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Preface

Alginates were first used in 1883 by researcher Edward Stanford, and commercial
development commenced in 1927. Alginate is a seaweed product that is a polysac-
charide or carbohydrate polymer with unique properties such as biodegradability,
biocompatibility, renewability, and lack of toxicity. These properties give alginates
potential numerous applications in biomedical science and engineering, agricul-
ture, drug delivery, enzyme immobilization, heavy metal removal from industrial
effluents, as functional food ingredients, mineralization of organic pollution,
emulsifiers, consistency enhancers, and thickening agents in cosmetic formulas.
However, there are certain limitations to the industrial application of alginate.
The most important of these limitations is its exponentially increasing cost with
growing scale. The global production of alginates has now risen to about 40,000
tonnes per year.

Many books and papers have addressed important aspects of alginates over the
years, helping to disseminate knowledge of these polymers. As alginates continue
to grow and many new colleagues continue to be interested in alginate applications,
a comprehensive book considering the cutting-edge technologies is a worthwhile
contribution. This book presents the current knowledge and recent advances in the
field of alginates to stimulate further research. It also includes both fundamental
principles and practical applications for professionals and beginners.

This book is organized into eight chapters covering information on alginates and
their applications. The chapters are as follows:

Chapter 1 “Nanomagnetic Polymeric Absorbent Based on Alginate and
Gamma-Maghemite Synthesized In Situ for Wastewater Treatment from
Metallurgical Industry”

Chapter 2 “Alginates - A Seaweed Product: Its Properties and Applications”

Chapter 3 “Heavy Metal Removal by Alginate Based Agriculture and Industrial
Waste Nanocomposites”

Chapter 4 “Alginate Metal Complexes and Their Application”
Chapter 5 “Algal Alginate in Biotechnology: Biosynthesis and Applications”
Chapter 6 “Alginate-Based Composite and Its Biomedical Applications”

Chapter 7 “Applications of Alginates in the Design and Preparation of
Orodispersible Dosage Forms”

Chapter 8 “Curcumin-Alginate Mixed Nanocomposite: An Evolving Therapy
for Wound Healing”



We thank all the authors for their valuable contributions. We are also grateful to our
families who were extremely supportive during the editing of this book. Finally, we
would like to express our appreciation to Author Service Manager Marica Novakovic
at IntechOpen for her guidance during the publication of this book.

Irem Deniz
Manisa Celal Bayar University,
Manisa, Turkey

EsraImamoglu
Ege University,
Izmir, Turkey

Tugba Keskin-Gundogdu

Demokrasi University,
Izmir, Turkey

XIvV



Section 1

Applications







Chapter1

Nanomagnetic Polymeric
Absorbent Based on Alginate and
Gamma-Maghemite Synthesized
In Situ for Wastewater Treatment
from Metallurgical Industry

Ivana Lourengo de Mello Ferreira,
Rodprigo Ferveirva Bittencourt and Clenilson Sousa Jinior

Abstract

A nanomagnetic absorbent based on calcium alginate was produced
successfully with the maghemite nanoparticles synthesized in situ, i.e., together
with the polysaccharide crosslinking reaction. Physicochemical properties of the
absorbent were analyzed and its ability to remove Ni(II) and Mn(II) ions from
areal metallurgical industry wastewater was evaluated. Kinetic studies of the
adsorption of these heavy metals were realized. To ascertain the most suitable
quantity of absorbent to remove Ni(II) and Mn(II) from the wastewater, the absor-
bent mass was varied and adsorption kinetics was also evaluated. The competitive-
ness between the metals was evaluated to understand the adsorption mechanism.
The samples were characterized by transmission electron microscopy, vibrating
sample magnetometry, X-ray diffractometry and Mossbauer spectroscopy. The
absorbent prepared, in this work, can be classified as a hydrogel. It presented
predominant spherical morphology and micrometric dimension, containing atoms
of iron and calcium dispersed uniformly in their internal and external surfaces.
The synthesized maghemite nanoparticles presented superparamagnetic behavior.
Results showed that the adsorption equilibrium time for both ions was about
60 min. The removal percentages from wastewater were 60.5% for nickel and
56.6% for manganese, using 300 mg of hydrogel. Results revealed that the adsorp-
tion mechanism is by ionic change between calcium and heavy metals.

Keywords: Nanomagnetic absorbent, hydrogel, calcium alginate, gamma-maghemite,
adsorption mechanism, metallurgical wastewater
1. Introduction

Environmental pollution caused by heavy metals is a serious problem and has
been the focus of worldwide concern. The chemical effect of these metals has been

of great environmental interest due the fact these metals are not biodegradable,
which means they have cumulative effects in organisms, causing serious damage to
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health [1, 2]. Among several metals, manganese and nickel are considered highly
toxic. Both are contained in wastewater from galvanoplasty as a consequence of the
electrodeposition processes and other metallic surface treatments to prevent cor-
rosion [3]. The main harmful effects caused by these metals are cancer, pulmonary
lesions and central nervous system damages [4].

There are several methods for the removal of ions from aqueous solutions, such
as reverse osmosis, ion exchange, precipitation, electrodialysis and adsorption [5].
Among these methods, adsorption is the most versatile and widely used to remove
various pollutants [6]. Methods to remove heavy metals using low-cost adsorbents
have been successfully developed, as shown in the literature [7-9].

Natural polymers like alginate (polyanion) are receiving growing attention due
to their strong affinity for heavy metal ions. The absorption capacity, specifically
of hydrogel in particle form, is comparable to or even better than commercial ion
exchange resins. Furthermore, these materials are abundant, biocompatible and
environmentally friendly, which make them potential adsorbents for removal of
pollutants from wastewater [10].

Accordingly, economically feasible materials that provide efficient removal of
these metals from wastewater are being widely studied. The adsorption described in
this article is used as a cost-effective way to remove heavy metals, making it com-
petitive with the conventional technology. The proposed adsorbent, consisting of
hydrogel based on alginate, a natural anionic polymer, is widely studied to remove
heavy metals, since it is nontoxic, inexpensive and highly efficient regarding
adsorption [2].

Alginate is a linear copolymer composed of -D-mannuronic acid (M) and
a-L-guluronic acid (G) subunits. It can be used in several fields, like the food,
pharmaceutical biomedical industries, for purposes such as drug delivery, sensorial
enzyme encapsulation and development of contrast agents for diagnostic imaging.
Moreover, alginates have been proven to be outstanding for water purification.
Research has also demonstrated that gel beads of calcium alginate can remove heavy
metals from wastewater [11].

Nevertheless, the separation of the loaded biomaterials from the medium is
often a problem. So, the use of magnetic adsorbents (called here magsorbents) to
solve this technical problem has received considerable attention in recent years [12].

Magnetic nanoparticles are embedded in polysaccharides to raise their capacity
as biosorbents. Also, they are very useful in the isolation or recovery process of gel
beads. Papers have been published describing the removal of heavy metal ions using
maghemite and alginate, as magnetic and encapsulating material, respectively [13].

Idris et al. [2] prepared magnetic alginate beads by insertion of nanoparticles
of maghemite in chains of sodium alginate, aiming to remove ions of Pb (II) from
aqueous solutions. Physicochemical parameters, such as pH, initial metal concen-
tration and contact time were studied. The results revealed that 95.2% of Pb (II) was
removed in 2 hours at pH 7, and the maximum adsorption capacity was 50 mg g™
Furthermore, the presence of magnetic particles in hydrogel beads enabled the easy
isolation of the beads after the sorption process. The results showed the potential of
using magnetic beads to treat wastewater containing heavy metals.

However, to the best of our knowledge, not studies have been published about
the synthesis of hydrogels based on calcium alginate along with y-maghemite
nanoparticles prepared in situ (preparation method in a single step) to remove
heavy metals from industrial wastewater. The existing works first synthesize the
gamma-maghemite by the co-precipitation process and then add it to the hydrogel
(two-step preparation method). Moreover, in our study, the adsorption kinetic in
function of hydrogel mass and the competitiveness between the metals (adsorption
mechanism) were evaluated.
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2. Experimental

All chemicals were bought in analytical purity and were used without further
purification. The main chemicals, calcium chloride and ferrous sulfate, were
purchased from Vetec. The manganese and nickel solutions (1000 mg L") were
prepared and used as stock solutions.

Sodium alginate was supplied by Sigma-Aldrich Chemicals Co. The industrial
wastewater used in this work was provided by a large metallurgical company, more
particularly from the E-coat painting line pretreatment, which is a water-based
immersion coating process for application on metal parts.

2.1 Synthesis of nanomagnetic absorbent

The nanomagnetic absorbent were prepared according to the method described
in Llanes et al. [14] with some adaptations. It was synthesized an iron oxide-alginate
nanocomposites in situ, as follows. A aqueous solution of sodium alginate (50 mL)
was added dropwise, at room temperature, to a degassed ferrous sulfate heptahy-
drate solution (0.3 mol L™) using a syringe fitted with a needle. The pale-yellow
Fe(II)-crosslinked beads were formed immediately. The solution was gently stirred,
during the whole addition, and remained under stirring for 45 min. The beads
were separated by filtration and washed, several times, with ethanol/water (1/1),
to remove the excess ferrous ions. Then an aqueous solution of sodium hydroxide
(0.5 mol L™) was added to the beads, resulting in a change in the color of the beads
from light orange to dark green. The suspension was stirred for 30 min. and then
heated at 65 + 5°C in a water bath. A solution of hydrogen peroxide (10% v/v) was
added dropwise. The suspension was stirred at 65 + 5°C for 60 min. Nitrogen was
bubbled in the suspension before the oxidation stage. The resulting beads were
washed with ethanol/water (1/1) and added to an aqueous solution of calcium chlo-
ride (0.3 mol L") and stirred for 24 h. Finally, the beads were separated, washed
some times and placed in a kiln at 40°C for 24 h, to obtain reddish-brown beads.

