation (MAPLE), which allows
transferring delicate, large molecular-mass organic compounds [7-9]. Indeed, after the first
implementation in the late 1990s [10], MAPLE proved to attain its maturity with the synthesis
of functional, high-quality organic thin films, as reported by Guo et al. [11]. Laser technologies
have thus been shown to successfully apply to transfer polysaccharides [12-18], proteins
[19-23], or even living organisms like bacteria [24, 25], fungi [26], or mammalian cells [27-29].

Among the three main classes of natural biopolymers (polynucleotides, polypeptides, and
polysaccharides) [30], this chapter focuses on the advanced laser synthesis of two polysac-
charide thin films, namely Dextran doped with iron oxide nanoparticles and Levan. A detailed
literature survey overviews the MAPLE synthesis of other biopolymers. Moreover, the
possibility to fabricate combinatorial libraries of biopolymers by advanced laser technique in
a single-step process is mentioned.

The use of polysaccharides as biomaterials has evolved over the past several decades, covering
biomimetic approaches. A simple classification divides the polysaccharides as derived from
non-mammalian or mammalian sources. The first group includes Alginate, Chitin, and
Dextran, among others, which possess similar saccharide structure although having different
origins [31, 32]. The interest in these materials is due to their relatively easy extraction and
purification of large quantities at low cost. Mammalian polysaccharides, such as the Glycosa-
minoglycans chondroitin sulfate, Hyaluronan, and Heparin, possess chemical similarities to
the non-mammalian ones but their isolation is more complicated [33-35]. Their unique
biological functionality, e.g., specific binding with multiple proteins, has raised increased
interest for application in the field of biomaterials, as reviewed in Ref. [36].
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Like other non-mammalian polysaccharides, Dextran is not present in human tissues, being
expressed by bacteria such as either Leuconostoc mesenteroides or Streptococcus mutans [32]. It is
a complex branched glucan (polysaccharide made of many glucose molecules) consisting of
chains of different lengths (from 3 to 2000 kDa). Dextran is highly water-soluble and easily
functionalized through its reactive hydroxyl groups [37]. As a biodegradable and biocompat-
ible biopolymer, it was investigated as a blood plasma replacement in the early 1940s [38].
Dextran could be functionalized with nanoparticles [18, 39, 40] or conjugated with different
polymers [41-44] for various biomedical applications as described in Section 4.1.

Among natural polysaccharides, Levan is a high molecular weight, water-soluble bacterial
exopolysaccharide ((32,6-linked fructan) [45]. It is produced by microbial fermentation of
Halomonas smyrnensis AAD6" batch cultures grown on pretreated sugar beet molasses [46].
Due to its anticancer [47], anti-inflammatory [48], anticytotoxic [46], and antitumoral [49-51]
properties, Levan is a promising biopolymer with a huge potential for biomedical applications.
Some other application fields are in textiles, cosmetics, wastewater treatment, food, and
pharmaceutical industries [46, 50, 52]. Sima et al. [12] reported for the first time on pure and
oxidized Levan nanostructured thin films assembling by MAPLE (Section 4.2). The authors
evidenced a high potential for cell proliferation for both coatings (with certain predominance
for oxidized Levan) by in vitro colorimetric assays.

The latest progress achieved in the development of new materials or innovative properties is
often based on combinatorial processes. Usually, the fabrication of a multicomponent organic
coating is performed by film casting procedures [53, 54]. Compositional and/or thickness
gradient thin films of polymers are produced by premixing different polymer solutions,
followed by applying a linear temperature gradient [55]. Subsequently, stem cells were
exposed to molecule combinations arrays, looking for synergistic effects that could direct cell
fate [56]. Other studies reported binary combinations of an adhesive molecule and a growth
factor in view of parallel testing of several environmental media to control the evolution of
neural stem cells [57]. This approach is based on previously tested well-defined concentrations
of biomolecules to obtain the desired combinations.

This chapter introduces an innovative solution for the synthesis of combinatorial libraries of
biopolymer thin films by Combinatorial-MAPLE (C-MAPLE) technique (Section 4.3). The
compositional gradient occurs in this case naturally along the substrate by the simultaneous
laser irradiation of two cryogenic targets and thin-film co-deposition. A representative
example is for Levan (L) and oxidized Levan (OL) biopolymers, in vitro cell culture assays
illustrating characteristic responses of cells to specific surface regions [13]. The versatility of
the method for the synthesis of hybrid materials and further possible developments are
summarized.

2. Laser-based techniques for the synthesis of biopolymer thin films

2.1. Complementary techniques for organic thin films’ fabrication

Nowadays, there is a large body of experimental studies focused on the deposition of thin,
uniform, and adherent films of numerous types of polymers, organic materials, and
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biomaterials (soft materials). The goal is the fabrication of controlled structures (or
nanostructures) essential to be used, for instance, in diverse areas such as medical field,
packaging, cosmetics, clothing fabrics, food additives, industrial plastics, water treatment
chemicals absorbents, biosensors and detectors, or data storage elements [58]. For this
purpose, one needs to choose an appropriate deposition method which should depend on
the physical-chemical properties of the biomaterial, requirements for film quality, type of
the substrate, and the production costs [25].

There exist techniques that can be used to deposit highly uniform biopolymers thin films and
micro-patterns [59], like laser-induced forward transfer (LIFT) [60] or Matrix-assisted laser
desorption/ionization (MALDI) [61]. Besides, sol-gel, layer by layer (LbL), aerosol spraying,
dip coating, and spin coating are techniques that entail liquid solutions of the material in a
volatile solvent [7, 62, 63]. A common method to obtain surfaces with a single biomolecular
layer is Langmuir-Blodgett (LB) dip coating, using self-assembled monolayers [7, 64, 65].

In spite of the rich list reported in the literature of biomaterials deposited thin films, these
techniques have their own merits but also disadvantages (e.g., manufacturing of a limited class
of biomaterials). In order to obtain a better quality of thin films, these techniques should allow
the control of several parameters during and after deposition. In short, in the case of LB
method, key parameters have been identified to be crucial for obtaining high-quality thin films,
e.g., deposition speed or transfer surface pressure [66]. These parameters directly affect the
adhesion strength between film and substrate, causing delamination of the layer or generating
discontinuities in the structure, which worsen the homogeneity of the films [67]. Also, this
technique is limited to very thin layers [68, 69].

Sol-gel is a largely used method, successfully applied to obtain organic/inorganic hybrid
coatings [70, 71] through precipitation by chemical reactions in liquid medium. In spite of its
advantages, sol-gel technique will never reach its full potential due to some limitations, e.g.,
poor coating adhesion, low wear-resistance, involvement of liquid media that could impede
the multilayer assembling (affect interfaces), high permeability, limit of the maximum coating
thickness (~0.5 um) [72], and difficulties in controlling porosity. On the other hand, a thick
organic coating often results in failure during thermal process. Moreover, sol-gel is a substrate-
dependent technique, and the thermal expansion mismatch hampers the wide application.

Other drawbacks that restrict the application of these methods are related to the choice of the
solvent or liquid media issues during multilayer assembling, difficulties in obtaining large-
area uniform thin coatings, or that the methods are time- and material-consuming [73-77].

It is widely accepted that the surface topography has a significant influence in a wide range
of organic materials applications. In addition to surface topography and chemistry, thin film
adhesion to the substrate also plays an important role. According to the literature, the current
coating techniques [78, 79] provide inadequate coating adhesion to the substrate.

Nowadays, it is considered that laser-based technologies are among the main, most powerful
tools for fabrication of micro- and nano-arrays of a wide range of different biomaterials with
controlled thickness (with the precision of 1 A), good adhesion to the substrate, and specific
surface properties. Moreover, these methods permit the relatively uniform spreading of
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material over rather large areas, control of substrate temperature, low material consumption,
and stoichiometry conservation of the growing film.

Nevertheless, when using UV lasers such as excimers operating at 193- or 248-nm or frequency
tripled Nd:YAG lasers at 355 nm (6.4-3.5 eV/photon) to obtain thin films of very complex
delicate biomolecules, irreversible damage of the chemical bonds and consequent composi-
tional modification are induced. Consequently, PLD technique is not a viable option for
fabrication of complex biomolecules such as polymer thin films [6].

2.2. Matrix-Assisted Pulsed Laser Evaporation (MAPLE)

Discovered at the end of the 1990s at the Naval Research Laboratory, MAPLE has become
nowadays an active area of research [9, 80]. Developed as a complementary method to PLD,
MAPLE has introduced new advancements in laser methods deposition of thin films. In short,
MAPLE provides gentler pulsed laser evaporation, a less damaging approach for transferring
many different compounds including small or large molecular weight species, such as organic
and polymeric molecules [81].

MAPLE technique has been successfully applied to obtain thin films of sensitive materials
avoiding thermal decomposition and irreversible degradation under the action of electric or
magnetic fields. Applications targeted development of biosensing, chemical sensing, and
biochemical analysis, as well as drug delivery systems and the developing of a new generation
of implants [19, 82-86]. In MAPLE, the laser-induced material ejection is generated backward
from a solid cryogenic target. The expulsed substance is assembled on substrates, where it
forms a thin film with a thickness from a few to several hundreds of nm. The incident laser
pulse used for MAPLE initiates two photo-thermal processes in the matrix: evaporation of the
frozen composite target and transfer of the material onto the substrate. The schematic of
MAPLE setup is presented in Figure 1.

Typically, the target consists of base material (less than 10% wt.) dissolved/suspended into a
laser wavelength absorbing solvent when in frozen state. The organic material molecules reach
sufficient kinetic energy by collective collisions with the evaporating solvent molecules,
ensuring a controlled transfer on the substrate, in gas phase. Since the receiving substrate is
usually kept at room temperature and the sticking coefficient of the solvent is nearly zero, the
evaporated solvent is efficiently pumped away by the vacuum system. The solvent and solute
concentration should be selected so that: the solute can be dissolved to form a dilute, particu-
late-free solution; most of the laser energy has to be absorbed by the solvent molecules rather
than the solute ones; and no photochemical reaction is produced between solvent and solute.
By optimization of the MAPLE deposition parameters (laser wavelength, repetition rate, laser
fluence, solvent type, solute concentration, substrate temperature, background gas and
pressure), the process can proceed without significant material decomposition [6, 25, 81]. It
was demonstrated that MAPLE could provide more crystalline layers as compared to PLD
method from the same materials [87]. Recent comprehensive reviews on MAPLE deposition
of organic, biological and nanoparticle thin films illustrated large potential (drug delivery,
biosensors, etc.) applications of thin coatings obtained by this method [9, 88].
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Figure 1. The experimental setup of MAPLE method.

2.3. Compositional library thin films fabrication by Combinatorial- MAPLE

Recently, improvements have been made on MAPLE technique based on developing a new
concept for the synthesis of functionalized biomaterials surfaces. Combinatorial-MAPLE
technique was introduced as a new approach for the fabrication of gradient organic/inorganic
thin films, for the identification of best bioactive surfaces able to modulate and control cell
behavior [13]. In C-MAPLE experiments, two targets are simultaneously evaporated by laser
beams. Different lasers could be used, having different characteristics (pulse duration,
wavelength, repetition rate), or the beam of one laser is divided into two beams (Figure 2) by
an optical splitter.

The two beams are independently focused onto the surface of each target, containing the frozen
solutions to be irradiated. To grow uniform thin films, the targets are continuously rotated
(from 1 to 80 rpm). This arrangement is preferred to avoid drilling and allow for the expulsion
of materials in an accurate mode. To deposit high-quality films with controlled thickness, one
should choose for each compound the appropriate fluence and number of laser pulses to
reasonably balance the deposition rate along the length of the substrate. This particular
combinatorial setup allows for the smooth and isotropic interpenetration and mixing of the
two substance fluxes evaporated form the targets, resulting in the deposition of a continuous
and uniform composition gradient. A gradient of composition from 100% A material to 100%
B material is thus obtained on a substrate, as schematically depicted in Figure 3.

This method opens the possibility to both combine and immobilize two or more materials,
dissolved in different solvents, using diverse wavelengths. Further, by investigating the
obtained structures by physical, chemical, and biological methods, one could select the best
compositions that can be synthesized from the two components. The advent of Combinatorial-
MAPLE could open new research frontiers in identification of the best dosage between several
organic and/or inorganic materials with great prospective for many applications.
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Figure 2. The experimental setup of C-MAPLE method.