2.2 Characterization

The content of mannuronate (M) and guluronate (G) units of sodium alginate
sample was 62.8% and 37.2%, respectively, calculated by 13C CP-MAS NMR in our
previous study [15]. The viscosity average molar mass ("Mv) of sodium alginate was
calculated by applying the equation of Mark-Houwink-Sakurada, using K = 7.3 x
10-5dL/g and a = 0.92, obtaining a value of 4.7 x 104 g mol ™ [15].

The iron oxide particle size was determined by transmission electron micros-
copy (TEM) using an FEI Tecnai G2 F20 microscope. The samples were ground
in an agate mortar along with methyl alcohol, after which the supernatant was
removed from the mortar and diluted in 1 mL of methyl alcohol. The resulting
solution was kept in an ultrasound bath for 10 minutes. A drop of the mixture was
then deposited on a copper mesh with carbon film. The magnetic properties were
analyzed by a vibrating sample magnetometer (VSM) calibrated with a nickel
standard cylinder at room temperature (25° C). The total analysis time was 10 min-
utes and the magnetic field ranged from 2,000 to 12,000 G, and each spot was
measured at 1.5 second intervals. The Méssbauer spectrum was obtained at room
temperature with constant acceleration with 1024 channels, encompassing a veloc-
ity range of —11 to +11 mm/s with increments of about 0.045 mm/s per channel.
Through the X-ray diffraction (XRD) it was possible to identify the metals present
in the hydrogel sample. The samples were macerated with the help of pistil and
gral. The diffractograms were obtained in a Shimadzu diffractometer, model XRD
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6000, equipped with iron tube and graphite monochromator. The scans were made
between 15 and 60° (260), with a goniometer speed of 2°/ min.

The morphological properties were analyzed by granulometry using a Retsch AS
200 Basic shaker with analytical sieves of 15 to 50 mesh, optical microscopy (OM)
with an Olympus SZX10 microscope, for which the samples were placed on a glass
slide subjected to the action of a light beam for observation, and scanning electron
microscopy (SEM) with a JOEL JSM-6510LV apparatus, after coating samples with a
thin gold layer. For image capture, secondary electron detectors and energy dispersive
X-ray analysis (EDX) were used, with acceleration voltage of 20 kV. The metal ion
concentration in the aqueous solution and industrial wastewater was determined
using a Varian AA240 atomic absorption spectrophotometer (AAS), with samples
diluted in order to adjust them to the calibration curve previously obtained for each
metal, followed by addition of nitric acid (HNO3) to prepare the samples for analysis.

2.3 Water uptake (WU) of nanomagnetic absorbent

The WU capacities were determined at room temperature through the Eq. (1).

Ww_Wd)

WU:( .100 1

d

W, is the weight of swelled absorbent in water at equilibrium and Wy is the
weight of dried absorbent (average weight of 100 mg). These experiments were
performed in triplicate.

2.4 Adsorption experiments

The adsorption experiments were performed for 1 h contact time at room
temperature by shaking with a constant weight of the nanomagnetic absorbent
(100 mg). The initial concentrations of Mn(II) and Ni(II) in the solutions were
varied from 50 mg L' and then 100 to 500 mgL " at intervals of 100 mgL ™.

Adsorption experiments of the metal ions in the industrial wastewater were
performed at 1 hour of contact time at room temperature by shaking with the
sample natural pH (pH = 6.5). The absorbent mass ranged from 50 mg and then
100-300 mg in 100 mg intervals.

3. Results and discussion

The swelling of a polymer depends on the degree of interaction between the sol-
vent and polymer molecules. The swelling kinetic is shown in Figure 1. The swelling
degree at equilibrium was reached in 60 min and its value was 52%.

The size distribution curve of nanomagnetic absorbent (NA) is shown in
Figure 2(a). The size of the NAs produced ranged from 500 to 850 pm. The shape
of the beads was mostly spherical, according to Figure 2(b).

Figure 3 depicts the SEM images of NAs. In general, the beads were mostly
spherical, confirming the results of OM images, and the surfaces were rough,
which favors the adsorption of the NAs. The composition maps (Figure 3) reveal a
homogeneous distribution of calcium and iron elements throughout the polymeric
matrix surface. To confirm the presence of both components (calcium and iron)
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Figure 1.
Swelling kinetic of nanomagnetic absorbent, in deionized water.
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Figure 2.
Size distribution of synthesized NAs (a); optical microscopic image of NAs (b).

Figure 3.
SEM micrograph of NA external surface and composition maps of iron (Fe) and calcium (Ca)
(magnification: 100X).
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Figure 4.
SEM micrograph of NA internal surface and composition maps of iron (Fe) and calcium (Ca)
(magnification: 300X).

Enecgy (keV)

Figures.
TEM images of maghemite nanoparticles synthesized into the NA (in situ).

inside the microspheres, a cut as made in one of the samples ([Alg-Na] = 3% m/v;
[FeSO4] = 0.3 mol L™; [CaCl2] = 0.3 mol L™}) as shown in Figure 4. It can be seen
that the microsphere has a massive internal surface containing both components.

The transmission electron microscopic (TEM) images and EDX spectra
(Figure 5) proved that the magnetic iron oxide particles were dispersed in the NA
with nanometric size (< 20 nm), confirming the formation of a nanocomposite
with superparamagnetic behavior.

The VSM curve (Figure 6) demonstrates that the NA did not present a hysteresis
cycle, a phenomenon that causes a delay between the magnetic flux density and
the magnetic field. The saturation magnetization was found to be 9.88 emu/g. The
values of coercivity (Hc) and remanence were 17.50 G and 0.30 emu/g, respectively.
Besides that, all the samples were sensitive to magnetic stimulus by a magnet
(Figure 6). A video is shown in Supplementar Material.
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Figure 6.
Magnetization curve of NA and digital photograph of the samples vesponding to the stimulus of a magnet.

The Méssbauer spectrum (Figure 7a) showed the dominance of a central dou-
blet and the presence of a low intensity diffuse sextet, typical of superparamagnetic
relaxation [16].

The hyperfine parameters indicated the presence of a compound containing
Fe3+ and maximum magnetic field probability less than 200 kOe. For the doublet,
the quadrupole splitting and isomer shift of the sample were 0.70 mm/s and
0.35 mm/s, respectively. These values again indicate the presence of a phase con-
taining Fe3+ [17, 18].

The superparamagnetic behavior is caused by the presence of nanometric
particles, of the order of 10 nm. According to the XRD diffractogram (Figure 7b),
the diffuse peaks of the carrier phase of iron indicate the presence of nanosized par-
ticles. The phase of iron (III) oxide (maghemite, y-Fe203) was identified in the X-ray
diffraction patterns by the rays at the approximate positions of 26 = 36°, 45° and 52°.

3.1 Adsorption of metallic ions from industrial wastewater by the NAs

After preparing and characterizing the nanomagnetic absorbent (NA), we
investigated their adsorption capacity for removal of metallic ions from wastewater
samples from the metallurgical industry.

The untreated wastewater was analyzed by atomic absorption spectrometry to
ascertain the concentration of metals. The results are shown in Table 1.

Among the metals analyzed, manganese and nickel had the highest concentra-
tions, both derived from surface protective coating by cathodic electrodeposition,
in both cases above the thresholds allowed for discharge into the environment [19].
In view of these results, we decided to evaluate the ability of the NA to adsorb these
metals (Mn and Ni) to reduce their concentration.

We first performed kinetic studies of the adsorption of these metals present
in an aqueous solution prepared in the laboratory to verify the adsorption equi-
librium time of each metal contaminant. The results showed that the adsorption
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Figure7.
Médssbauer spectrum (a) and XRD diffractogram (b) of NA.

equilibrium time for both ions was about 60 minutes, as shown in Figure 8, where
the quantity of each metal adsorbed at equilibrium (Qe) can also be seen.

From the adsorption kinetic curves of Ni(II) and Mn(II), it can be seen that the
nanomagnetic absorbent presented satisfactory removal potential. After 60 min-
utes, the adsorption capacity (Qe) of nickel 12.9 mg/g of NA, which corresponds to
removal potential of 52%, while for manganese it was 12.3 mg/g of NA, correspond-
ing to removal potential of 49%.

The fact that the adsorption capacity was much more pronounced in the first

30minutes can be explained by the adsorption mechanism, which occurs in three
steps [20, 21]:

1. Transfer of external mass of molecules of the solute, from the body of the solu-
tion, to the surface of the adsorbent particles (transport of the adsorbate to the
outside surface of the adsorbent);

2. Diffusion to the adsorption sites inside the particles’ structure;
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Metal Concentration (mg LY
Al 0.20
Cd 0.06
Ca 546
Pb 0.07
Cu 0.06
Cr 0.00
Fe 138
Mna 26.88
Nia 17.02
Zn 150

“Limits for discharge set by Brazil’s National Environmental Council [19]: Ni = 2mg L™ Mn = 1mg L.

Table 1.
Concentration of the metals presented in the industrial wastewater sample.
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Adsorption capacity (Qe) and removal percentage (%) of ions from aqueous solutions by NAs in function
of time: (a) [Ni2+]onset = 50 mg L™; V = 50 mL; m = 100 mg e (b) [Mn2+]onset = 50 mg L™; V = 50 mL;
mMHB = 100 mg (pH = 6.5).
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Figure 9.
Effect of NA mass on adsorption of Ni(II) (a) and Mn(II) from industrial wastewater (b) [experimental
condition: pH = 6.5 and V = 50 mL].

3.Immeasurably fast step, when the adsorption itself takes place (adsorption of
the adsorbate on the internal surface of the adsorbent particles). The third step
does not offer any resistance to the process, so that the mass transfer and intra-
particle diffusion are the steps that determine the adsorption speed.

The maximum adsorption equilibrium times observed for the two metals in
question were short (60 minutes), indicating rapid reaction between the adsorbent
material and the metallic ions in solution. This means the NA prepared in this study
has good potential for application on industrial scale.