A=193, 248 or 308 nm
T=5-25ns
v=1-40 Hz

Figure 3. The design of the experimental setup.

3. Theoretical aspects of laser-matter interactions: Insights for MAPLE

The understanding of the fundamental processes responsible for the molecular transfer
(physical mechanisms governing the ejection) of delicate materials when suspended in a
volatile matrix in form of an icy target should be investigated in order to explain the experi-
mental results. More concretely, the large surface roughness specific to MAPLE depositions
could not be accounted for in terms of the first explanations advanced in Ref. [6], where it is
hypothesized that the matrix absorbs laser energy and converts it into thermal energy which
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will vaporize the solvent molecules. Then, the active material molecules are displaced onto the
collector surface after collisions with solvent molecules. Moreover, the studies have proved
that it is mandatory to make an appropriate choice of transfer parameters (laser wavelength,
incident fluence and pulse duration, type of solvent, substrate nature and temperature, and
nature and pressure of the background gas). When these conditions are met, MAPLE ensures
the “soft” ejection and transfer of delicate material molecules preserving their chemical
structure and very likely their functionality and biologic activity. Accordingly, the proper
choice of solvent and deposition conditions is essential for getting the best possible compro-
mise between films bioactivity and morphology.

Before 2007, no theoretical or computational works for a better understanding of MAPLE
process have been conducted. Leveugle and Zhigilei [89] developed for the first time a
computational model (a coarse-grained molecular dynamic (MD) model) to explain the basic
mechanisms related to laser—material interaction and non-equilibrium processes and the
resulting film characteristics, especially morphology. The authors demonstrated that even at
low concentration (0.1-5% wt.) of active material in the matrix, the active molecules can
influence the molecular ejection and subsequently the morphology of the films. The MD
simulations were conducted for a laser wavelength of 337 nm with pulse duration of 50 ps and
incident laser fluences in the range 3-9 mJ/cm? It was revealed that below the ablation
threshold of the matrix (3.5 mJ/cm?), only an evaporative process occurs. In this regime, the
matrix molecules solely get vaporized and no active molecules are ejected. For laser fluences
superior to this threshold, an explosive process takes place accompanied by ejection of clusters
and liquid particles from the MAPLE target. This results in the deposition of thin coatings with
a high roughness morphology. In addition to this, the simulations predicted that also the
composition of the target surface can be modified by the ablation process induced by matrix
evaporation. It is expected that an increase of active material concentration in the target is
produced, especially in a multipulse irradiation regime.

The ejection of clusters composed of solute and matrix molecules and the rough surface of
the MAPLE coatings seem inevitable. However, the quality of the growing films can be, at
least partially, controlled by the temperature of the substrate and possible post-deposi-
tion treatments.

Based on this model, it is possible to avoid or minimize the deposition of molecular clusters
in MAPLE and achieve a molecule-by-molecule deposition of ultrathin films without signifi-
cant roughness by selecting the appropriate set of transfer parameters.

Water, “the universal solvent,” is perhaps the most versatile matrix for biopolymers. A frozen
aqueous solution is an attractive medium since such an icy matrix has turned out recently to
yield promising results for biomolecule transfer from targets to selected substrates [21, 90,
91]. However, the laser light at 248 nm is not very efficiently absorbed by the ice matrix, but
is on the other hand less harmful to the bonds in the polymer than light at shorter wavelengths
[92].

When using a water matrix, the ablation process could be related to local overheating of
absorbing areas constituted by biomolecules in the outmost surface layer, heating the solvent
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in their vicinity [93]. In vacuum conditions, the water solvent starts boiling at room tempera-
ture, the vapors transporting the biomolecules toward the substrate surface. The material
ejection is consequently produced at lower temperature than the degradation threshold.

Another mechanism based on nonhomogeneous absorption could be applied for low laser fluence,
when the mass ejection is produced by surface evaporation, but also for higher fluences when
the expulsion is governed by the hydrodynamic ablation [94]. A frozen MAPLE target contains
not only the molecules of active materials and of the matrix but also different phases such as
ice cracks, air bubbles, or other defects. These phases were suggested to be involved in light
absorption or scattering processes during laser irradiation of the heterogeneous frozen target.
Accordingly, the absorption was found to be higher in ice as compared to water. The laser
absorption can be increased by the addition of other compounds in the solution, which
introduce local modifications of material properties [9].

These MD simulation and models allow achieving two main objectives of MAPLE, which are
as follows: (7) to avoid photo-chemical and photo-thermal molecular fragmentation (also called
“bond scission”) characteristic to PLD, and (ii) to achieve deposition of highly uniform thin
films that cannot be obtained by solvent-based coating methods.

4. Biopolymer thin films for biomedical applications

4.1. Hybrid Dextran—iron oxide thin films

The development of hybrid biomaterials, in particular in the form of thin films, has received
a growing interest in the last decades mainly due to their biomedical applications. It is
generally accepted that both synthetic and natural biopolymers could be used in biomaterials
research, because of their unique structures that allows for a specific functionalization for
desired applications [36]. Moreover, embedding metal and/or metal oxide nanoparticles (NPs)
into an organic and/or inorganic matrix could lead to the fabrication of a novel generation of
smart biomaterials, with optimized properties [95].

As known, Dextran is a natural biopolymer that can be synthesized from fermentation of
sucrose-containing media [31, 37]. Its structure consists of linear (1 — 6)-a-D-glucose, with
branches extending mainly from (1 — 3) and occasionally from (1 — 4) or (1 — 2) positions
accounting for a 5% degree of branching [36]. Due to its specific properties (neutral and water-
soluble, easy to functionalize through its reactive hydroxyl groups, biodegradable, biocom-
patible, long-term stability), it is intensively used in several biomedical applications like an
antithrombotic (antiplatelet) to reduce blood viscosity, and as a volume expander in hypovo-
lemia [96]. Moreover, Dextran-based coatings were proven to develop well-defined surface
modifications that could induce specific cell interactions and enhanced performances in long-
term biomaterial implants [97].

In the last decades, biocompatible iron oxide NPs have attracted increased consideration due
to promising properties for the biomedical field. Applications reported in the literature are
related to: contrast agents in magnetic resonance imaging (MRI) [98, 99], in vitro cell separation
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[100], in vivo diagnosis of cancer [101], targeted destruction of tumor tissues by hyperthermia
[102, 103], and targeted drug delivery systems since allows activation by applying an external
magnetic field [104, 105]. However, for such applications the NPs must combine several
different properties like high magnetic saturation, biocompatibility, and interactive functions
at the surface. Accordingly, in most of the cases, a further modification of their surfaces is
mandatory by applying thin organic and/or inorganic coatings [106] in view of binding to
drugs, proteins, enzymes, antibodies, or nucleotides [107]. The most studied iron oxide NPs
are maghemite y-Fe,O; and magnetite Fe;O, with single domains of about 5-20 nm in
diameter. Details about their chemical synthesis, surface engineering, and effectiveness for
biomedical applications were reviewed by Gupta and Gupta [107].

Although emerging applications envisioned, it was only recently reported that the nanosized
feature of particles could be associated to cytotoxicity [108, 109], at least when large amounts
of NPs have to be used. Only NP concentrations below 100 ug/ml are considered safe [110].
The growth of hybrid thin films consisting of Dextran and maghemite y-Fe,O; NPs using
MAPLE technique was reported by Predoi and coworkers [18]. The authors investigated the
biocompatibility, an essential requirement for the introduction of iron oxide into the human
body, but also the influence of the NP concentration on the biomimetic properties of the
synthesized coatings.

The chemical synthesis of iron oxide NPs was performed following a classical co-precipitation
procedure, according to Bee et al. [111]. For investigations, the obtained particles were
dispersed in deionized water, the pH being adjusted to 7 using aqueous ammonia. The total
iron concentration of the suspensions determined by redox-titration was 0.38 mol L. Well-
crystallized NPs, having an average size of 8.3+0.3 nm were obtained, as visualized in high
resolution Transmission Electron Microscopy (HRTEM) images, the corresponding Selected
Area Electron Diffraction (SAED) pattern indicating the reflection of the cubic maghemite -
Fe,O; phase [18].

Dextran and Dextran—iron oxide composite thin films were deposited by MAPLE. Differ-
ent solutions consisting of 25,000 Da molecular weight Dextran (10 % wt.), iron oxide NPs
(0-5 % wt.), and distilled water as matrix solvent were used for target preparation. Before
each deposition, 5 ml of the obtained solution was dropped in a copper holder of 3 cm
diameter and 5 mm height and immersed in liquid nitrogen (77 K) to freeze a solid target.
The pure and hybrid coatings were grown on SiO, glass substrates by applying 25x10°
subsequent laser pulses. After optimization trials, the incident laser fluence on the target
surface was set at 0.5 J/cm?.

The structure of hybrid Dextran-iron oxide thin films obtained from the composite targets was
first analyzed by X-Ray Diffraction (XRD). The diffraction patterns revealed the presence of
the peaks assigned to the cubic maghemite y-Fe,O; structure. This observation is in good
agreement with SAED analysis indicating that the NPs’ crystalline phase was preserved during
laser processing. Moreover, the average size <d> of the nanocrystalites computed using
Scherrer’s formula [112] evidenced values around 7.7 nm, in accordance with the average size
of the NPs determined from HRTEM micrographs [18].
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Figure 4 illustrates the structural characteristics of the coatings inferred by Fourier transform
infrared spectroscopy (FTIR). The graphs illustrate the spectra of iron oxide NPs (Figure 4.A)
and Dextran used for the preparation of the MAPLE targets (Figure 4.B), as well as the spectra
of the Dextran—iron oxide thin films synthesized by MAPLE from the composite targets
containing 5% wt. (Figure 4.C) and 1% wt. (Figure 4.D) maghemite y-Fe,0O,, respectively. All
spectra exhibit the bands assigned to OH stretching (v OH) and HOH bending (& OH)
vibrational bands at 3480 cm™ and 1700 cm™ due to adsorbed water molecules [113]. The bands
observed at 620 cm™ and 580 cm™ in the spectrum of the iron oxide NPs correspond to the Fe—
O vibration modes of y-Fe,0; [114, 115]. In the FTIR spectrum of Dextran-NPs, the character-
istic absorption bands of the polysaccharide can be observed [114, 116-118]. They are sum-
marized in Table 1. One could notice that the spectra recorded in case of the hybrid coatings
are very similar to the spectra of the starting materials. Furthermore, the intensity of the bands
corresponding to the maghemite y-Fe,O; phase increases with increasing NPs concentration
in the composite targets used in MAPLE experiments.

Transmitance [%]

- N —— L

4000 3500 3000 2500 2000 1500 1000 SO0
Wavenumber [cm™]

Figure 4. FTIR spectra of iron oxide NPs (A), pure Dextran (B), as well as Dextran—iron oxide thin films containing 10%
wt. Dextran, 5% wt. (C) and 1% wt. (D) iron oxide NPs. (Reproduced with permission from [18])

The typical surface morphology of thin films deposited by MAPLE technique is characterized
by an aggregated structure, consisting of micrometer-sized particles [17, 18, 22, 39, 119]. It is
worth noting that a larger specific surface area was proven to induce an enhanced bioactivity,
able to promote osteoblast differentiation, as reported in case of hybrid organic-inorganic thin
films deposited by MAPLE [120, 121].

The biocompatibility of the Dextran—iron oxide thin films was demonstrated by 3-(4.5 dime-
thylthiazol-2yl)-2.5-diphenyltetrazolium bromide-based colorimetric assay, using human
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liver hepatocellular carcinoma (Hep G2) cell line [18]. In Figure 5 are visible the inverted light
microscope images of Hep G2 cells cultivated on pure Dextran (Figures 5.A, 5.B) and Dextran—
iron oxide thin films obtained from composite targets (Figures 5.C, 5.D) after 24 (A, C) and 48
h (B, D) incubation time. The cultured Hep G2 cells form polygonal multicellular aggregates
[122] as could be observed from figures, this morphology being preserved even after 48 h
incubation time. At both iron oxide concentrations, the aggregates’ size increased with the
incubation time, but is still close to those grown on uncoated plastic slides.

v (cm™) Characteristic modes
3480 OH stretching (v OH)
1700 HOH bending (6 OH)
2950 v (C\H) and 6 (C\H)
1440 vibrational modes
1200 v (C\O) vibrations
940 « Glucopyranose ring
720 deformation modes

Table 1. Characteristic absorption bands of Dextran biopolymers [18].

The results of the viability tests (MTT) of Hep G2 cells on pure Dextran drop-casted solution,
Dextran and Dextran—iron oxide composite thin films obtained by MAPLE are presented in
Figure 5.E, and compared to the cells cultivated on control samples (considered as having a
viability of 100%). A small decrease of viability (~8%) was observed for Dextran—iron oxide
thin films after 24 h incubation time. When increasing the incubation time, this drop increased
but still remained below 12% for the Dextran thin film containing 5% wt. iron oxide, pointing
to good biocompatibility [18]. Moreover, in a similar study, Ciobanu et al. [39] showed that
Hep G2 cells adhered very well to thin films of Dextran-doped maghemite and exhibited a
normal actin cytoskeleton, proving that these cells underwent normal cell cycle progression.
As aresult, the authors consider that hepatocytes adhered to hybrid thin films could be used
as biosensors for different xenobiotics.

In summary, due to its properties, relatively low cost and availability, Dextran and its
conjugates have increased utilization in the field of biomaterials. Non-laser-based techniques
are intensively used to fabricate thin films and hydrogels as well [123-125]. The influence of
Dextran and albumin-derived iron oxide nanoparticles on fibroblasts in vitro was studied by
Berry et al. [126]. Magnetic composite thin films of Fe,O, nanoparticles and photo-cross-linked
Dextran hydrogels are promising candidates for a broad field of applications from medicine
to mechanical engineering [40]. Dextran-conjugated materials have been successfully investi-
gated as controlled release delivery vehicles of indomethacin (a low molecular weight
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Figure 5. Inverted light microscopic images of Hep G2 cells grown on pure Dextran thin films (A, B), and Dextran—iron
oxide thin films obtained from composite targets (C, D) after 24 (A, C) and 48 h (B, D) incubation time. Viability of Hep
G2 cells grown on Dextran, and on composite thin films deposited by MAPLE technique (E). (Reproduced with per-
mission from [18])

hydrophobic anti-inflammatory drug) [42], bovine serum albumin [43, 44], lysozyme, and
immunoglobulin G [41, 44].

4.2. Nanostructured Levan thin films

High-purity biopolymers are now obtained by microbial fermentation. Levan is a natural
polysaccharide produced from fructose by many microorganisms [127]. It is composed of d-
fructofuranosyl monomers linked by 3(2 — 6) units and 3(2 — 1) branches. The carbohydrate
structure of Levan synthesized by different microorganisms is rather similar, while small
differences appear in degree of polymerization and branching unit [128]. Its specificity is
related to furanose form of carbohydrate conformation with an important role in molecule
dissolution [129]. Levan is less studied than other known polysaccharides such as Dextran or
Pullulan, mainly due to the lack of information about its biocompatibility [130]. Because of
unique combined properties like solubility in both oil and water, high molecular weight, and
strong adhesion, Levan can be considered as a novel functional polymer with huge potential
in industry, from foods, cosmetics, pharmaceutics to chemistry [131]. Indeed, its use as drug
delivery matrix, antitumor agent, or protective coatings, stabilizers, or emulsifiers represent
only few raised applications of Levans [132, 133]. The important issue is that for most appli-
cations or mass production, thin films and coatings are required. These structures compensate
the cost by limiting the interaction of the environment with the product to the surface only.
Films of polymers are currently produced by solvent casting or thermal processing [134, 135].
A concrete example is the case of a drug dose slow release, when the tablet coating consists of
biopolymer with plasticizers for stabilization. It was demonstrated that by extrusion and
molding, thick films of Levan can be produced by adding glycerol for cohesion [136]. There is
however a high risk of poor adhesion, cracking, and peeling due to rather bulky aspect and
consequently dissolution of the film. Thin films of dry and pure Levan are brittle, while
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biopolymer nanocomposites exhibit improved mechanical properties in respect to the corre-
sponding pure compound [137, 138].

MAPLE process was successfully applied to fabricate organized and nanostructured pure thin
films of Levan (L) and oxidized Levan (OL) in vacuum. In order to produce functional aldehyde
groups, the oxidation of Levan was carried out before laser transfer in dark oven at 50 °C for
six days. MAPLE proved to be the only technique able to transfer nanostructured Levan thin
coatings on solid substrates, which exhibited biocompatible properties in vitro [12]. The
nanostructured aspect of the film that increases the specific surface area can consequently boost
the material properties. Indeed, the behavior of Levan in aqueous solutions is difficult to
predict and chemical methods fail in producing homogenous and uniform films. On the other
hand, during MAPLE process the polymer molecules are transported by Dimethyl sulfoxide
(DMSO) solvent molecules from which they separate during the transfer from the target to the
solid substrate. Even though some solvent molecules accompany the polymer on the facing
substrate, these proved beneficial in the film assembling. Most of the DMSO molecules are
vaporized and removed from the reaction chamber by pumping system, whereas Levan
molecules were transferred onto the substrates without degradation. In experiments, an
excimer laser (KrF*, A =248 nm, t = 25 ns) was used. Deposition process parameters such as
fluence, pulse repetition rate, substrate temperature, or distance between the target and
collector were optimized in order to grow biopolymer films on Si and glass substrates. DMSO
was chosen as solvent as it does not chemically affect L or OL; it is highly volatile; and absorbs
at 248 nm laser wavelength.

28kU X5 DA D bk JSH-S31aLVY

Figure 6. Typical XSEM of L thin films on glass obtained by MAPLE (Reproduced with permission from [12])

Levan films were compact in volume, exhibiting a good adhesion to substrate. As observed
from cross-section SEM (XSEM) image in Figure 6, the film was rather compact, while the
variation in height across films was low over a relatively large area, supporting the uniformity
of the layer. The surface was smooth over large areas and homogenous. A growth film ratio
of 0.012 nm/pulse was estimated.
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Uncommon two-dimensional ordered array was evidenced at film surface due the most
probably to a controlled aggregation during the growing of the film (Figure 7). The nano-
structured assembling appears when the solvent DMSO molecules evaporate from the heated
substrate.

pm ; 0 1L m 5

Figure 7. Typical AFM images of sample surfaces for (A) L and (B) OL coatings by MAPLE on Si (Reproduced with
permission from [12])

The dynamics of polymers at surface is substantially altered especially when some solvent
molecules induce rearrangements. Totally different to rigid ceramic or metal materials, the
composition of the polymer varies also with the depth [139]. The morphology is quite similar
for L and OL thin films obtained by MAPLE exhibiting a spatial orientation due to a collective
influence of evaporation-induced assembly with the specific linkages of the linear structures
of polysaccharides. These assembling morphologies were also found for nano-hydroxyapatite
(nHA) — chitosan composites [140]. It is considered that the nanostructured assembling, which
induces a larger specific surface area, boosts the surface properties of the biopolymer.

The effect of Levan films grown by MAPLE on cell viability and proliferation was investigated
by interaction with bone cells. Their proliferation on Levan and control samples was found to
be similar. The OL coatings induced an increased cell activity revealed by enhanced cell
proliferation as compared with the simple L coatings. This is in accordance with the higher
hydrophilicity of OL surfaces due to the acidic aldehyde-hydrogen bonds forming after
oxidation [12].

4.3. Compositional libraries thin films by C-MAPLE

Combinatorial processes are required for the synthesis of new organic multicomponent thin
coatings [54, 141]. In case of polysaccharides, co-electrodeposition is applied after materials
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are dissolved or suspended in aqueous solution and integrated into thin films [142]. To produce
thin film compositional libraries, premixing of biopolymer solutions followed by temperature
gradient over the coating [55], casting processes [143], or flow-coating methods [144] have been
used.

A combinatorial technology based on MAPLE for the blending of novel organic compounds
was introduced. The new processing method called Combinatorial-MAPLE (C-MAPLE) was
proposed to biopolymer compounds [13, 14, 22]. The composition gradient between two
materials is achieved by laser co-evaporation of two distinct cryogenic targets and thin-film
co-deposition process on solid substrate as described in Section 3.2. Two similar compounds
such as L and OL but with different physical-chemical and biological properties were chosen
in order to generate a compositional discrete library of the two organic compounds.

In experiments, an excimer laser source (KrF*, A =248 nm, t = 25 ns) was used for target
evaporation. The Si substrates or glass slides were placed at 4 cm far and parallel to the targets
and slightly heated during laser deposition. In a configuration with a distance between the
plasmas’ centers of 2 cm (see Figure 2), one can obtain a 4 cm long deposition with edges
consisting of only L and OL, respectively, and in-between discrete areas of L-OL blended
compositions. The soft mixing of the two compounds evaporated from the two distinct targets
results in the deposition of a continuous and uniform film with compositional gradient. A
gradient of composition from 100% L at left corner to 100% OL at right corner (Figure 8.B) was
thus obtained.

The compositional gradient of the film was followed by fluorescence microscopy, as a change
in fluorescence emission between L and OL occurs. Levan contains fructose, which is highly
fluorescent under green excitation (488 nm). OL loses the fluorescence because fructose is
oxidized to aldehyde groups [145]. In Figure 8.A are presented optical and fluorescent pair
images in which one can observe the increasing of fluorescence intensity from OL to L along
the deposited sample (Figure 8.A and 8.C). This confirms the compositional gradient in the
structure [13].

Cellular adhesion, spreading, and proliferation are processes dependent on surface composi-
tion and roughness. An optimal cell response to the surface characteristics is of great signifi-
cance for tissue engineering and nanomedicine. The biocompatibility and cellular behavior to
gradient films on glass and silicon substrates was thus evaluated. Initial cell-substrate
interaction is shown by cell attachment, followed by adhesion and proliferation. The cell
attachment efficiency and morphology is indicative of material biocompatibility. To clearly
discriminate between the cell responses, the samples were cut in four equivalent pieces (OL,
OL-L, L-OL, and L, respectively). L regions should consist of Levan only, OL of oxidized Levan
only, while in OL-L intermediary areas one can expect to contain more OL than L and in L-
OL areas more L than OL. The density and actin morphology of cells were evaluated on the
four regions (Figure 9.A) at 40 min after cell seeding, as the proof of primary attachment.
Similarities on all four zones and standard microscopy cover slips were indicative of biocom-
patibility and of the dynamic interaction of L/OL gradient coatings with bone cells. The
quantification (Figure 9.B) showed that the cells preferred OL as compared to L areas. The



Biopolymer Thin Films Synthesized by Advanced Pulsed Laser Techniques
http://dx.doi.org/10.5772/61734

c Fluamsconce gradiont OL-L

Figure 8. (A) Differential interference contrast and fluorescence microscopy images of OL (left) - L (right) gradient film
obtained by C-MAPLE along the glass slide. Positive (Levan/glass) and negative (glass) controls are presented. Bar =
100 pum (20x) and 50 pm (40x). (B) Diagram of expected composition gradient obtained by C-MAPLE from OL and L
targets. (C) Quantification of gradient regions fluorescence emission intensity using Image] histogram function. Glass
background is set as threshold and depicted as dotted line (Reproduced with permission from [14]).

main result was the evident increased cell accumulation on L-OL film blends. This effect was
explained by surface wettability associated with the presence of the appropriate amount of OL
within L zones. Indeed, the degree of oxidation combined with surface hydrophilicity and
roughness stay at the origin of improved bone cell proliferation on L-OL and OL zones.
Interestingly, the cell density on OL areas was superior to standard cover slips. It was
suggested that such compositional gradients could be used to screen specific nanostructured
surface cues for tailoring cell proliferation or to modulate intracellular signaling pathways for
specific biomedical applications [13, 14].

The new combinatorial laser technology opens the prospect to simultaneously combine and
immobilize in situ and in well-defined manner two or more organic materials on a solid
substrate by laser evaporation.