Two experiments were performed with the industrial wastewater, one to analyze
the kinetics in function of the NA mass and the other to assess the adsorption
mechanism of these ions. The intention of applying the NA for commercial treat-
ment of wastewater is to remove metallic ions without the need to adjust the pH.
Therefore, all the experiments were performed at the natural pH of the sample, 6.5.

3.2 Analysis of the adsorption kinetics in function of NA mass (for treatment of
wastewater)

To ascertain the most suitable quantity of nanomagnetic absorbent to remove
Ni2+ and Mn2+ from the industrial wastewater, we performed studies in which the
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NA mass was varied (Figure 9). The results showed that 300 mg of NAs removed
60.5% and 56.6% of Ni (II) and Mn (II), respectively. Also, the higher the NA mass,
the greater the removal percentages of Ni (II) and Mn (II) were. That was expected,
considering that with the increase of NA mass, the availability of binding sites with
metals also increases.

3.3 Competitiveness between the metals: adsorption mechanism

We performed analysis by atomic absorption spectrometry of calcium, iron,
nickel and manganese ions after application of the hydrogel in the wastewater
sample, for the purpose of determining the interaction between these ions and
the alginate (Figure 10). Both nickel and manganese were adsorbed by the hydro-
gel (concentrations in the wastewater diminished) while calcium was desorbed by
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Figure 10.

Concentration of Ni2+ (a), Mn2+ (b), Caz+ and Fe2+ ions in the wastewater as a function of contact time
with the nanomagnetic absorbent (experimental conditions: mNA = 300 mg; pH = 6.5 and V = 50 mL).
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the hydrogel (concentration in the medium increased). This indicates the occur-
rence of ionic exchange of Ni2+ and Mn2+ with Ca2+. The iron concentration
remained unchanged, proving no loss of magnetic material occurred from the

hydrogel.

4, Conclusion

Nanomagnetic absorbent (NA) based on calcium alginate along with gamma-
maghemite nanoparticles were synthesized in situ and applied for the removal of
metals present in industrial wastewater. The NA presented, predominantly, spheri-
cal morphology, with homogeneous distribution of the elements iron and calcium,
both on the internal and external surfaces of the NA particles, and responded to
the stimulus of a magnet. The XRD diffractogram demonstrated that the synthe-
sized magnetic material was maghemite. The transmission electron microscopic
images proved that the maghemite particles had diameters smaller than 20 nm.
The NAs were good adsorbents of the metals from the wastewater. The adsorption
equilibrium was achieved in 1 hour at pH of 6.5. By using 300 mg of NA, it was
possible to remove simultaneously 60.5% of Ni (II) and 56.6% of Mn (II). Based on
the results, we can propose that the adsorption mechanism of the metals occurred
by exchange of Ca2 + - ions (crosslinker) with Ni2+ and Mn2+ ions present in the
wastewater.
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Chapter2

Alginates - A Seaweed Product:
Its Properties and Applications

S. Giridhar Reddy

Abstract

Alginates are natural polysaccharides available as seaweed products. They
possess several properties due to their molecular structure made of bipolymeric
a-L-Guluronic acid and f-D-Mannuronic acid polymers. Alginates have several
properties such as film-forming ability, pH responsiveness, and gelling, hydro-
philicity, biocompatibility, biodegradability, non-toxic, processability and ionic
crosslinking. They’re commonly used in several industries, including food, phar-
maceuticals, dental applications, welding rods and scaffolding. Due to their gelling
and non-toxic properties, as well as their abundance in nature, the cosmetics and
healthcare industries have shown a great deal of interest in biodegradable polymers
in general and alginates particularly over the last few decades.

Keywords: Alginates, hydrogels, biodegradable polymers, controlled drug delivery,
seaweeds

1. Introduction

Polymers are the chemical compounds that play a significant role in the devel-
opment of medicine and engineering with day-to-day life. Polymers are made of
several repeating units of monomers, which decide the structure and properties.

In the field of medicine, a range of polymeric materials is being used, however,
biodegradable polymers gaining more attention.

Brown algae are composed primarily of alginates, a carbohydrate polymer found
in the form of an insoluble combination of potassium, sodium, magnesium, and
calcium salts of alginic acid that are structural components of brown seaweed cell
walls. They are unbranched binary polymers made up of 1, 4 linkages between
p-d-Mannuronic (M) and a-1-Guluronic (G) acids [1]. The composition of alginates
i.e. G: M ratio varies based on the source [2]. They can also be tailored or resized in
many varieties by varying molecular weight, cation content, particle form, volume
fraction and, G: M ratio.

Alginates were first used in 1883 by a researcher named Edward Stanford, and
commercial development commenced in 1927. The global production of alginates
has now risen to about 40,000 tonnes per year. Alginates are used extensively in the
food, pharmaceutical, cosmetic, and dental industries [3]. Perhaps, in recent years,
the medical and pharmaceutical industries have become incredibly influential in
biopolymers, specifically alginates.

Alginates are particularly known for their applications in pharmaceutical
industries for controlled drug delivery [4], wound healing [5], dermatology [6],
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Figure 1.
Alginate —Brown algae a seaweeds.

and scaffolds [7] because of their properties such as natural disintegration, gel
formation, biocompatibility, and non-toxicity. Alginates are a natural gum that has
an advantage over synthetic polymers because they form hydrogels, are less expen-
sive, and are readily accessible. Alginate gels may also be orally administered into
the body in a minimally invasive manner, enabling a wide range of pharmaceutical
applications. Alginate gels are promising biomaterials for tissue engineering and
cell transplantation, to replace organs in patients that have lost or failed organs or
tissues (Figure1) [8, 9].

2. Properties of alginates

Brown algae obtained from seaweeds such as Laminaria hyperborea, Laminaria
digitata, Laminaria japonica, Ascophyllum nodosum, and Macrocystis pyrifera are
used to make commercially available alginates [10]. In general, alginates are
insoluble compounds; they are washed, crushed, dried, powdered, and treated with
a basic solution especially NaOH or KOH to form sodium/potassium salt of alginic
acid which is water-soluble (Figure 2).

Alginates are generally available in the market as Alginic acid of sodium salt
or Sodium alginate [12]. Alginates due to their acidic nature make them a favor-
able biopolymeric biodegradable product in biomedical applications. Because of
high acid content, alginates form gels due to the presence of Guluronic acid (G)
monomer in alginates within a short period especially in the presence of Ca*" ions.
This property of gelling allows the alginate to possess multiple applications such as
encapsulation of varied fragments or even cells interior of the alginate matrix with
very low side effects [13]. The carboxylic group in alginates are very effective i.e.
reason find many applications and can be modified based on the need [14].

Bacteria such as Pseudomonas and Azotobacter can develop bacterial alginate
as an exopolysaccharide. These bacterial alginate producers may be able to produce
alginates with particular monomer formulations and might be capable of producing
‘tailor made’ bacterial alginates using genetic and protein engineering [15].

2.1 Molecular weight

Alginates obtained from different locations in a sea bed have different molecular
weights ranges between 50,000 to 5lakhs [16]. The viscosity of the alginate solution
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H H COOH

G M G M

Figure 2.
Structure of Alginic acids with 1, 4 linkages between L-Guluronic acid (G) and D-Mannuronic acid (M) [11].

is pH-responsive and increase viscosity is reported with the decrease in pH and
reaches a pH ~ 3.5 because carboxylate groups in Guluronic acid present in the
alginate structure protonated and form hydrogen bonds [17]. Alginates may have
different molecular weights depending on whether they need to monitor pre-gel
solution viscosity or post-gelling strength distribution separately. To adjust the
viscosity of the solution, a mixture of high and low molecular weight alginate
polymers is used [18].

2.2 Biocompatibility

The biocompatibility of alginate has been extensively evaluated in-vitro as well
as in-vivo at varying levels of purity. It has been reported that alginate containing
high M monomers are more immunogenic and 10 times more effective in pro-
moting cytokine synthesis compared to G monomer in alginates [19], but others
reported very little response or no immune response across alginate implants
[20]. Impurities in the alginates, such as heavy metals, endotoxins, proteins,
and polyphenolic compounds, may be causing the variable reaction at the injec-
tion or implantation sites. However, not many serious inflammatory results
were reported in commercially available or certified or alginates obtained from
branded companies [21].

2.3 Alginate derivatives

Alginates are exploited or synthesized for various biomedical applications by
introducing different hydrophilic moieties such as alkyl groups or hydrophilic poly-
mers in the alginate matrix. Long-chain alkyl groups such as dodecyl or octadecyl
are bonded with alginates matrix via esterification. The various properties such as
rheology, gelling and crosslinking characteristics are very useful in bone regenera-
tion and cartilage repair [22]. Sustained or controlled drug delivery vehicles are
achieved from alginate derived from Poly (butyl methacrylate) [23].

Alginates are also investigated for their derivatives with cell-adhesive peptides
are prepared by adding peptides as side chains and coupled through the carboxylic
groups of the sugar residues [24, 25].

2.4 Gelling properties
The ability of aqueous alginate solutions to form gels when treated with divalent
ions (Ca*, Sr**, and Ba?*) or trivalent ions (Fe** and AI**) ions has been extensively

explored for the fabrication of carriers for sustained or controlled delivery of thera-
peutic agents. This is due to intramolecular bonding and ionic interactions that exist
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within the carboxylic acid groups on the polymer matrix and the cations present as
shown in Figure 2 [26, 27].

The calcium or any other divalent or trivalent ions will interact with the G
monomer present in the alginate structure to crosslink with another molecule, and
the structure is identical to the egg box model (Figure 3) [28].