4.4. Overview of recent contributions in the field of thin films synthesis by MAPLE

An exhaustive list of other thin films grown by advanced laser techniques, as well as their
physical- and biochemical characterizations for biomedical applications could be found in the
literature [6, 81]. Several book chapters and review articles available to readers, spanning a
broad coverage of both fundamental and applicative aspects, published in the last five years,
are summarized in Table 2.
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Figure 9. (A) Fluorescence microscopy of bone cells on combinatorial and control materials after 40 mins seeding. Dif-
ferent magnifications (10X and 40X) of cells labeled with Alexa Fluor 488-conjugated phalloidin (actin — green) and
DAPI (nuclei - blue) are presented with details on cell morphology. (B) Quantification of cells by Image] nuclei count-
ing function. Mean + SEM is depicted on graph.
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Materials

Applications

Title Authors/Reference

Living cells enzymes,

proteins and bioceramics.

Tissue engineering, stem cell Topical Review: “Laser-based N.R. Schiele et al. [146]

and cancer research.

direct-write techniques for cell

printing”

Polymers (SXFA, POOPT
(poly [3-(4-octyloxyphenyl)
thiophene]), poly(9,9-
dioctylfluorene) (PE8), Ge-
corrole derivative
(Ge(TPC)OCHB)), Proteins

(horseradish peroxidase

(HRP), insulin, bovine serum

albumin (BSA)),
Nanoparticles (TiO, SnO,).

Biomaterials, gas sensing.

Chapter 9: “Fundamentals and A. Luches and A. P. Caricato
Applications of MAPLE” [7]

Hybrid organic-inorganic
bionanocomposites [HA-
sodium maleate (HA-NaM)
copolymer, alendronate—

HA].

Advanced biomimetic

Implants.

Chapter 10: “Advanced

Biomimetic Implants Based on

1. N. Mihailescu et al. [8]

Nanostructured Coatings
Synthesized by Pulsed Laser

Technologies”

Polymers and biological
molecules, biomaterials,

nanoparticle films.

Drug delivery, tissue
engineering, for gas and
vapor

detection, for light emitting

devices, etc.

Review: “Applications of the ~ A.P. Caricato, A. Luches [80]
matrix-assisted pulsed laser

evaporation method for the

deposition of organic, biological

and nanoparticle thin films: a

review”

Living mammalian cells and
pluripotent stem cells (e.g.,
human dermal fibroblasts,
rat neural

stem cells, mouse embryonic

stem cells).

In vitro cellular
microenvironment, tissue
engineering, regenerative

medicine.

Review: “Matrix-assisted B.C. Riggs et al. [147]
pulsed laser methods for

biofabrication”

Polymer and

other soft matter thin films
(Horseradish peroxidase,
Ribonuclease A,
Poly(ethylene glycol),
Poly(3-hexyl thiophene),
MEH-PPV).

Organic electronics,
medical implants, drug
delivery systems, and

Sensors.

Trends in Polymer Science:
MAPLE Deposition of

Macromolecules

Shepard, K. B. and Priestley,
R.D. [148]

Biocompatible and
biodegradable polymers
((PEG), (PLGA), mixtures

Biomimetic applications in

drug delivery systems,

Chapter 5: “Biomimetic F. Sima and I.N. Mihailescu
Assemblies by Matrix-Assisted [9]
Pulsed
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Materials Applications Title Authors/Reference
PEG-PLGA, poly(D,L- biosensors and advanced Laser Evaporation”
lactide), Levan); implant coatings.

Extracellular matrix proteins
(fibronectin, vitronectin);

organic — inorganic

composites.
Polysaccarides (Levan), Biomimetic coating of Chapter 11: “Biomaterial Thin 1. N. Mihailescu et al. [88]
Composite alendronate-HA, medical implants, drug Films by Soft Pulsed Laser
Enzyme ribonuclease A. delivery systems, Technologies for Biomedical
biosensing. Applications”
Enzyme immobilization Bio-Sensors. Chapter 9: “Deposition and ~ N. Cicco et al. [149]
(Laccase). Characterization of Laccase
Thin Films Obtained by Matrix
Assisted Pulsed Laser

Evaporation”

Table 2. Overview of recent reviews and book chapters published in the field of thin films synthesis by MAPLE

5. Summary and perspectives

MAPLE synthesis of biopolymer thin film was applied to fabricate organized and nanostruc-
tured pure and hybrid polysaccharide layers. It was demonstrated that laser-based techniques
allow for transferring complex, large molecular-mass organic compounds, avoiding their
photo-thermal decomposition and/or irreversible damage. The functionality preservation was
secured for Dextran and Levan coatings and derivatives, as revealed by cells” viability and
proliferation in vitro tests. Combinatorial-MAPLE evidenced the possibility to generate
compositional gradient thin films of two organic and/or inorganic compounds in a single-step
process. Engineering the cell/biomaterial interface to control cell behavior has implications for
the fabrication of instructive environments for tissue repair or cell supports.

The flexibility of the C-MAPLE method allows for the synthesis of new hybrid materials by
correlating laser irradiation settings with the thermo-physical and chemical properties of the
raw materials. This approach opens a great potential to the discovery of new drugs for the
pharmaceutical industry and for drug release applications from biodegradable polymeric
coatings. Intelligent materials synthesized on discrete areas exhibiting desired properties such
as controlled rate of coating dissolution stands for a future challenge. An expansion of
combinatorial organic domain can be stimulated by laser technologies. The strong advantages
are the control of the preferred density of functional groups at the surface, among which we
mention chemical composition and/or physical properties on nanometric areas and the
fabrication of multicomponent gradient layers.
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Abstract

Regenerative medicine requires materials that are biodegradable, biocompatible, struc-
turally and chemically stable, and that can mimic the properties of the native extracellular
matrix (ECM). Hydrogels are hydrophilic three-dimensional networks that have long re-
ceived attention in the field of regenerative medicine due to their unique properties. Hy-
drogels have a potential to be the future of regenerative medicine due to their desirable
mechanical and chemical properties, ease of their synthesis, and their multiple applicabil-
ity as drug delivery vehicles, scaffolds, and constructs for cell culture. In this chapter, we
have described hydrogels in terms of their cross-linking and then discussed the most re-
cent developments in the use of hydrogels for peripheral nerve regeneration, tooth regen-
eration, and 3D bioprinting.

Keywords: Hydrogels, nerve regeneration, 3-D printing, tooth regeneration

1. Introduction

Two-dimensional (2D) substrates such as tissue culture polystyrene (TCPS), thin films, and
other flat surfaces have traditionally been used to culture mammalian cells in vitro. These
experiments with the 2D cell constructs have not only provided the basis for understanding
complex biological processes but have also led the way in exploring the stem cell differentia-
tion, cell-material interactions, and cell—cell interactions [1]. Three-dimensional (3D) scaffolds
were designed to mimic the important physiochemical features of the native cellular micro-
environment for in vitro cell culture. Among these 3D scaffolds, hydrogels are defined as the
cross-linked polymer networks with high water content. Hydrogels are viscoelastic in nature,
encompassing both the viscous and the elastic properties. They swell strongly in aqueous
media and are typically composed of a hydrophilic organic polymer component that is cross-
linked into a network by either covalent or noncovalent interactions [2, 3]. Cross-linking
provides structural stability, and the high water content provides fluid-like transport proper-

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is 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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ties [4]. Variation in the cross-linking of these hydrogels also allows for tunable mechanical
properties which can be used to evaluate the structure—function relationship at the cell/
biomaterial surface. Currently, hydrogels used for mammalian cell culture are synthesized
from natural and synthetic materials. Bioactive hydrogel constructs are extensively being used
to repair, regenerate, or engineer tissues by being able to promote cell adhesion, migration,
proliferation, and stem cell differentiation appropriate to particular tissues [5]. To fully
understand the cell functional responses in the context of a particular tissue, recently, many
researchers have tried to develop physiologically relevant, biocompatible, biodegradable
hydrogel constructs that resemble native tissue and very closely mimic the actual in vivo
conditions [5-7].

In this chapter, we will review the classification of natural and synthetic polymer-based
hydrogels in terms of their cross-linking. Recent advances in the application of novel hydrogels
for regenerative medicine areas such as their use in peripheral nerve regeneration, tooth
regeneration, and 3-D printed scaffolds would also be addressed.

2. Classification of hydrogels

One way of classifying the hydrogels is through the type of cross-linking [8]. Cross-linking
maintains the hydrogel network structure and prevents dissolution of the hydrophilic chains.

2.1. Physically cross-linked hydrogels

Physically cross-linked gels, also known as reversible gels, are networks that are held together
by attractive noncovalent forces between the polymer chains (Figure 1). These hydrogels have
a tendency of going through a transition from a three-dimensional stable state to eventually
degrade and dissolve as a polymer solution. These forces that hold these polymer networks
together to form a hydrogel, which includes hydrophobic interactions, hydrogen bonding, or
ionic interactions [9, 10].
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Figure 1. Physical cross-linking in hydrogels, in which the cross-links are formed via noncovalent interaction. Repro-
duced from ref. [11] © John Wiley and Sons.
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Physically cross-linked hydrogels have found their use as matrices for cells/drug encapsulation
and release, as scaffolds for cell growth, proliferation, and adhesion. Collagen, gelatin,
hyaluronicacid (HA), and alginate are the most commonly used natural polymers, which form
physical hydrogels. However, these physically cross-linked hydrogels are prone to premature
degradation by proteolytic enzymes such as gelatinase for gelatin, collagenases for collagen,
and hyaluronidase for HA [12]. On the other hand, physically cross-linked gels such as pure
non-modified HA exhibits poor biomechanical properties [13] and gelatin dissolves into a
solution at higher temperatures. Many researchers have therefore tried to formulate physically
cross-linked hydrogels with improved mechanical properties and better cell adhesion prop-
erties. For example, a composite hydrogel of HA and gelatin was formulated by intercalating
the polymer chains into laponite clay by ion exchange. The resulting hydrogel had improved
mechanical properties and cell-adhesive surface [7, 14]. Another example of cross-linking by
ionic interactions is that of dextran, which forms a hydrogel in the presence of potassium ions
[15]. Alginate, a polysaccharide, can also be cross-linked with divalent calcium ions to form a
hydrogel [8].

Synthetic polymers such as the triblock copolymer poly(ethylene oxide)99—poly(propylene
oxide)67—poly(ethylene oxide)99 (PEO99-PPO67-PEO99, Pluronic F127) can also form a
physical hydrogel via hydrogen bonding. Pluronic F127 is unique for its hydrophobic inter-
actions between triblock copolymer chains. At low temperatures, both PPO and PEO chains
are soluble in water. Above the critical solution temperature (CST) at which gelation occurs,
the polymers dissolve due to the breaking of hydrogen bonds between water molecules and
the chains, and PPO becomes hydrophobic PPO core and PEO corona, forming a face-centered
cubic nanostructured hydrogel. At even higher temperatures, the micelles aggregate together
into hexagonally packed cylinders [16, 17]. Blends and interpenetrating networks of two
dissimilar polymers can also form physical hydrogels through noncovalent cross-links. The
pure F-127 hydrogel has reduced mechanical properties and, therefore, it has been blended
with HA and gelatin to improve its mechanical properties [6]. Other synthetic polymers such
as poly(acrylic acid) and poly(methacrylic acid) form physical hydrogels by forming hydrogen
bonds with poly(ethylene glycol). This kind of hydrogel formation is pH-dependent since the
hydrogen bonds are formed only when the acid groups are protonated [18, 19].

2.2. Chemically cross-linked hydrogels

Chemically cross-linked hydrogels, also known as “permanent” gels, were cross-linked
networks formed due to covalent bonds. These gels are usually more stable than the physically
cross-linked hydrogels and have a permanent structure [8, 20, 21]. Polymerizing monomers in
the presence of cross-linking agents typically forms chemically cross-linked gels. Poly(2-
hydroxyethyl methacrylate) is a well-known hydrogel-forming polymer which is generally
synthesized by radical polymerization of HEMA in the presence of a suitable cross-linking
agent (e.g., ethylene glycol dimethacrylate) [8]. Figure 2 shows a schematic example of the
formation of a chemically cross-linked hydrogel via radical polymerization. Hydrogels can
also be formed by cross-linking of the various functional groups present in the polymer
backbone. Polymers containing hydroxy, amine, or hydrazide groups can be cross-linked by
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using glutaraldehyde, which forms covalent bonds with each of these functionalities [4]. The
swelling, mechanical strength, elastic modulus, diffusional, and other physical properties of
these chemical hydrogels are mainly dependent upon their degree of cross-linking, method of
preparation, polymer volume fraction, temperature, and swelling agent [22].