The complexing forming agents such as EDTA-sodium citrate [29] or monova-
lent cations, complex anions (phosphate, and citrate) which have a high affinity
for Ca’*ions, which can disrupt calcium alginate gels easily. The presence of high
concentrations of non-gelling ions (Na* and Mg*") also contributes to the instabil-
ity. It was reported that the strength and uniformity of gelling largely depend on the
type of crosslinking and temperature [30].

It is also reported that the strength of alginate film with AI’* jon is very low com-
pared to other divalent ions (Ca®* and Ba*") crosslinking because in the case of AP’*
ions the crosslinking occurs in two different planes of the alginate structure and at
the same time it makes the alginate framework more compact [31]. The small size
of the AP** jon (0.58 A) facilitates its diffusion into the matrix of the film without
crosslinking on the surface and thus results in poor crosslinking [32].

For a variety of uses, including tissue engineering, alginates are being inves-
tigated for covalent bonding to enhance the physical properties of gels. In the
case of alginates with covalent bonding degradation of chain occurs even with a
slight increase in temperature due to breaking of crosslinks ultimately leading to
stress relaxation due to water migration. It was reported that covalently bonded
alginates are found to be toxic [33]. Furthermore, the Ca®* ions released out of the
gel can boost hemostasis, while the gel acts as a matrix for platelet and erythrocyte
aggregation [34].

To prepare gels with a wide spectrum of mechanical properties, covalent cross-
linking of alginate with Poly (ethylene glycol)-diamines of different molecular
weights was first investigated. The elastic modulus showed improvement in gel
with crosslinking density or weight fraction of Polyethylene glycol (PEG), but
then decreased as the molecular weight between cross-links increased became
less compared to the original PEG [35]. Using various types of cross-linking
molecules and regulating cross-linking densities, it was later investigated that the
mechanical properties, as well as swelling of alginate strength, are tightly regu-
lated. As most would imagine, the chemistry of the cross-linking molecules has
a major impact on hydrogel swelling. While shaping hydrogels, multi-functional

l3+

Figure 3.
The divalent calcium cation binds in the cavities of alginates like eggs in an egg box.
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cross-linking entities have a greater scope of degradation efficiency and mechani-
cal strength performance than bi-functional cross-linking molecules. Physical
properties and degradation behavior of Poly-aldehyde guluronate (PAG) gels are
prepared with either Poly-acrylamide-co-hydrazide (PAH) or Adipic acid dihy-
drazide (AAD) as a cross-linking agent were investigated in-vitro. PAG/PAH gels
had higher mechanical stiffness and very low degradation is observed compared
to PAG/AAD gels [36].

Photo crosslinking is used for crosslinking in alginates structures under mild
conditions either direct or indirect sunlight or in the presence of suitable initia-
tors. For example, the mechanical properties of Polyallylamine and alginate were
significantly improved from this technique [37].

2.5 Solubility

The alginates with divalent or trivalent cations are not soluble in water because
the alginates contain a terminal carboxylic ion (-COO-), so these cations bond to
this and yield an insoluble product. As a consequence, the alternative is the absorp-
tion of as much as 200-300 times their weight in water, thus swelling to a hydrogel
of paste-like consistency. However, alginates with monovalent cations (Na*, K*, and
NH4") are soluble in hot and cold water. Alginates have a wide range of solubilities
due to their different molecular weights.

Alginates derived from Ascophyllum, for example, have aqueous solubility in
the range of 22-30% weight percent, whereas those of two Laminaria groups are
17-33% weight percent and 25-44% weight percent, respectively [38, 39].

2.6 Effect of pH on alginates

The solubility of alginates was influenced by parameters such as pH and ionic
strength. Alginates have very low solubility in lower pH values due to the deproton-
ation of carboxylic groups (~COO-). The viscosity of alginates is unaffected above
pH > 5, whereas solution having pH < 5, the COO- group present in alginates gets
protonated to —~COOH, and the electrostatic repulsion between chains decreases,
they can move closer together to form hydrogen bonds, whereby the viscosity
decreases [40]. It has been reported pH > 11 alginates viscosity is reduced due to
de-polymerization [41].

The concentration of ionic solution influences the crosslinking, which increases
the viscosity and molecular weight of alginates [39, 42]. Furthermore, the cross-
linking depends on the confirmation of monomers G and M groups present in the
alginate matrix.

2.7 Sterilization

It is reported that the viscosity of alginates decreases with autoclave sterilization
because the heating randomly breaks alginate chains. The degree to which this loss
occurs is determined by the presence of other kinds of stuff in the solution. Alginate
solutions have also been sterilized using ¥-radiation and ethylene oxide [43].
2.8 Immunogenicity

Control drug delivery is the latest trend in the presence of pharmaceutical

dosage requirements for successful application in drug carriers; alginates play an
important role because of their biocompatibility and immunogenicity [44].
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The two key factors responsible for alginate immunogenicity are its chemical
composition and the mitogenic pollutants present in alginates [45]. When alginate
comes into contact with blood, it is believed to have mild cytotoxic effects and
decreased hemolysis.

2.9 Biocompatibility

The biocompatibility and strength of alginic acid are determined by the quantity
and quality of the acid. Furthermore, the impacts of the quantity of G monomer
on alginate biocompatibility are still under investigation. Experts find differ-
ent opinions on the G content of extremely purified alginate rich in G monomer
residues, while others have emphasized the importance of high purity while ignor-
ing the effects of chemical composition [46]. Animals such as rats are injected in
their kidney parts with calcium alginate for biocompatibility studies and the results
obtained are very promising [45].

Alginates are also experimented on in mammals and observed that they could
not digest because they lack the enzyme ‘Alginase’ that can break the polymer
chains. Whereas ionically cross-linked alginate gels undergo dissolution by replac-
ing the divalent crosslinked gel with monovalent cations into the surrounding
media. Even alginates dissolve in the body they cannot be expelled from the body
because of its high molecular weight are higher than renal clearance [47]. Itis
reported, alginates were obtained from Undaria pinnatifida, a brown seaweed
invasive in the Argentinian coast are found to be toxic, but its purification using
commercial techniques improves its biocompatibility and eliminates cytotoxicity in
an alginate matrix for bone tissue engineering [48].

2.10 Bioadhesion

The binding or contact between two surfaces, one among being a biological
substrate, is known as bioadhesion [49]. Mucoadhesion is an example in which the
mucosal layer used. The carboxyl group in alginates represents a mucoadhesive
anionic polymeric layer. It was reported polyanion polymers are more efficient
bioadhesives compared to polycation or non-ionic polymers [50]. Alginate has
better mucoadhesive strength as compared to polymers like Polystyrene, Chitosan,
Carboxymethyl cellulose, and Poly (lactic acid). The bioadhesive properties of
alginate would be advantageous as a mucosal drug delivery vehicle to the GI tract
and nasopharynx by extending drug residence time at the site of action making
them more effective [44, 51, 52].

2.11 Toxicity

Plenty of studies are reported that alginates especially crosslinked sodium/cal-
cium alginates are non-toxic to cells, even not shown any irritation to eyes and skin
[53]. Because of the nontoxicity, they found various applications in drug delivery,
cosmetics, and food industries.

3. Applications of Alginates
Alginates are available in plenty in oceans and because of their diverse properties
such as biodegradation, biodegradable, non-toxic, etc., as mentioned above; they

have plenty of applications in the food industry, pharmaceuticals, cosmetics, textile
industry, welding, and animal feeds, etc.
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3.1Food industry

FAO/WHO approves that alginates are the safest food additives because of its
unique properties in food applications [54]. Over decades, alginates are used in a
variety of food items, such as ice cream toppings, fruit jams, jelly, milk products,
food packing, instant noodles, beer, etc., because of their unique properties such as
thickening, gelling, emulsification, stabilization, texture functionality.

3.2 Pharmaceuticals

In the present medical field, many medicines or drugs administered to patients
are causing a lot of side effects. Hence, there’s a lot of demand created in the world
for drug loading carriers which increase drug resident time in-vitro or in-vivo,
especially in the gastrointestinal tract and on the exterior part of the human body
should be safe and non-toxic. The developments of alginates and alginate deriva-
tives are discussed about controlled drug delivery, sustained drug delivery, and
targeted drug delivery, etc.

3.2.1 Controlled drug delivery

In general, the structure of alginates gels shows it possesses porous size (~5 nm)
helps to fill this gap with small molecular weight drugs through either physical or
chemical bonding. When a drug-loaded/embedded drug comes in contact with an
aqueous medium, the drug release is controlled. Furthermore, the drug-loaded
carriers are water-soluble and may undergo degradation in an aqueous medium,
hence crosslinking the alginates with bivalent or trivalent cation will enhance the
stability of the gels or films. These properties help us to study the kinetics of drug
release. The Sodium salt of alginic acid (SA) and Polyethylene oxide blends are
investigated for controlled release of Valganciclovir hydrochloride in-vitro, as an
anti-HIV drug [55]. Floating microbeads made of SA and modified Chinese yam
starch investigated for controlled delivery of Metformin hydrochloride drug [56].
SA and Chitosan blend with different wt% of Montmorillonite (Cloisite 30B)
solution studied for controlled release [57]. An anti-cancer drug such as Paclitaxel
was loaded and investigated for release in-vitro in variable pH medium, time, and
drug concentrations. SA and Xanthum gum blends crosslinked with zinc acetate
loading Ranitidine hydrochloric acid drug in vitro release investigated in simulated
intestinal fluid (pH 7.5) and simulated gastric fluid (pH 1.2) [58]. Oral delivery of
protein drug is explored for Bovine serum albumin (BSA) using composite mic-
roparticles made of Chitosan, SA, and Pectin crosslinked by tripolyphosphate [59].
A pH-responsive Tamarind seed polysaccharide and alginate blends are studied for
controlled release of Diclofenac sodium. Swelling and degradation studies were also
investigated in different pH mediums [60].

An anti-inflammatory drug such as Nifedipine is investigated for micro-
spheres made of SA and Methylcellulose using Glutaraldehyde as crosslinking
agent [61].