5§+ ¢

monomer + crosslinker

A +/-§or£

copolymerize

-
=

i copolymerize or —
LA™ Hydrogel Network

crosslink macromers
macromers /
\N crosslink polymer

water soluble polymer

polymerize monomer
within hydrogel

/

Hydrogel Network Hydrogel Network

Figure 2. Schematic of methods for formation of cross-linked hydrogels by free radical reactions, including a variety of
polymerizations and cross-linking of water-soluble polymers. Examples include cross-linked PHEMA and PEG hydro-
gels. Reproduced with permission from ref. [2] © Elsevier.

Covalently cross-linked hydrogels can also be formed via enzymatic cross-linking. For
example, gelatin, which is chemically cross-linked using glutaraldehyde and formaldehyde to
form a stable hydrogel, can also be cross-linked with microbial transglutaminase (mTG) to
form an enzymatically cross-linked system. Transglutaminases are a class of natural enzymes
that catalyze the acyl-transfer reaction between the e-amino group of lysine and the v-
carboxyamide group of glutamine in proteins [23, 24]. Microbial transglutaminase (mTG)
catalyzes the formation of N-e-(y-glutamyl) lysine amide bonds between individual gelatin
strands to form a permanent network of cross-linked gelatin [25]. This permanent network of
gelatin offers multiple focal adhesion sites for cell attachment, proliferation, and migration.

Another class of hydrogels is the stimuli-responsive hydrogels. These hydrogels can show
significant changes in their swelling behavior owing to subtle changes in the pH, temperature,
electric-magnetic field, and light [21]. The behavior of these stimuli-sensitive hydrogels
depends on the type of the polymer used in making the gel and/or any post-polymerization
modifications that are made [26, 27]. pH-responsive hydrogels are swollen ionic networks
containing either acidic or basic pendant groups which in an aqueous environment of appro-
priate pH, ionize developing fixed charges on the gel and thus increasing the swelling forces
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[22]. The use of stimuli-sensitive polymers in fabricating hydrogels has led to many interesting
applications. Poly(N-isopropylacrylamide) (pNIPAm) is the most widely studied stimuli-
responsive polymer. It is formed from the monomer N-isopropylacrylamide
(H,C=CHCONHCH(CHy;),) that exhibits temperature-sensitive swelling behavior over a
temperature range of interest. pNIPAm has alower critical solution temperature (LCST), below
which the polymer is soluble. This is attributed to its coil-to-globule transition [28, 29].
Researchers have shown that it is possible to form a strong, thermally responsive nanocom-
posite hydrogel within a physiological temperature range by initiating free radical polymeri-
zation of NIPA from the clay surface [30-32]. Unique properties of cross-linked nanocomposite
PNIPA hydrogels has enabled its use as drug delivery systems, rapid release cell culture
substrates (Figure 3), and as wound healing dressings.

Figure 3. Schematic representation of the structural model with organic/inorganic networks in the NC gel. D, is an
interparticle distance of exfoliated clay sheets. g, g1, and g2 represent cross-linked chain, grafted chain, and looped
chain. In the model, only a small number of polymer chains are depicted for simplicity. Reprinted (adapted) with per-
mission from ref. [33] Copyright (2003) American Chemical Society
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3. Application of hydrogels in regenerative field

Field of regenerative medicine works with a common goal of repairing and regenerating
damaged tissues and organs. The regenerative process encompasses isolating living cells from
patients, expanding them in vitro using polymeric scaffolds, and then to re-implanting the
tissue-like constructs into the patient [34]. Because of their versatile properties, hydrogels have
found several applications in the field of regenerative medicine as scaffolds for cell culture and
delivery vehicles for cells and genes [35]. These hydrogels can be made biocompatible with
tunable mechanical and degradation properties. They can be equipped with biological cues to
guide adhesion, migration, and proliferation of cells and binding sites for growth factors,
peptides, or cytokines. This allows for the formation of biomimetic hydrogels that can mimic
the extracellular matrix (ECM) environment.

3.1. Hydrogels for peripheral nerve regeneration

Peripheral nervous system (PNS) can repair itself after an injury, but this process has its
limitations beyond the critical size gap. Nerve grafts are an alternative to repairing severe
peripheral nerve injuries. Nerve autograft and allografts are often used for nerve injuries that
cannot be repaired by direct coaptation. However, nerve autografts have several limitations
including donor site morbidity, limited availability of the donor tissue, and limited functional
recovery. On the other hand, allografts require the use of immunosuppressants for over 18
months and hence, have a significant drawback in their applicability [36]. Nerve guidance
tubes (NGTs) fabricated from natural or synthetic biomaterials, for this reason, have become
an attractive alternative to repairing critical size nerve defects. NGTs act as a connecting bridge
between the proximal and distal ends of the severed nerve, where the nerve stumps are
inserted into the ends of the tube and sutured together. A protein-rich fluid containing growth-
promoting substances is released into the NGTs. Within days, a fibrin cable is formed that
supports the migration of Schwann cells (SCs) and facilitates axonal regeneration from the
proximal to the distal stump (Figure 4) [37].

Hydrogels as conduit material: Collagen is an important extracellular matrix (ECM) compo-
nent that has been studied quite extensively in peripheral nerve regeneration. Collagen
hydrogels have been used successfully for the in-vitro culture of many neuronal cell types.
Many researchers have developed collagen-based nerve conduits to repair short nerve gaps
[38]. Few examples of commercially available, FDA-approved collagen-based tubes that have
been clinically used are NeuroGen, NeuroFlex, NeuroMatrix, NeuroWrap, and NeuroMend
[39-43]. A nerve tube fabricated from highly purified type I +1II collagen derived from porcine
skin, Revolnev, has also been used to repair 1 cm rat peroneal nerve with satisfactory functional
recovery [44]. Aligned collagen conduits developed by Phillips et al. were shown to orient SCs
in vitro and their implantation in vivo resulted in higher axonal regeneration in a rat sciatic
nerve injury model [45]. Hyaluronic acid, anaturally occurring polysaccharide, is another ECM
component that has been used to fabricate nerve conduits in a modified form. Sakai et al. made
an HA-based nerve conduit that facilitated cellular and axonal ingrowth during peripheral
nerve regeneration by identifying viability of disseminated Schwann cells and neuron cells
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Figure 4. Principle of nerve entubulization and the sequence of events leading to the growth of a new nerve cable: (A)
chamber walls with a protein-rich fluid (containing neurotrophic factors); (B) generation of a fibrin-rich scaffold; (C)
cell migration (perineural, endothelial, and Schwann cells); (D) axonal cables elongation. Reproduced with permission
from ref. [37] © Elsevier.

into HA conduits in vitro [46]. Jansen et al. prepared nerve conduits from an esterified
hyaluronan derivative (Hyaff) by individual knitting of the strands and strengthening it by
coating a thin layer of the same polymer [47]. Fibrin glue/gel is an FDA-approved sealant that
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contains fibrinogen and thrombin. Fibrin is a protein that is involved in normal blood clotting,
while fibrin gel has been extensively used in peripheral nerve regeneration as a sealant for
coaptation of nerves [48]. Fibrin gels have also been used as nerve conduit to promote nerve
regeneration [49-52]. Pettersson et al. [52] showed that hollow fibrin conduits supported
muscle recovery and axonal growth in short nerve gaps. However, in longer nerve gaps, the
hollow tubes failed in comparison to autografts. In larger nerve defects, the fibrin cable that
facilitates SCs migration is not formed in the hollow NGTs. Therefore, NGTs are limited to
nerve lesions <4 cm and result in poor functional recovery at longer gaps.

Hydrogels as luminal fillers: The empty lumen of a nerve conduit lacks the necessary support
structure for the ingrowth and migration of SCs and axons, thus making it an undesirable
environment for axonal repair. Hence, in the longer nerve gaps, there is a need for a substrate
inside the lumen of the NGTs that can provide necessary mechanical and biological cues for
SCs migration and enhance nerve regeneration [36, 53]. Hydrogels are owing to their injectable
behavior and their drug encapsulation and delivery capability have found their use as luminal
fillers inside the conduits. Figure 5 shows how NGTs filled with hydrogels provide mechanical
support in addition to serving as a carrier of bioactive molecules needed for proper functional
recovery. This property is absent in the hollow tubes where bioactive cues are not present to
direct proper axonal regeneration [54].

Various hydrogels alone or supplemented with small molecules, growth factors, neurotrophic
factors, and cellular components have been used as luminal fillers for nerve conduits. For
example, agarose hydrogels containing gradients of laminin-1 and nerve growth factor (NGF)
molecules have been used in polysulfone (PSU) tubes [55]. Various researchers have also
investigated the role of collagen as a luminal filler [53]. However, just the mere presence of
these hydrogels sometimes is insufficient to achieve enhanced functional recovery. Therefore,
luminal collagen fillers have been supplemented with laminin, NGF, fibroblast growth factor
(FGF), etc. to promote better nerve regeneration. Similarly, fibrin gel has also been used to
enhance SC migration, myelination, and rate of regeneration inside silicone tubes in a 1 cm rat
sciatic nerve model [53].

Seckel et al. used hyaluronic acid gel in the conduits to produce better conduction velocity,
higher axon counts, and myelination [56, 57]. They postulated that HA improves fibrin matrix
formation and decreases scarring that might interfere with nerve regeneration. Mohammad et
al. [58] showed that when HA was used with NGF, there was a 45% increase in the myelinated
axon count. Most recently, keratin-based hydrogels that were used to fill commercial nerve
tubes showed an improved axonal area and myelination compared to the empty tube.
Electrophysiological analysis such as conduction delay and impulse amplitude were also
better than the hollow tube and comparable to the autografts [59, 60]. Luminal fillers in nerve
conduits supplemented with essential growth factors are promising ways to achieve nerve
regeneration at par with autologous grafts. With an appropriate nerve conduit designed for
long nerve gap, bioactive luminal fillers can aid in enhanced functional recovery.

Hydrogels have an added advantage in the field of peripheral nerve regeneration, as they can
serve as a support system inside the conduit and also as a mode of delivery of various growth
factors necessary for nerve regeneration. However, if the mechanical properties of the
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Figure 5. Hydrogels promote axonal regeneration after a peripheral nerve lesion. (A) After a lesion where peripheral
nerves are severed, inhibitory elements for axonal regeneration arise either in proximal or in distal segments. Although
there can be regeneration to unite both stumps, it is common that mismatches are formed. (B) When the lesion area is
connected with a rigid tubular structure, and this is filled with a hydrogel, there is a mechanical support and a suitable
substrate for axonal growth. In addition, the hydrogel can serve as a carrier of molecules that promote axonal regener-
ation and ultimately functional recovery. Reproduced from ref. [54] © Carballo-Molina and Velasco under the terms of
Creative Commons Attribution License (CC BY).
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hydrogels are not adjusted appropriately, they can hinder the nerve regeneration. Therefore,
the limitation of using hydrogels as luminal fillers is primarily their cross-linking. Highly cross-
linked viscous gels can be disadvantageous for nerve regeneration. At the same time, the rate
of degradation of hydrogels plays an important role if they are used as conduit materials.
Hence, it is essential to tune the mechanical and chemical properties of the hydrogels for their
best use in peripheral nerve regeneration.