The Acrylamide and Poly(vinyl alcohol) beads with SA are grafted on exposure
to UV radiation and further crosslinked with glutaraldehyde. The crosslinked beads
are used to study the controlled release of Diclofenac sodium drug [62].

The transdermal films are synthesized using SA and Xanthum gum. The films
loaded with Ketoprofen drug is studied i vitro for skin permeation [63].

SA mixture with Sodium Carboxymethylcellulose, Carbopol-934, and Polyvinyl
pyrrolidine and backing membrane (Ethylcellulose), and Glycerol as plasticizer
give promising results for control of drugs [64].
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Hypertension drugs such as Felodipine were investigated for control release
from alginate microspheres in combination with a mixture of Hydroxypropyl
methylcellulose, Eudragit RS 30D, and Chitosan in simulated intestinal media [65].

Bioadhesive ocular insert of Ciprofloxacin hydrochloride using SA as gel and
Chitosan as bioadhesive agent, Glycerin as a plasticizing agent are used in-vitro
release studies were carried [66].

3.2.2 Protein delivery

The proteins drugs are in high demand and thanks to advances in recombinant
DNA technology, a diverse variety of protein drugs are now available. Alginates
are an ideal candidate for protein drug delivery because they can load into the
alginate matrix at different formulations at relatively mild conditions which can
avoid denaturation as well as degradation. A variety of techniques are explored
for the controlled release of protein from alginate gels. Alginates are known for
minute pores due to the presence of G and M blocks because of their bi-polymeric
structural arrangements. The vascular endothelial growth factor binding to alginate
hydrogels is successful in sustained and localized release [67, 68]. It is reported that
alginate microspheres are efficiently loaded with lysozyme and chymotrypsin for
sustained release [69]. Oral delivery of proteins such as Amino group-terminated
Poly((2-dimethylamino) ethyl methacrylate with alginate gel beads was prepared
[70]. Alginates are explored for stimuli-responsive gels in the synthesis of tetra-
functional acetal-linked polymer networks with adjustable pore sizes.

Bovine serum albumin is used as a model protein using blends made of alginate,
chitosan, and pectin composite mixture [71]. In another work, hemoglobin as a
model protein loaded in poly (L-histidine)-chitosan/alginate microcapsules are
reported [72, 73].

3.2.3 Wound dressing

Any injury, burns, torn, muscle pains, cuts occurring on the human body may
take a longer duration for curing for even applying any ointments such as antiseptic,
antimicrobial, anti-inflammatory, antipruritic, pain-relieving gels, anti-mycotic
with fungal action may cause skin irritation or side effects. Hence alginates due
to their appreciable properties and due to their non-toxic are extensively used in
wound healing to load appropriate drugs in alginate gels and which increases the
retention time of the drug, so that the drug release in small dosages on the specific
site. Alginates also have hemostatic properties, making them useful in the treatment
of bleeding wounds. Several investigations are reported which initially experi-
mented on animals such as mice, pigs, and rabbits. Alginates are employed to make
hydrogels, films, wafers, foams, nanofibers, including therapeutic formulations for
wound dressings. Alginate wound dressings readily absorb wound fluid, maintain
a physiologically moist atmosphere, and protect against bacterial infections at the
wound site. Since alginates are poor in mechanical strength are blended with other
polymers or composites to improve film strength. The amount of M-block pres-
ents in alginate influences the immunogenic effect and M-block induces cytokine
production (Table 1; Figure 4) [81].

3.3 Alginates in cosmetics
Scientists have been researching alginates for decades to create high-quality

cosmetic products that provide all benefits to the skin. Alginates, being marine
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Applications Alginate based dressings for wound healing Refs.
Ulcer 1. Algicell™ [74-77]
2. AlgiSite M™
3. Comfeel Plus™
4. Kaltostat™ Sorbsan™
5. SeaSorb
Diabetic wounds 1. Tegagen™ [78]
2. Hyalogran®
Thyroid and spine surgeries. 1. Guardix-5¢ [81]
Necrotic wounds 1. Algivon [79]
Burns 1. Fibracol™ Plus [80]
Table 1.

Some of the commercially available alginate-based dressings.

Figure 4.
Application of Alginate in wound dressings [82].

plants known to absorb UV rays, repair the sun’s harmful effects, moisturize the
epidermis, skin smoothening, and ensure the small cells renewal [83]. Alginates,
in general, are known for gel formation can thicken and maintain moisture,
are used in a variety of cosmetics. By forming a gel network, alginate assists in
the retention of lipstick color on the lips and face creams as well as body lotion
moisturizers. To make stable all-around lotions, alginate a natural thickener is
incorporated in sunflower wax. Polysorbate-20 is the best commercial product is
manufactured which is a smooth lotion in which instant cold emission products
are combined with an emulsifier [84]. Alginates are a natural polysaccharide that
possesses a very high viscosity and has a strong potential for water absorption.
Perhaps, alginate’s viscosity can be optimized to ensure maximum viscosity.
Alginates are explored for anti-aging masks and face masks which slow down
the aging process, even wrinkles and lift the skin. Also, alginates are explored
in Dentures which removable set of replacement teeth and gum tissue that can
provide you with the complete backing and attractive appearance you need, even
as you age.

Alginates application indentures are a removable set of restorative dentistry
and gum tissues that can provide us with both the complete backing and beautiful
appearance even at older age (Figures 5 and 6) [87].
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Figures.
Cosmetics made of alginates [85].

(a) (b)

Figure 6.
Application of alginates in a) dental solders [85] and b) flexible dentures [86].

3.4 Alginates in the textile industry

Color paste substrates are prepared using textile-grade alginates in the application
of patterns in print fabrics, shawls, towels, and other products. Alginates are cleaner
and easier to decompose substrate for textile printing than other substrates. Alginates
application in printing cotton, jute, and rayon allows for easier disposal of wastewa-
ter. Sodium alginates are thickeners used in textile printing to thicken the dye paste.

Screen or roller printing devices may be used to apply the pastes to the cloth.
Alginates became common thickeners with the discovery of reactive dyes. The cellulose
in the cloth reacts chemically with these substances. Many popular thickeners, such as
starch, react with reactive dyes, resulting in lower color yields and sometimes difficult-
to-wash-out by-products. Alginates are the strongest thickeners for reactive dyes
because they non-reactive with the dyes and quickly washout from the finished textile.

In older screen printing the alginate of medium to high viscosity is used, whereas
in modern high-speed roller printers even low viscosity alginates are giving very
attractive printing.

3.5 Welding rods

Welding is the technique finds application building all kind of structures with
metals. In the welding, process coating is used as a flux and to monitor conditions
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near the weld, such as temperature, and oxygen, and hydrogen. In this case, sodium
silicate (water glass) is mixed with the dry coating ingredients to provide some of the
plasticity needed for coating extrusion into the rod and to tie the dried coating to the
rod. The silicate, on the other hand, neither binds nor provides enough lubrication to
allow for successful and smooth extrusion. A lubricant and a binder are needed to keep
the damp mass together before extrusion and to keep the coating on the rod in form
throughout drying and baking [88]. To achieve these standards, alginates are used.

3.6 Alginates used in animal feeds

Alginate salts of sodium and potassium are meant to be used as industrial
substances as emulsifiers, stabilizers, thickeners, gelling agents, and binders. There
is no competent authority that has recommended the usage of sodium alginate
in feeding stuffs for dogs, other non-food-producing animals, and fish. Whereas
potassium alginate is used in cat and dog food at a speck of 40 g/kg feed [89]. The
use of alginates in fish feed has no harmful effect on the consumer. Alginates are
said to be slightly irritating to the eyes but not to the skin. The use of these ingredi-
ents in fish feed poses no threat to the aquatic environment.

A gel-type livestock feed mixture is formed by mixing feed nutrients, water,
alginate, and a water-insoluble calcium component to resist the calcium content
from reacting with the alginate. The calcium component is solubilized or the
sequestrate affecting the reactivity between the alginate and the calcium compo-
nent is extracted after the feed mixture is formed, resulting in a gel feed containing
a gel matrix containing the feed nutrient ingredients. The livestock can then be fed
the gel meal [90].

4, Conclusions

Alginate is a seaweed product which is a polysaccharide or carbohydrate polymer
has plenty of applications in day-to-day life due to its potential characters. The
Alginate properties such as biocompatibility, biodegradability, hydrogel formations,
nontoxic, pH-responsive, and its ability to form a gel with crosslinking agents find
their application in controlled, sustained, and targeted drug delivery carriers for
a wide range of drugs or any other bioactive agents. Alginates films like any other
hydrogels lack physical strength, which can be overcome by crosslinking with differ-
ent divalent or trivalent cations. A continuous challenge was on researchers to explore
the possibility of modification of alginate structure by grafting with other low or high
molecular weight polymers to improve its strength based on the need of the applica-
tion. Biomedical applications, specifically in wound healing in -vitro cell culture, and
tissue engineering, look interesting as a potential biomaterial. Acid-responsive drugs
and drugs that irritate the gastric mucosa can also be released with alginate. Alginates
in combination with other polymer additives or nanoparticles are used in wound
healing in diabetic wounds, ulcers, and burns. Alginates are used in an increasing
number of food-related applications and have the potential to be used in a growing
number of food-related applications. The gelling property of alginates makes them
ideal for use as thickeners, stabilizers. Alginate consumption has several physiological
effects in the gastrointestinal tract and in the body that are similar to a variety of other
viscous polysaccharides. Dentures made of alginates composites are found to be very
flexible, removable, and compact with the gum tissues. The high viscosity of alginates
finds suitable thickeners in the textile industry as a paste containing a dye that can
be applied to the fabric by either screen or roller printing. Potassium alginates and
gel-type animal feeds are found to highly nutritious for cats, fishes, and piglets.
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Chapter 3

Heavy Metal Removal by Alginate
Based Agriculture and Industrial
Waste Nanocomposites

Shivangi Omer

Abstract

The use of biopolymers and nonliving organisms as sorbents is one of the most
promising techniques because they contain several functional groups which show
different affinities towards various metal ions. Alginate is naturally occurring
anionic biopolymer extracted from brown algae. It also contains numerous applica-
tions in biomedical science and engineering due to its favorable properties and ease
of gelatin. This chapter represents a overview based on alginate based agriculture
and industrial waste nanocomposites and found that limited studies are reported
for combination of alginate with industrial/agriculture waste in nanoscalic material
so far, but this review study enlightening the several studies based on nanocom-
posite combinations of alginates and biopolymers and these biopolymers can also
be derived from various agro/industrial waste by simple chemical and mechanical
methods. So, we should work on the formulation of alginates agro/industrial waste
nanocomposites. Preparation of alginate nanomaterials with agriculture/industrial
waste constituents confirms its effectiveness in water purification. In the environ-
ment, we can control its reutilization by desorption studies. Another advantage is
that it can be transform from nanoparticles to nano polymeric films and support to
batch adsorption process to fixed bed column in form of large-scale application.