3.2. Hydrogels for tooth regeneration

Tooth regeneration similar to the construction of other tissues also requires an appropriate cell
source, a biodegradable scaffold that can mimic the natural extracellular matrix (ECM) and
bioactive molecules. Tooth organ is composed of enamel, dentin, cementum, and dental pulp.
Cells such as ameloblasts form the enamel, odontoblasts form the dentin, cementoblasts form
the cementum, and mesenchymal, fibroblastic, vascular, and neural cells form the dental pulp
[61]. Scaffold materials play a critical role in determining how cells proliferate and differentiate.
Those that mimic the characteristics of natural ECM can best promote appropriate cell and
tissue maturation. The tooth scaffolds should be such that they provide chemical and me-
chanical integrity, are biocompatible, are able to restore the normal functioning of the tooth,
and are able to integrate with the surrounding tissues [25]. For dentin-pulp tissue engineering,
in particular, hydrogels come across as a favorable choice because they are injectable and have
a 3D morphology that helps in the encapsulation of cells and growth factors. Hydrogel
scaffolds made from natural biopolymers such as collagen, chitosan, hyaluronic acid, gelatin,
fibrin, and alginate have been used quite extensively since they are readily cross-linkable and
can be easily combined with various bioactive molecules [62]. Kim et al. [63] loaded collagen
gels with a series of growth factors and injected them into pulp chambers and root canals of
endodontically treated human teeth. They found that on in vivo implantation of endodontically
treated human teeth in mouse dorsum for the tested 3 or 6 weeks, there was a recellularized
and revascularized connective tissue that integrated to the native dentinal wall in root canals.

Collagen gels have also been used to deliver dental pulp stem cells (DPSCs) and dentin matrix
protein-1 (DMP-1) in vivo where it led to the ectopic formation of dental pulp-like tissue [64].
Although, collagen is a major ECM component used to fabricate hydrogel scaffolds in tissue
engineering, its moderate mechanical strength is a limitation [61]. For this reason, Bhatnagar
et al. [25] used cross-linked gelatin scaffolds for dentin regeneration without any external
chemical stimulus. These gelatin hydrogel scaffolds that were cross-linked with microbial
transglutaminase (mTG) provided variable mechanical properties and were capable of
differentiating DPSCs in vitro toward odontogenesis irrespective of their mechanical stimulus
and external chemical inducer (Figure 6). Alginate hydrogels have also been used for dentin-
pulp regeneration. When loaded with exogenous transforming growth factor TGFf1, these
hydrogels were shown to promote dentin matrix secretion and odontoblast-like cell differen-
tiation [65]. Among synthetic polymers, PLGA hydrogels with recombinant human growth
differentiation factor-5 (thGDEF-5) have been used in periodontal defects in a dog model.
Periodontal pockets (3 x 6mm, width x depth) were surgically created over the buccal roots of
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the second and fourth mandibular premolars in mongrel dogs and progressive alveolar bone
maturation was seen at 6 weeks on rhGDF-5/PLGA delivery [66].

surface of
the gel

D.HE) | iE. H(-)

Figure 6. (A) Cross-section of a non-induced hard gel (H (-)) after 35 days of DPSCs culture showing a self-support-
ing sheet of biomineralized deposits present inside the gel. EDX spectra (inset in (A)) confirm the hydroxyapatite
mineral. A cross-sectional view of the alizarin red-stained calcified biomineralized deposits in the (B) hard (+) and
(C) hard (-) gel. Top view of the alizarin red-stained calcified deposits and their corresponding SEM images after 35
days of DPSCs cultured on: (D, H) hard (+); (E, I) hard (-); (F, ]J) soft (+); (G, K) soft (-) gels. The calcified deposits
laid by the cells are stained dark red and have a defined pattern. Reproduced from ref. [25] © by permission of The
Royal Society of Chemistry.

Hydrogels have shown their potential in regenerating dentin-pulp tissue. Researchers have
demonstrated the successful use of hydrogel scaffolds for dentin-pulp matrix regeneration.
However, hydrogels have a limitation when it comes to regenerating the whole tooth organ.
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Not much research has been done in the field of using hydrogel scaffolds for regenerating the
whole tooth structure.

3.3. Hydrogels for 3D printing

3D printing is emerging as a potential tool in regenerative medicine for building complex 3D
structures across length scales ranging from micrometers to millimeters. 3D printing repre-
sents a way to pattern and assemble the cells with materials in a controlled and functional 3D
architecture. The only limitation that arises is due to the materials being printed and necessi-
tates a need for new inks to expand the utility of 3D printed structures [67]. 3D printing
techniques generally comprises of: (a) extrusion-based printing that requires a material to be
extruded through an orifice, (b) ink-jet based printing that requires a material to be ejected as
droplets onto a substrate, and (c) laser based printing where a material is cured using alaser [67].

Hydrogels for 3D printing should be printable, biocompatible, have desired mechanical
properties, shape, and structure (Table 2) [68]. Collagen has been extensively used for 3D
printing where in one case, sodium hydrogen carbonate (NaHCO5) vapor was applied to gel
the printed collagen layer and in another instance, NaHCO; was mixed with collagen and cells
and then printed using laser-assisted bioprinting [68]. Several researchers have utilized the
temperature-responsive hydrogels, particularly pluronic F127 that gels in the temperature
range of 10 to 40°C. Pluronics have been combined with collagen and cross-linked gelatin
methacrylate (GelMa) to form bioinks. Kolesky et al. printed pluronic F127 as a sacrificial
vascular network embedded in GelMa matrix that mimic natural fine capillaries [69].

Ideal bioprinting hydrogel properties

Viscosity

Shear-thinning propert
Printability &P p Y )

Response and transition time

Sol-gel transition stimulus

Degradability
Cell-binding motifs
Biocompatibility N )
on-toxic

Non-immunogenic

Stiffness
Mechanical Properties Elasticity

Strength

Pore size
Shape and structure .
Micro/Nanostructure

Table 1. Ideal bioprinting hydrogel properties. Reproduced from ref. [68] © Wang et al., under the terms of Creative
Commons Attribution-Non-commercial 4.0 International License.

Photocross-linking property of the hydrogels has been utilized to bioprint tough and rigid
hydrogel constructs with cells. For example, partially photocross-linking gelatin methacry-
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late (GelMA) was combined with hyaluronic acid methacrylate (HAMA) to form a gel-like
fluid which was then printed with a defined pattern. This printed layer was further irradiat-
ed to obtain a tubular tissue construct [70]. Hong et al. [71] combined sodium alginate and
poly (ethylene glycol) (PEG) to constitute an interpenetrating network. Laponite clay was
used to form a nanogel. Poly(ethylene glycol) diacrylate (PEGDA) and alginate mixture were
combined with laponite clay to form a pre-gel solution. To cross-link PEGDA and alginate,
a photoinitiator and calcium sulfate solution were added to the pre-gel solution. The PEGDA~-
alginate-nanoclay pre-gel solution was 3D printed via extrusion-based printing (Figure 7).
The resulting hydrogels were tough and had the potential to encapsulate cells for tissue
regeneration.

Figure 7. 3D printing of tough and biocompatible PEG-alginate-nanoclay hydrogels. (a) Various 3D constructs printed
with the hydrogel (from left to right: hollow cube, hemisphere, pyramid, twisted bundle, the shape of an ear, and a
nose. Non-toxic red food dye was added postprint on some samples for visibility). (b) A mesh printed with the tough
and biocompatible hydrogel. The mesh was used to host HEK cells. (c) Live—dead assay of HEK cells in a collagen hy-
drogel infused into the 3D printed mesh of the PEG-alginate-nanoclay hydrogel. (d) The viability of the HEK cells
through 7 d. (e) A printed bilayer mesh (top layer red, bottom layer green) is uniaxially stretched to three times its
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initial length. Relaxation of the sample after stretching shows almost complete recovery of its original shape. (f) A
printed pyramid undergoes a compressive strain of 95% while returning to its original form after relaxation. Repro-
duced with permission from ref. [71] © John Wiley and Sons.

Recent developments in 3D printing of hydrogels offer a potential to produce constructs with
the higher structural organization, fine-tuned mechanical and chemical properties to control
cell behavior and an environment that mimics in vivo tissue. 3D printing of hydrogels is
promising and requires further development such that the hydrogels are easy and inexpensive
to print, are favorable toward promoting cell viability, differentiation, migration, and cell—cell
interactions, and are functionally versatile. However, hydrogels are soft, and their use for 3D
printing largely depends on their viscosity, their structural integrity, and their ability to be
cross-linked in a way such that the cells can be encapsulated.

4. Conclusion

Hydrogels have found extensive applicability in various fields of tissue engineering and
regenerative medicine due to their underlying similarity to the native ECM. The role of
hydrogels in regenerative medicine has progressed remarkably with their widespread use in
peripheral nerve regeneration, tooth regeneration, and more recently in 3D printing. Long
nerve gap repair, dentin-pulp complex reconstruction, and 3D printing of organs are few of
the areas in regenerative medicine that are at the forefront. Understanding and development
of functionally bioactive smart hydrogels could help tremendously in these regenerative
therapies.
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Abstract

Silver nanoparticles (AgNps) have attracted much interest in biomedical engineering,
since they have excellent antimicrobial properties. Silver nanopolymer composites have
applications in biochemical sensors, antimicrobial activity and drug delivery system. Sil-
ver nanoparticles are more effective than ionic homologues (Ag+) for their antimicrobial
activity. Antimicrobial properties of silver nanoparticles are used by their incorporation
into medical devices, tissues and other health-related products for skin pathologies to re-
duce the risk of contamination and to promote higher preventive infection control. Novel
hybrid material thin films based on various polymeric systems with embedded silver
nanoparticles were synthesized using various methods. The electrical, optical and plas-
monic responses of AgNps onto thin layers of polymer composites show encapsulation of
nanoparticles. The antibacterial activity of AgNps/polymer composites against various
common bacteria is discussed in this chapter. The antibacterial activity of the synthesized
hybrid materials was tested against various bacteria, commonly found in hospital envi-
ronment. Silver nanostructures have especially been of interest because of contrast agents
for biomedical image. Shunts used for hydrocephalous silicon elastomer grafted with hy-
drogel, polyvinylpyrrolidone (PVP) soaked in various antibiotics proved to be active for
longer time.

Keywords: Polyvinylpyrrolidone, Silver nanoparticle, Antibacterial, Optical properties,
Electrical properties, SEM

1. Introduction

Synthesis of nanoparticles is an interesting field in solid-state chemistry. Recently, much
interest has been shown for ultrafine metal particles because they have unique properties that
are different from bulk metals in optical property, catalytic activity and magnetic property. In
particular, many studies have been devoted to silver, gold and copper colloids. Usually
nanoparticles are spherical in shape. Nanoscale metal flakes are of interest in electronics,
mechanics, electromagnetic, communication and stealth technology [1].

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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The silver antimicrobial effectiveness has been known for a long time. Over the past few years,
the silver or silver salts have become important components to control the microbial prolifer-
ation. They are being currently incorporated in a wide variety of materials used in our daily
lives, ranging from the textile and hospital areas to materials used in personal hygiene, such
as deodorants and toothbrushes. A recent application is based on matrixes formed by collagen
and bayberry tannin for the immobilization of silver nanoparticles. Various chemical forms of
silver have been known for a long time as an effective antimicrobial agent with high activity
against bacteria, viruses and fungi. Silver nanoparticles are most extensively studied in the
recent years because of their possible usage as a strong bactericidal material with applications
in the field of biomedical science. Well-developed large surface area to volume ratio of these
particles provides better contact with the microorganisms and strong cytotoxicity to bacterial
cells due to enough interaction with the functional groups on the bacterial cell surface [2].

Various approaches to control the size and shape of silver nanoparticles have provided many
applications as antibacterial agents like medical devices, coatings for washing machines, food
containers and portable water filters. In many of these applications, AgNps have been either
embedded or attached on various inorganic and organic supports, such as filter materials made
of zeolite, silica or fibre glass, natural macroporous materials, paper, carbon materials and
various types of polymers for better contact and control for release of silver ions [3].

Various polymers such as polyglycidyl methacrylate-co-ethylene glycol dimethacrylate
(polyGMA-co-EG-DMA) resins, polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) are
used for encapsulation of silver nanoparticles.

2. Body

Santos et al. have shown the excellent antimicrobial effectiveness of AgNps stabilized by
Pluronic™ F68 associated with other polymers such as PVA and polyvinylpyrrolidone. AgNps
stabilized with PVP or PVA and co-stabilized with Pluronic™ F68 are effective against
Escherichia coli and Pseudomonas aeruginosa microorganisms. The wide range of minimum
inhibitory concentration (MIC) from 0.78% to 25% is achieved against bacteria [4].