Keywords: Alginate, agriculture waste, industrial waste, nanocomposite, adsorption,
heavy metals

1. Introduction

Alginate is naturally occurring anionic polymer typically obtained from
brown seaweed and commercially available alginate extracted from brown algae
(Phaeophyceae), including Laminaria hyperborea, Laminaria digitata, Laminaria
japonica, Ascophyllum nodosum, and Macrocystis pyrifera. Alginate is calcium, mag-
nesium, and sodium salt of alginic acid which is a linear structure of heteropolysac-
charide and composed of d-mannuronic acid and 1-guluronic acid.

It is biodegradable, biocompatible, renewable, nontoxic and moderately efficient
because of their low molecular weight, high shear stability and easily available from
reproducible farm and forest resources. It also contains numerous applications in
biomedical science and engineering due to its favorable properties and ease of gela-
tin [1]. As its utilization in agriculture application, it functions as soil conditioner.
Alginate is natural materials that can absorb large amount of water, as much as hun-
dreds of times of their own mass and can form ionic and nonionic moisture-holding
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hydrogels which increase soil water retention capability. So, alginate is excellent
superabsorbent or water retaining material and can serve as a good carrier to uptake
metal ions from aqueous solution [2].

The use of biopolymers and nonliving organisms as sorbents is one of the most
promising techniques because they contain several functional groups which show dif-
ferent affinities towards various metal ions. As we say earlier, alginate is component
of outer cell of brown algae but commercially it exist as sodium alginate (SA) which
shows viscous nature after dissolving in water, but when it is utilized for removal of
metal ions, it is usually prepared as Calcium Alginate. Biopolymers contains many
potential binding sites such as carboxylate, amine, phosphate, sulfate, hydroxyl and
other chemical functional groups. And due to availability of these free binding sites
enhance surface charges. As a result, increase uptake of metals ions. Binding with
these free active sites largely depend on pH of the aqueous solution and various metal
ions shows different adsorption capacity at different pH scale. As a point of view
of alginates chemical structure, Sodium alginate (SA) is rich in hydroxyl (OH) and
carboxyl (COOH) functional groups and extra negatively charged sites, which are the
foremost groups involved in heavy metal adsorption. Alfaro-Cuevas-Villanueva et al.
evaluated the removal of lead and cadmium using calcium alginate beads as biosor-
bents under the influence of various pH range and temperature [3].

But a potential problem with alginates derivatives are their poor strength
and flexibility towards high hydrophilicity. Which can be overcome by chemical
modification with various biobased polymers such as cellulose, starch, chitosan,
xylene, lignin. It will not only modify properties related with basic structure but
also will enhance biocompatibility and biodegradability of compound. Of course,
hydrophilicity of these hybridized copolymers introduces water fluxes with greater
adsorption capacity higher than most of the synthetic polymers which also a green
approach to environment.

In terms of operational costs and ease to use, adsorption is the most promising
techniques among all the techniques reported in various literature. Adsorption
allowing the treatment waters gives rise to a very rich bibliography through a very
great variability of adsorbents.

Since this chapter include contents about alginate-based agriculture/industrial
waste nanocomposites, there is a need to brief about agriculture/industrial waste.

2. Agriculture waste/industrial waste
2.1 Agriculture waste

Various wastes related agriculture cropping, processing or harvesting are called
as ‘Agriculture waste’. Agriculture waste are bioactive compounds which are rich in
nutrients such as cellulose, lignin, xylene and fibers. Agriculture based industries
produces huge number of residues as waste product every year which are dumped
to the open ground area and release to environment without proper disposal. But
these residues can be used utilized as alternate source in various application such as
biogas, biofuels, as an adsorbent for heavy metal, in mushroom cultivation and as
raw material in various industries that can help to reduce the production cost and
relived the pollution load of environment. Various organizations defined agro-
industrial waste by different ways.

Obi et al. reported, Agricultural wastes are defined as the residues from the
growing and processing of raw agricultural products such as fruits, vegetables,
meat, poultry, dairy products, and crops [4]. They are the unwanted outputs of
production and processing of agricultural products that may contain material that
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can benefit man but whose economic values are less than the cost of collection,
transportation, and processing for beneficial use [5-7].

Their composition of agriculture waste will depend on the system and type
of agricultural activities takes place after the process of cropping and they can
be in various forms such as liquids, slurries, or solids. Agricultural waste are also
called as agro-waste is which comprised of natural, animal waste (manure, animal
carcasses), food processing waste (only 20% of maize is canned and 80% is waste),
crop waste (corn stalks, sugarcane bagasse, drops and culls from fruits and vegeta-
bles, prunings) and hazardous and toxic agricultural waste (pesticides, insecticides
and herbicides) etc. [4, 5]. Figure 1 illustrates a simple classification of agriculture
waste based on its source.

——
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Figure 1.
Classification of agriculture waste based on source.
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2.2 Industrial waste

We have millions of factories, mills, industries all around the world that use
several types of raw materials to manufacture different type of products, goods,
cosmetics, pharmaceuticals or other things. So, of course these all-manufacturing
sites generate a vast amount of material which is rendered useless and called as
‘Industrial waste’

So, Industrial waste is defined as waste generated by manufacturing or indus-
trial processes. The types of industrial waste generated include cafeteria garbage,
dirt and gravel, masonry and concrete, scrap metals, trash, oil, solvents, biomass
ash, discarded tires, chemicals, weed grass and trees, wood and scrap lumber, and
similar wastes [8-12].

These all industrial wastes containing hazardous and nonhazardous components
which either released into natural water bodies, or burnt or throw in open ground
area without concerning about environmental elements. So, we can utilize all these
wastes generated from small- or large-scale industries for so many applications or
we can utilize all these scrapes by modification in chemical structures.

Saikia and Brito [9], reported the application of industrial waste as building
material such as plastic waste in concrete, coal ash as an aggregate in concrete and
rubber tire as a filler in concrete. He also enlightened on utilization of alloy slags in
various applications. Dash et al. [13], reported a sustainable use of industrial waste
as replacement of fine aggregate for the preparation of concrete. They utilize some
industrial waste like foundry sand, steel slag, copper slag, furnace slag, coal bottom
ash, ferrochrome slag, palm oil clinker etc. as a replacement of sand or aggregate in
concrete. Aggarwal and Siddique [14], also utilize bottom ash and waste foundry
sand as partial replacement of fine aggregates which gives us a fine option for
substituting natural fine aggregate with industrial by-products. There are several
studies in which industrial byproducts are used as adsorbent for the sorption of
harmful dyes, pigments and heavy metals present in waste water streams. Anionic
dyes such as ethyl orange, metanil yellow and acid blue removal were investigated
by inorganic wastes such as blast furnace, sludge, slag from steel plants and by
organic material prepared from carbon slurry of fertilizer. Various industrial waste
or by-products produce by various industries are summarize in Table 1.

The use of agriculture waste as adsorbent towards many heavy metal ions
are very well reported in various studies. The major chemical composition of
agricultural residues with their properties and functions are depicted in Figure 2.
Lignocellulosic biomass based on agriculture residues mainly composed of cel-
lulose, lignin, hemicellulose, starch, ash etc. All these residues contain different
percent composition of these components.

All the major components with their function and properties are shown in
Figure 2 and percent weight of these components consisted by different agriculture
waste are shown in Table 2 [15-18].

Hugq et al. [19], efficiently transformed nanocrystalline cellulose (NCC) into
reinforced alginate-based nanocomposite film. This study also gives a strong
support for the utilization of agriculture waste as a rich source of biopolymer like
cellulose. In this study NCC is prepared form wood pulp by acid hydrolysis and
activated by treatment with sulfuric acid and then incorporated into nanoscalic
alginate structure to produce a renewable and biodegradable film for food
packaging applications.

All the agriculture wastes contain cellulose and hemicellulose as main part
of its chemical structure, these all-agriculture residues are also referred as
“Lignocellulosic mass”. The cellulose and hemicellulose are polysaccharides which
cover two-third part of the lignocellulosic biomass, which can be bioconverted in
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S.N. Industrial sector Description Typical waste
1 Mining and Extraction, beneficiation, Solid rock, slag, phosphogypsum,
quarrying and processing of minerals muds, tailings
2. Energy Electricity, gas, steam, and Fly ash, bottom ash, boiler slag,
air-conditioning supply particulates, used oils, sludge
3. Manufacturing Chemical Spent catalyst, chemical solvents,
reactive waste, acid, alkali, used oils,
particulate waste, ash, sludge
4. Food Food Plastic, packaging, carton
5. Textile Textile waste, pigments, peroxide,
organic stabilizer, alkali, chemical
solvents, sludge, heavy metals
6. Construction Construction, demolition Concrete, cinder blocks, gypsum,
activity masonry, asphalt, wood shingles,
slate, metals, glass, and plaster
7 Waste/water Water collection, Spent adsorbent, sludge
services treatment, and supply
Table 1.