Wang et al. have used polyvinylpyrrolidone, which is a good stabilizer for the silver nano-
particle due to its amine functional group. PVP was used as a dispersant to accelerate the
reaction between silver ions and glucose and stabilized with H*. The silver particles with the
diameter <50 nm coordinate with the nitrogen in PVP, by forming a protection layer. The large
silver particles, with the diameter of 500-1000 nm, coordinate with both nitrogen and oxygen
in PVP molecules [5].

The control of shape and size of gold particles by introducing a small amount of salt into a
N,N-dimethylformamide (DMF) solution containing poly(vinylpyrrolidone) or by changing
the temperature is reported in literature. The shape of gold nanoparticles has been tuned in
various forms like cubes, octahedrons and hexagonal nanosheets [6].
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Jiang et al. have explored a new method to prepare colloidal five-twinned Au nanoparti-
cles by solvothermal wet chemical method. In this process, hydrogen tetrachloroauric acid
(HAuCl, 3H,0) was reduced by ethylene glycol (EG) to produce the desired shape of Au
nanocrystals in the presence of poly(vinylpyrrolidone) molecules at 200°C under autoge-
nous pressure. They also found large, five-fold twinned Au particles with perfect decahe-
dral shape [7].

Wang et al. have shown that Ag/PVP nanocomposite fibres can be electrospun from a PVP and
Ag nanoparticles ethanol solution. The pyridyl group in PVP structure have strong affinity
with metal particles by undergoing hydrogen bond [8]. Therefore, many metals and semicon-
ductor nanoparticles are prepared in the PVP solution.

Washio et al. have used the idea of kinetically controlled synthesis of metal nanocrystals by
using hydroxyl end group of PVP. The kinetic control is a simple and versatile route for
synthesis of metal nanocrystals with well-defined shapes. They have synthesized Ag nano-
plates by heating an aqueous solution of silver salt (AgNO;) and PVP in a capped vial. The
hydroxyl end groups of PVP reduced AgNO; at a sufficiently slow rate so that the growth of
Ag nanocrystals can be kinetically controlled, leading to the formation of triangular plates.
This kinetically controlled synthesis gives Ag nanoplates of controllable edge lengths by
varying the reaction time [9].

Polyethylene glycol (PEG) has a similar structure like polyethylene oxide (PEO). It is inexpen-
sive, water-soluble and biocompatible. Therefore, these are used in the biomedical field for a
long time. Tae et al. used these two substances (prodrug/silver) to provide a synergistic effect
in both the biomedical and nanotechnology fields. Monocarboxylic ions and dicarboxylic acids
are known to be very effective to stabilize silver surfaces for a long time. Vancomycin and
sulfadiazine have long been known as highly active antibacterial drugs. Hence, PEO-vanco-
mycin or PEO-sulpha drug conjugates as precursors of prodrugs, which must be effective to
stabilize silver surface. Their active functional groups at the polymeric chain ends play an
important role to stabilize metal surfaces by ionic—dipole or ionic-ionic interaction [10].

The polymer films of polystyrene (PS) and polymethyl methacrylate (PMMA) are technolog-
ically important for metal nanocomposites with controlled properties. Although these blend
films usually result in phase separation, they are different from the bulk. This can be manip-
ulated to produce different roughness surfaces providing different nucleation conditions for
thin discontinuous metallic films. Ag nanoparticles are produced in polymer blends (PMMA/
PS) on silica substrate by e-beam evaporation of metal in vacuum [11].

Bryaskova et al. have reported that hybrid materials showed a strong bactericidal effect against
E. coli, Staphylococcus aureus and P. aeruginosa and therefore have potential applications in
biotechnology and biomedical science [12].

Polymeric materials such as poly(vinyl pyrrolidone) carrying amine functional group are
reported to be a good stabilizer for the silver nanoparticle. The PVP is used as a stabilizer for
synthesis of silver nanoparticles using two different strategies based on thermal or chemical
reduction of silver ions to silver nanoparticles. The synthesized AgNps/PVP were tested
against etalon strains of three different groups of bacteria: S. aureus (gram-positive bacteria),
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E. coli (gram-negative bacteria), P. aeruginosa (nonfermenting gram-negative bacteria), as well
as against spores of Bacillus subtilis (B. subtilis) for antibacterial activity. Also, AgNps were
tested in the presence of fungicidal activity against different yeasts and mould such as Candida
albicans, Candida krusei, Candida tropicalis, Candida glabrata and Aspergillus brasiliensis. Hence,
these hybrid materials show potential applications in biotechnology and biomedical science.

The chemical reduction of silver ions into stable AgNps in different polymer stabilizers is the
most common method. Among them, polyvinylpyrrolidone has excellent chemical and
physical properties. Therefore, it is a good material for coating or as an additive to different
materials. Besides being a stabilizing agent, it also has an impact on the control of the reduction
rate of the silver ions and the aggregation process of silver particles (Fig. 1). PVP is also used
in other techniques for synthesis of AgNps as y-irradiation synthesis and laser ablation [2].

Figure 1. Chemical reduction of AgNps in PVP.

Irwin et al. have evaluated the antimicrobial properties of Ag-based nanoparticles using two
solid-phase bioassays and found complete inhibition of the growth of bacteria like Staphylo-
coccus aureus, Salmonella typhimurium or Escherichia coli on solid surfaces. Even after one week
at 37°C on solid media, no growth was observed. At lower Np concentrations, visible colonies
were observed, but they eventually ceased growing [13].

Dispersing silver nanoparticles homogeneously into a polymer matrix by ex situ methods is
difficult because of the easy agglomeration of nanoparticles. Therefore, convenient and
effective ways of preparing Ag nanoparticles in polymer materials are carried out by the
author. Vacuum-deposited, thin discontinuous silver films on the composite of PVP and poly4-
vinylpyridine (P4VP) is an in situ and eco-friendly method [14].

Vacuum-deposited, thin discontinuous silver films on Eudragit RL 100 (Eu) were also
produced. Eudragit RL100 is insoluble in water at physiological pH values and capable of
swelling, so they are good for the dispersion of active compounds. This polymer is being used
for the enteric coating of tablets and for preparing controlled-release formulations. Hence,
deposition of silver nanocluster on Eu would be useful for drug delivery system [15].

Various polymer systems and methods of dispersion of silver nanoparticles in them are
discussed in this chapter. A comparison is drawn among them from the point of view of
applications.
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3. Experimental

Ivana et al. have prepared composites consisting of metallic silver nanoparticles and aminated
poly(GMA-co-EGDMA) copolymer (G-NH2) by the reduction of silver ions with amino groups
attached to copolymer at an elevated temperature. The content of silver in the Ag/G-NH2
composites was determined using inductively coupled plasma atomic emission measurements
(ICP-AES Spectroflame 17 instrument). Bearing in mind that ICP-AES technique is not selective
towards chemical state of silver, the measured value besides metallic silver includes traces of
ionic silver in the composite. Further, ultraviolet-—visible (UV-Vis) reflection spectra, Fourier
transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM) and X-ray
diffraction (XRD) were used for characterization of AgNps. The antimicrobial activity of
Ag/G-NH2 composites was evaluated against gram-negative bacteria E. coli (ATCC 25922),
gram-positive bacteria S. aureus (ATCC 25923) and yeast C. albicans (ATCC 24433) using the
standard test method (ASTM E 2149-01). The percentages of microbial reduction (R, %) after
1 h of contact of Ag/G-NH2 composite, in concentration range from 50 to 1 mg/ml, with
microbial cells were calculated using the following equation:

R= (C,-C)/Cx 100

where C, (CFU, colony forming units) is the number of microbial colonies in the control sample
(G-NH2 copolymer without AgNps) and C (CFU) is the number of microbial colonies in the
Ag/G-NH2 composites [3].

Santos et al. have used the Turkevich method for metals nanoparticle synthesis with good
antimicrobial properties. This method only involves benign substances, so it is suitable for
applications in the human body. This method was applied with further modifications to allow
incorporation of the polymeric stabilizers and the Pluronic™ co-stabilizer.

Wang et al. have used silver nitrate solution by dissolving in PVP, glucose and sodium
hydroxide. Characterizations of the particles were achieved by TEM, infrared spectrum (IR),
FTIR and extinction spectra by UV-2102 UV-Vis Spectrophotometer. All spectra were obtained
from the particles immersed in water [5].

Washio et al. have applied reduction method by silver nitrate with PVP dissolved in water [9].

Tae et al. have used the PEO-sulphadiazine and the PEO-vancomycin to prepare nanosized
silver particles in methanol using PEO-vacomycin prodrug as a stabilizing agent; silver
nanoparticles were also obtained in aqueous media [10].

Ying et al. synthesized gold nanoparticles in DMF as both the solvent and reductant, with
HAuCl, in the presence of PVP acting as the capping agent, and these had been effectively
applied for the preparation of silver nanoparticles [6].

Peng et al. have prepared colloidal, five-twinned Au nanoparticles by a solvothermal wet
chemical method. Ethylene glycol (EG) is used to reduce hydrogen tetrachloroauric acid
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(HAuCl,-3H,0) to produce the five-twinned Au nanocrystals. The shape of a decahedron of
Au crystal is produced in the presence of polyvinyl pyrrolidone at 200°C under the condition
of autogenous pressure. TEM and field emission scanning electron microscopy (FE-SEM) have
been used to observe the surface morphology of the produced crystals [7].

Wang et al. have prepared the silver nanoparticles by a known quantity of silver nitrate added
to ethanol containing a predetermined quantity of PVP. The molar ratio of silver nitrate to a
repeating unit of PVP was 1:10. Ethanol is widely used as a solvent for the electro-spinning of
polymers. Thus, Ag nanoparticles in ethanol solution were prepared by reducing Ag+ions in
a PVP solution. It has been reported that ethanol alone could reduce Ag+ ions into Ag® under
refluxing conditions without any external reducing agents [8].

Bryaskova et al. have prepared thin films based on PVA/tetraethyl orthosilicate (TEOS)
embedded with silver nanoparticles using sol-gel method. Two different strategies were
adopted for the synthesis of silver nanoparticles in PVA/TEOS matrix: one on reduction of the
silver ions by thermal annealing and the other by synthesis of silver nanoparticles using PVA
as a reducing agent [12].

Nanosilver polymer composite was prepared by vacuum evaporation and characterised by
electrical and optical properties for PVP/AgNp and Eu/AgNp [14, 15].

4. Result and Analysis

Various polymeric systems and methods are found in the literature for encapsulation of
nanoparticle in polymer matrix. Also, the size of the nanoparticle is controlled by modifying
method as per their applications.

Polymers are widely used in the chemical synthesis of colloidal nanocrystals, and their roles
are generally documented as steric stabilizers or capping agent [16 - 23]. Polyvinylpyrrolidone
is an excellent dispersant, biocompatible polymer. In particular, PVP has received special
attention because of its high chemical stability, no toxicity and excellent solubility in many
polar solvents. The role of PVP in silver capping has received considerable attention due to
the chemical structure of PVP that contains N atom that can protect the silver particles from
growing and agglomerating. With the introduction of PVP into the process, silver ions
coordinate with N or O in PVP, and a covered layer would generate on the surface of the
particles. The layer inhibited the growth and agglomeration of the particles [5].

For the synthesis of silver nanoparticles, organic substances, such as ethanol, DMF and
formaldehyde, can be used to reduce silver. DMF is a moderate reducing agent. Silver cation
was reduced and the formed carbonic acid was decomposed easily:

HCONMe, + 2Ag" + H,0 —2Ag’ + Me,NCOOH + 2H"
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Me,NCOOH - CO, + Me,NH

The reaction proceeds at a meaningful rate even at room temperature and in the dark.
Moreover, the reaction can be conducted without taking any special care with regard to the
presence of oxygen. Reduction of silver nitrate in DMF was readily observed by the appearance
of a yellow colour, which deepened to greenish-black with time. In the UV-Vis spectrum (Fig.
2), a characteristic peak for Ag’ at 415 nm appeared with the reduction of Ag" by DMF.
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Figure 2. UV-Vis spectra for (a) AgNO;~.
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Figure 3. The electric spectral change of DMF system and (b) after 12 h at 60°C. PEO- stabilized Ag nanoparticles and
the corresponding PEO-based polymers in methanol.
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PVP, the molar ratio of vinylpyrrolidone unit to AgNO; (10/1), was used as a stabilizer. The
Ag*ions and Ag particles were loosely bonded to the chain of PVP to make the system stable.
It was found that the average diameter of silver particles changed with the ratio of PVP
unit/Ag* [1].