Industrial waste produced from various industries.

Figure 2.
Main components of agriculture waste.
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S.N. Agriculture residues Cellulose Hemicellulose Lignin Ash
(Wt%) (wt%) (wt%) (wt%)
1 Wheat Straw 43.2 341 22.0 1.8
2. Sugar palm fiber 43.88 724 33.24 1.01
3. Rice Husk 41.05 1763 18.82 —
4. Sugarcane bagasse 43.6 277 277 —
5. Banana fiber 75 74.9 79 0.01
6. Coconut husk 4344 0.25 45.84 222
Table 2.

Percent composition of agriculture residues.

fermentable sugars like hexoses and pentoses under the action of cellulase enzymes.
For this enzymatic hydrolysis is required and this rate of hydrolysis and cellulase
enzyme activity is improved by presence of alginate. It enhances enzyme immobili-
zation capacity which can further improve the stability and hydrolytic efficiency of
cellulase. And the presence of Fe;0,4/Alginate nanocomposite enhanced the produc-
tion of reducing sugars from lignocellulosic mass — rice straw has also been shown
by Srivastava et al. [20].

2.3 Lignocellulosic biomass

Lignocellulosic mass are the materials that contain cellulose as main content of
its composition and rich in various nutrients. Agriculture waste are rich in cellulosic
material so, these are also called as ‘Lignocellulosic Biomass}, as it is produced by
various agro based industries. These materials are biodegradable neither toxic
nor hazardous and have potential to play a vital role in various applications.
Lignocellulosic Biomass’ include organic wastes such as corncob, sugarcane bagasse,
sugar palm (fiber, frond, bunch, trunk), areca nut husk fiber, wheat straw fiber, soy
hull fiber, pineapple leaf fiber, oil palm (mesocarp fiber, empty fruit bunch, frond),
rubber wood thinning, curaua fiber, banana fiber, water hyacinth fiber, wheat
straw, sugar beet fiber, etc. (Figure 3). Lignocellulosic biomass in general consists
of 35-55% cellulose, 25-40% hemicellulose, and 15-25% lignin with small percent-
age of extractives, protein, and ash [21].

2.4 Adsorption of heavy metal by alginate-based biopolymer nanocomposites

There are also so many studies have been reported in which alginate structure
plays a very important role in order to enhance a adsorption capacity of synthesized
material towards various organic, inorganic, Cationic, anionic environmental
pollutants such as metal ion, dyes, phosphates, toluene, phenol, nitrates etc. various
alginate structure based materials with their batch adsorption studies are sum-
marized in Table 3. Lakouraj et al. reported an intense study on adsorption capacity
of SA based nanogel and superparamagnetic nanocomposite. This study represents
synthesis of novel, inexpensive, and eco-friendly nanobiosorbents namely, magnetic
tetrasodium thiacalix [4] arene tetrasolfonate supported sodium alginate (TSTC
[4] AS-s-SA) and utilized for sorption of Cu(II), Cd(II), Pb(II), Co(II), Ni(II)
and Cr(II) [22]. Similarly, Mittal et al. [23], copolymerized alginate with methyl
methacrylate magnetic nanocomposite for the sorption of Pb(II) and Cu(II) metal
ions. Phiri et al. [24], fabricated novel magnetic nanocomposite alginate beads in
which alginate beads impregnated with a new combination - bentonite, zeolite,
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Examples of Lignocellulosic Mass

3

Figure 3.
Examples of lignocellulosic mass.

S.N. Agro/industrial waste pH Other Adsorbates Source
conditions
1. Calcium alginate beads 6.0t0 7.0 25°C Pb* and Cd* [3]
2. Tetrasodium thiacalix[4] 7 — Cu(II), Cd(11), [22]
arene tetrasulfonate Pb(II), Co(I),
(TSTC[4] AS-s-SA) nanogel Ni(II) and Cr(III)
3. Poly (methyl methacrylate)- 5 50°C Pb(II) and Cu(II) [23]
grafted alginate/Fe;O,
nanocomposite
4, Alginate with bentonite, — Phosphate, copper, [24]
zeolite, activated charcoal toluene

and aluminum - zinc layered
double hydroxides beads

5. Polyvinyl alcohol/sodium 6.0t0 7.0 Pb*, Cd™, ST, [25]
alginate (PVA/SA) beads Cu*, Zn*, Ni%,
Mn*" and Li**
5 Fe** and AP
6. Cobalt ferrite - alginate 3-6 60 min binary dye effluent [26]
nanocomposite
7. Polyvinyl alcohol/graphene — Pb™* [27]

oxide-sodium alginate
nanocomposite hydrogel

Table 3.
Batch adsorption studies of various alginate-based biopolymer nanocomposite as adsorbent.

activated charcoal and aluminum - zinc layered double hydroxides was synthesized
for removal of phosphate, copper and toluene with complete adsorption of these
organic pollutants.
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Karkeh-Abadi et al. [28], reported the synthesis of sodium alginate hydroxyap-
atite-CNT nanocomposite beads used as adsorbents of Cobalt ions from an aqueous
solution. While Gokila et al. [29], show the performance of Chitosan and Alginate
nanocomposites and proved as an excellent material for sequestration of Cr(VI)
ions from waste water.

Enhancement in adsorption capacity by calcium alginate gel beads towards
Pd(II) ion is also reported by Cataldo et al. [30]. In this study, two type of clay
material Montmorillonite and Laponite utilized for synthesizing hybrid materials
on the base of Ca-alginate.

The deprotonation of carboxylate ions present in alginate structure plays a very
important role its enhanced binding ability with metal ions which in turn leads to
greater adsorption capacity.

Esmat et al. [31], discussed alginate-based nanocomposites for the efficient
removal of heavy metal ions. They prepared alginate-based nanocomposites
by synthesizing cobalt ferrite nanoparticles (CF) and titanate nanotubes (T)
and utilized as potential adsorbents for efficient removal of Cu**, Fe** and As**
ions from water. This study shows that the presence of divalent cations such as
Ca’, alginate transforms a gel form polymer matrix very easily which is easier
to handle than powder materials and easily separable for desorption studies. The
presence of alginates in nanostructures supports complex formation with metal
ions present in aqueous solution which also increase its adsorption capacity to
better extent.

Magnetic core shell nanoadsorbent using alginate base also have been coming
forth as a possible option to remove organic and inorganic pollutants. Cobalt-
ferrite nanoparticles embedded in alginate polymer matrix contain highly
reactive surface and also allow fast magnetic separation after the adsorption
process [26].

2.4.1 Silica based alginate bio-nanocomposite

There are various studies potrating silica as potential energy source for
biofuels production, biochars, catalytic reforming, pollutant removal, soil
remediation, waste water treatment and gas purification by means of adsorption,
catalysis and another integrated process [32-34]. Nanoengineered Silica particles
are widely used for biomedical purposes, in cosmetic products, food industry,
automobiles, paints etc. Even rice husk silica waste is also used for the prepara-
tion of porous materials [35]. Waste material is a potential alternative source of
silica. Extraction of silica from various agriculture as well as industrial waste are
also very well reported [36-38]. Raja et al. [39], efficiently discussed the extrac-
tion methods of silica from agrowaste. Shen [34], enlightened various sustain-
able application for Rice husk silica derived nanomaterials. Sapawe et al. [40],
synthesized silica from six different material as agriculture waste - sugarcane
bagasse, bamboo culm, bamboo leaf, corncob, banana leaf and cigarette butt by
sol gel method i.e., most common method to prepare polymeric network of gel.
Salamaa et al. [41], crosslinked alginate with silica and zinc oxide in which silica
is extracted from rice husk by conventional method and hybrid nano material
is prepared by treating with alginate as matrix supporting material and investi-
gated for antibacterial properties. However, adsorption property of silica alginate
nanocomposites is not investigated yet but it has been shown former studies that
alginate has played a very important role in enhancing the adsorption phe-
nomena and as like alginate, silica also showed a potential adsorption capacity
towards heavy metal ions. So, by combining these two compounds would result
in a very efficient adsorbent nanocomposite material.
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2.4.2 Carbon based alginate bio-nanocomposite

Carbon based nano adsorbents such as carbon nanotubes, graphene, nanodia-
mond, fullerenes, nanosized carbon allotropes have attracted tremendous interest
for sorption of metal ion removal from wastewater due to their extraordinary
performance with complete adsorption capacity and easy operational use but not
low cost effective. By their chemical properties these derivatives contain high aspect
ratios, surface areas, porosities and reactivities. Moreover, they exhibit high electri-
cal and thermal conductivity, great mechanical property and structural stability in
extreme conditions such as high temperature, strong acidic/alkaline conditions. Due
to their high hydrophobicity and small sized, it is difficult to recollect from aqueous
solution. To overcome such disadvantages, many studies had been reported to mod-
ify chemical structures by grafting with biopolymeric network [42]. Yu et al. [27],
prepared polyvinyl alcohol/graphene oxide-sodium alginate nanocomposite hydro-
gel through in situ crosslinking for Pb** removal which reveals that intercalation of
GO structure in alginate based polymeric network increase metal ion complexation
because of its abundant functional groups, such as hydroxyl, carboxyl, carbonyl,
and epoxy groups on the surfaces. Similarly, Karkeh-Abadi et al. [28] incorporated
functionalized CNT in the network of sodium alginate-based nanocomposite beads
on the removal of Co(II) ions from aqueous solutions. Here, CNTs are promising
synthetic polymers because of their large surface area, greater chemical reactiv-
ity, high aspect ratio, less chemical mass and impact on the environment. Yadav et
al. [43] fabricated Novel Magnetic/Activated Charcoal/p - Cyclodextrin/Alginate
Polymer Nanocomposite and utilized for elimination of methylene blue dye. As
activated charcoal has been used as a common “universal” adsorbent, since it is a
simple, safe, high surface area and high adsorption capacity material. Konwar and
Chowdhury [44] studies property relationship of alginate and alginate carbon dots
nanocomposite with different bivalent and trivalent metal ions such as - Ca*, Ba™,
Cu”, Fe’* and AP*. Carbon dots were prepared from Assam Tea’ and improved the
properties like UV blocking, thermostability and mechanical strength of these pre-
pared biopolymeric films. Ma et al. [45] reported enhanced adsorption for removal
of antibiotics by carbon nanotubes/graphene oxide/sodium alginate triple-network
nanocomposite hydrogels in aqueous solutions.