PEO-sulfadiazine is used as a stabilizing agent, while reducing AgNO; with NaBH, in
methanol shows interesting optical properties. These optical properties of nanosized metals
are resulting from their surface plasmon resonances due to collective oscillation of conduction
electrons in response to optical excitation. These properties are strongly dependent on size and
shape. It has been observed that Cs symmetrical nanosized spheres have only one peak,
whereas OH symmetrical cubic particles show three peaks. Also, three optical spectral peaks
in the case of triangular silver nanoplates were observed at A, =335, 470 and 690 nm as shown
in Figure 3. The PEO-sulphadiazine conjugate exhibits the weak absorption peaks at A,,,,, =400
and 620 nm. But, the broad absorption peak at A,,,, =400 nm in the case of PEO-sulphadiazine-
stabilized Ag nanoparticles in water indicate that the nanoparticles are spherical particles
exhibiting symmetrical cubic lattice structure [10].

Although PVP has been widely cited as a steric stabilizer or capping agent in the synthesis of
various colloidal particles, Washio et al. have used the end groups of PVP as a reducing agent
for the synthesis of metal nanoparticles. The repeating unit of PVP has been extensively
investigated for its coordination capability in terms of functionality and reactivity. For
commercially available PVP, their ends are terminated with the hydroxyl (-OH) group because
of the involvement of water as a polymerization medium and the presence of hydrogen
peroxide. The introduction of PVP accelerated the reaction between silver ions and glucose.
PVP increases rate of converting ions into silver nanoparticles. If the rate of generating metal
atoms is sufficiently high, then the final product takes the thermodynamically favoured
shapes. As the reduction gradually decreases, the nucleation and growth turn into kinetic
control and a range of shapes are produced. Metal nanostructures with sharp corners and
edges are capable of generating maximum electromagnetic-field enhancement and hence make
these nanoparticles attractive as substrates for surface enhanced Raman scattering (SERS)
detection or other spectroscopic techniques [9].

Chen et al. have discussed that absorption of chemical species by the surface has a great impact
on the surface energies. For the small particles, the ratio of surface free energy to the total
energy yield about their structure. When the gold nanoparticles are prepared in the PVP
solution, absorption of PVP and solvent molecules on the reduced gold particles takes place.
The presence of NaOH or NaCl in the solution influenced the surface energy of various gold
crystal planes due to the competitive absorption between the ions of the added salt and the
original adsorbents. This influences the growth rate of various facets during the crystal growth.
The evidence of the change of the surface energy of various crystal faces comes from the very
few coexisting multi-twinned particles. This can be attributed to a kinetic occurrence, leading
to different growth rates for the different crystal faces. However, the change of the surface
energies by the adsorption of foreign species may be the origin of this kinetic problem. The
adsorption abilities of chemical species vary with the temperature, and therefore, the shape
can also be controlled by the reaction temperature [6].
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PVP molecules play a very important role in the formation and evolution process of the five-
twinned Au nanoparticles. It has been found that only large spherical Au particles were
produced in the reaction solution without adding PVP. When PVP is added in the ethylene
glycol solution, large triangular or hexagonal Au nanoplates as well as nanorods or nanowires
were produced. Figure 4 shows small decahedral Au nanoparticles along with triangular and
hexagonal shapes. Figure 5 is a typical TEM image of a decahedral Au nanoparticle. A nearly
perfect pentagonal shape with each angle of about 108° can be clearly seen. Their sizes could
be systematically controlled by changing the ratio of HAuCl,/PVP. The authors suggest that
PVP can act as a kinetic controller of the growth rates along various crystalline facet directions
by adsorption and desorption processes [7].

Figure 4. Decahedral Au nanoparticles.

The two major steps are involved in preparing PVP nanofibre film with homogeneously
dispersed silver nanoparticles. In the first step, silver nanoparticles are prepared by reduction
of AgNO; by ethanol under refluxing conditions in PVP ethanol solution. In the second step,
the solution is electro-spun directly to prepare a PVP nanofibre film. It has been reported that
ethanol could reduce Ag" ions into Ag’ under refluxing conditions in the absence of any
external reducing agents. The absorption spectra of the solution before and after refluxing for
5 h show remarkable change by reaching 410 nm. Silver nanoparticles exhibit a high optical
absorbance due to the existence of discrete energy levels which was consistent with the result
of the UV absorption spectrum [8].

Two different strategies were applied for producing antibacterial hybrid material/silver
nanoparticles stabilized with PVP. In comparison to other techniques for synthesis of silver
nanoparticles, thermal reduction of Ag* ions to Ag” can be performed at elevated temperature
without using reducing agents. This was achieved by adding AgNO;, the precursor for silver
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ions, to the PVP solution that led to the coordination of silver ions with -N or O atoms from
PVP, followed by boiling the PVP solution at 100°C for 60 min. In this case, PVP acts as a
stabilizer that protects the silver nanoparticles from agglomeration and controls the rate of
reduction. The optical absorption spectra clearly indicated the formation of silver nanoparti-
cles by the appearance of strong absorption bands at 420 nm (Fig. 6a). Moreover, the absorption
of silver nanoparticles becomes stronger and sharper with the increase in the silver concen-
tration, which is an indication for he preparation of silver nanoparticles with narrower particles
size distribution. This state is confirmed by TEM analysis that spherical silver nanoparticles
with an average size of 6.4 + 1.1 nm are homogeneously distributed in polymer matrix.

Figure 5. A typical TEM image of a decahedral Au nanoparticle.
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Figure 6. a) UV spectra of AgNps/ PVP obtained via thermal reduction at concentration of silver precursor: 2 for 1.96
mg/mL and 3 for 3.92 mg/mL. b) TEM of thermal-reduced silver nanoparticles stabilized by PVP at concentration of
silver precursor 3.92 mg/mL.
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In the second method, silver nanoparticles were prepared by adding a strong reduction agent
as NaBH, to the PVP solution in the presence of AgNO;. The optical absorption spectra of silver
nanoparticles clearly show a band at 410 nm with peaks whose intensities increased with silver
concentration (Fig. 7a). TEM analysis confirmed the formation of spherical nanoparticles with
an average size of 13.8 + 3.8 nm (Fig. 7b).
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Figure 7. a) UV spectra of PVP/AgNps obtained via chemical reduction at concentration of silver precursor: 1. 0.98
mg/mL, 2. 1.96 mg/mL and 3. 3.92 mg/ mL. b) TEM of silver nanoparticles obtained via chemical reduction of AgNO;
in the presence of NaBH4 at concentration of silver precursor 3.92 mg/mL.

FTIR spectra of pure PVP and AgNps/PVP show characteristic peaks for -CH,-H-CH groups
of PVP observed in both structures. The shifting of peak for carbonyl group and -C-N bond
of PVP was associated with the formation of coordination bonds between silver atoms and
oxygen or nitrogen atoms in the PVP.

Antibacterial activity of AgNps/ PVP with three different concentrations of silver precursor in
the range of 0.98, 1.96 and 3.92 mg/mL was tested against S. aureus, E. coli, P. aeruginosa and
spores of B. subtilis by disk diffusion method (DDM). It was found that all AgNps stabilized
with PVP exhibit bactericidal and sporocidic activity by the appearance of an inhibition zone
in the range of 7.5-8.5 mm. Higher antibacterial activity was observed against both gram-
negative E. coli and gram-positive S. aureus, as well as against spores of B. subtilis, but lowest
antibacterial activity was found for P. aeruginosa. To confirm the bactericidal properties,
AgNps/PVP (initial concentration of silver precursor 0.98 mg/mL) was tested using macro-
dilution method. By this method, the MBC corresponding to the lowest concentration without
detection of bacterial growth was determined for E. coli (ATCC 25922), S. aureus (ATCC 25923)
and P. aeruginosa (ATCC 27853). These results clearly indicated the strong bactericidal activity
demonstrated by the lack of any bacterial growth even at lowest silver concentration of 0.015
mg/mL [12].

Antibacterial PES-Ag membranes can be fabricated with PVP as dispersant in the casting
solution. The effects of Ag loading and PVP (MW 360,000) on the thermal properties and
contact angle revealed that membranes’ contact angle decreased when Ag loading increased
mainly due to hydrophilicity improvement. It was also observed that higher the concentration
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of PVP, the more hydrophilic the membrane. From the X-ray photoelectron spectroscopy (XPS)
analysis, the PES-Ag membrane with 2.0 wt% of Ag and PVP displayed high Ag intensity,
thus resulting in high activity in the antibacterial test against E. coli. Therefore, it is concluded
that the presence of PVP in the PES-Ag membrane had significantly improved membrane
performances in the antibacterial activity [19].

Irwin et al. have evaluated the antimicrobial properties of a biocompatible capping agent-
based (keratin) AgNp using both solid- and solution-state media. It was found that on solid
surfaces, keratin-based Nps completely inhibited the growth of Staphylococcus aureus and after
several weeks at 37°C, no further growth was observed. Atlower Np concentrations, formation
of colony is found but ceased growing beyond a certain small size. Growth of small colonies
on fresh media without Nps proceeded normally. These results imply that further cell division
is limited due to the continued presence of AgNps on the solid surface. In liquid phase, it was
found that growth always occurred but the ¢, varied between 7 and >20 hrs (assuming a
constant C;) using either the citrate- ([Np] ~ 3 x 107 M) or keratin-based ([Np] ~ 10 M) Nps.
This delay was not related to the effect that Npshad on S. aureus k-values. To test the possibility
that the Nps were effectively changing C; bacteria via cell death, the probabilistic calculations
assumed that the perturbations in t,, were due to C; alone (i.e., with a fixed T). The observed
large perturbations in f,, could only come about at concentrations where the probability for
any growth occurring at all was small. This result indicates that much of the Np-induced
change in t,, was due to a greatly increased value for the true microbiological lag time (T
increased from ~ 1 to >15-20 hrs). In either solution or the solid state, a maximum perturbation
was noticed only when the ratio of [Np]:C; (on a particle: cell basis) was about 10"-10'%. The
differences observed between the solid and liquid growth systems relates to obvious differ-
ences in the residence time of the Nps with respect to the bacterial cell membrane [13]. A high
antimicrobial effectiveness against E.coli and P. aeruginosa by AgNps was found for all
stabilizing polymers, and the inhibition value was found to be increased when Pluronic™ F68
was used as a co-stabilizer.. The use of AgNps co-stabilized by Pluronic™ F68 could help in
the decrease of the resistance effect where the use of AgNps for burns treatment presented the
onset of resistance against Enfero bacteriaceas, P. aeruginosa, Salmonella and others [4].

Implantation of shunt for relief of hydrocephalus in neurosurgery is associated with infections.
To prevent infection surface modified silicon elastomer polyvinylpyrrolidone grafted silicon
elastomer (SEPVP) is used. PVP being a hydrogel, SEPVP soaked more in antibacterial solution
results in more longevity in antibacterial activity [26].

A negative temperature coefficient of resistance (TCR) at high temperature followed by almost
zero TCR at lower temperatures exhibited by the silver particulate film on polymer composite
is the indication of film consisting of small particles separated by small distances. The overall
resistance of film deposited on composite decreases with increase in thickness of silver films
deposited on the composite. The dc resistances of the particulate film are exponentially
dependent on intercluster separation or tunnelling length. Therefore, observed high resistan-
ces were attributed to very large interspacing and larger cluster sizes for PVP, which is reduced
with the blending of P4VP with PVP and increasing thickness of silver film. Pyridine ring with
nitrogen atom in the structure of P4VP causes the change in the morphology. Table 1 presents
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the resistance data for the silver films of various thickness deposited on polymer blend
substrates held at 457 K with a rate of 0.4 nm/s [14].

Polymer Thickness Ry Ria R, Rost Riexp

PVP:P4VP

0:100 52 nm 