All these above studies incorporated carbon derivatives with alginate structure
and resultant material were utilized for adsorption of metal ions in different forms.
Agriculture as well as industrial waste are also key source of carbon derivatives.
Various studies have been reported in which these carbon derivatives are extracted
from agriculture/industrial residues. Mohan et al. [46], develop activated carbon
from coconut shell for removal of pyridine derivatives. Kerdnawee et al. [47]
discussed the advancement of carbonaceous nanomaterial production from indus-
trial waste in detail. This study enlightened several studies reported for synthesis
of CNT using industrial waste such as — chemical process waste, petroleum refin-
ing process waste, plastic waste, automobile waste, because these wastes contains
high amount of CH4, C,Hs, C;H,, C,H,, CO, CH;0H and so on, would involve as
carbon source for productions of carbonaceous material. Somanathan et al. [48]
reported graphene oxide synthesis via single step reforming of sugar cane bagasse.
It is green approach for synthesis of GO. There is also another review study which is
reported for production of activated carbon from agriculture waste. This detailed
study is collection of various studies based for production of activated carbon from
agriculture waste such as — pineapple peels, rice husks, cotton stalk, orange peel,
tobacco stems, bamboo, waste tea, industrial waste lignin, pine wood powder etc.,
by microwave method [49]. Ensuncho-Muifioz and Carriazo [50], reported for e
preparation and characterization of carbonaceous materials obtained from three
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types of vegetable wastes provided by agricultural industries i.e.; coconut husk,
corn cob and rice husk and utilized as adsorbent of azo dyes.

So, from all the above studies we can conclude that carbonaceous material can be
produce from agriculture as well as industrial waste. I also reported for the studies
based on preparation of alginate nanocomposites with different form of carbona-
ceous materials. So these studies evident that carbon based alginate nanocomposites
can be synthesized by utilizing agriculture and industrial waste. There are also vari-
ous methods like sol gel method, microwave heating method, modified hummers
method, calcination method, grafting and copolymerization reaction with the help
of crosslinkers are also come into consideration for preparation. Of course, no study
has been found to be reported which involve direct linkage between alginate with
carbonaceous derivatives obtained from agriculture/industrial waste and utilized
for removal of heavy metals from wastewater, so there is research gap but definitely
it could result into a very efficient adsorbent material.

3. Conclusion

So, utilization of alginate as biopolymer in nanocomposites is beneficial from
every side of its applications. It is biodegradable, biocompatible, renewable, nontoxic
and moderately efficient. That is why it contains numerous applications in biomedi-
cal science and engineering, agriculture, drug delivery, enzyme mobilization, heavy
metal removal from industrial effluents, as functional food ingredient, mineraliza-
tion of organic pollution, emulsifiers, consistency enhancers, and thickening agents
in cosmetic formulas etc. Limited studies are reported for combination of alginate
with industrial/agriculture waste in nanoscalic material so far, but this review study
enlightening the several studies based on nanocomposite combination of alginates
and biopolymers and these biopolymers can also be derived from various agro/
industrial waste by simple chemical and mechanical methods. So, we should work
on the formulation of alginates agro/industrial waste nanocomposites. Preparation
of alginate nanomaterials with agriculture/industrial waste constituents confirms
its effectiveness in water purification. In the environment, we can control its reuti-
lization by desorption studies. Another advantage is that it can be transform from
nanoparticles to nano polymeric films and support to batch adsorption process to
fixed bed column in form of large-scale application. Apart from that utilization of
biological materials as adsorbents for elimination of pollutants minimize the process
price substantially and make adsorption method more ecological and feasible.
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Chapter 4

Alginate Metal Complexes and
Their Application

Ghaidaa Alkhayer

Abstract

Alginate is a natural polymer that can form complexes in the presence of
multivalent metal. In this chapter, we summarized the newest alginate metal com-
plexes application in many fields; organic synthesis, environmental and medical
application. The main idea was about alginate complexes’ role in the drug delivery
system as a chiral excipient to reach the enantioselective release in the case of chiral
drugs. We also present a case study about the ketoprofen enantioselective release
investigation from alginate mixed beads with two ion metal types.

Keywords: Alginate-metal complex, ionotropic method, chiral excipient,
enantioselective release, enantiomers, chiral HPLC

1. Introduction

Many publications in the last decade dealt with different applications of alginate
in several fields. Alginates application is depending on its source, extraction meth-
ods, it’s physiological characteristics, functions, and properties [1]. Developing
alginate and its derivatives were designed in various formulations for biomedical
applications; such as wound dressing, tissue engineering, drug delivery, and dental
application. Numerous natural polymers have been investigated for the develop-
ment of different drug delivery systems [2-4]. For this use, alginate was developed
and applied in drug delivery systems in form of capsules, hydrogels, tablets,
nanoparticles, beads, microspheres, films, membranes, and others [4-7].

In the process, the chapter focus on the alginate metal complex preparation,
application of the prepared complexes, a comparison of the release behavior
between different alginate metal complex loaded with two chiral drugs (Profens).
This includes the effect of bead kind on the enantioselective release (ESR) and
the release mechanism due to the chiral interaction between alginate complexes
and chiral drugs. Finally, the case study section discusses ketoprofen-loaded beads
preparation in the presence of two ion metal types and an In-vitro ESR study for the
prepared beads during the experiment time. Therefore, this chapter summarizes
our current thought about alginate metal complex application as an ESR agent in
addition to its role in many other fields.

2. General properties of alginate

Sodium alginate is the most common salt of alginic acid, it is a water-soluble and
natural nontoxic polysaccharide extracted from marine brown algae. It contains 2
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Figure 1.
Chemical structure of alginate, A: alginate monomers, B: structuves of G-block, M-block, and alternating block
in alginate.

uronic acids, f-D-mannuronic acid (M) and a-L-guluronic acid (G) [8], and it is
composed of homopolymeric blocks MM or GG, and blocks with an alternating
sequence (MG blocks) [9, 10], Figure 1. The alginate’ rigidity decreases along with
the series GG > MM > MG due to its different contents of M and G; which depends
on alginates’ different sources. On the other hand, the divalent metal ions affinities
to alginate are dependent on the M: G units’ ratio.

The alginate’ affinity for divalent ions increases in the order [9]:

a. Alginate from Laminaria digitata rich with M units:
Pb > Cu> Cd > Ba> Sr> Ca> Co, Ni, Zn, Mn > Mg

b.Alginate from Laminaria Hyperborea rich with G units:
Pb > Cu > Ba> Sr> Cd > Ca> Co, Ni, Zn, Mn > Mg

The divalent cations concentration for complex formation from the two types of
seaweeds is the same and follow the order:

Ba<Pb < Cu<Sr<Cd<Ca<Zn<Ni< Co<Mg.

3. Alginate metal complexes preparation by Ionic crosslinking

The ease of beads preparation and the mild conditions of alginate metal com-
plexes preparation make it very unique compared to other polysaccharides. The
ability to ion binding is selectively linked to the guluronate units (G). The M/G
ratio, G-block length, and sequence of M and G blocks are the most important fac-
tors affecting the resulted alginate complexes.

Alginate forms hydrophilic gels by interaction with multivalent metal ions
[9]. Since alginate gel can easily be formed by this ionic interaction in an aque-
ous medium; gel beads are commonly obtained by dropping solutions of sodium
alginate into solutions of ion metal chloride [11-21], Figure 2. Generally, calcium
chloride is one of the most commonly used as an ionically cross-linked agent
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Alginate gelation by ionic intevaction between alginate and a multivalent cation.

to alginate. On the other hand, the gelation rate is depending on many factors,
such as congealing time, temperature, and congealing sequence in the case of
mixed beads (have two ion types). The formed egg-box has cavities between
the G blockchains and the multivalent cation. In which the cavity fits the used
cation [9].

4. Applications of alginate metal complexes
4.1 Organic synthesis field

Click chemistry is a new approach for drug industries based on the chemical
reactions with high yields, and stereo-selectivity results with low reaction time.
Bahsis et all [22] studied the synthesis of hydrogel catalyst; consist of sodium
alginate with copper (II) for the azide-alkyne cycloaddition in the form of spheri-
cal beads. The prepared beads showed high catalytic activity for the required
interaction.

Pua et al. [23] studied the synthesis of three alginate catalysts for the esterifica-
tion of oleic acid. Ferric-alginate, Copper-alginate, and Nickel alginate beads were
used to esterify the free fatty acid, and Fe- beads were the most successful ones.

In the work of Souza et al. [24], Alg-Cu*? microspheres were prepared via an
ion exchange process, and it was examined as a catalyst for the synthesis of some
substituted pyrazoles. The resulted product was in excellent yield, and the catalyst
activity still good even after five reactions.

Qiao et al. [25] introduced a new hybrid material of Ni-alginate beads. They
distinguished with their remarkable activity and stability as styrene hydrogena-
tion catalyst with recycling ability for 20 times. On the other hand, the ease of this
hybrid material preparation allows examining its hydrogenation activity of unsatu-
rated substrates.
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4.2 Environmental field

In the past decades, many researchers have been aware of the heavy metals that
affected the environment, due to Pollution caused by mining and different manu-
facturing. The industrial wastewaters clean-up of toxic metals such as Pb, Hg, Ni,
Cr, Cd, As is challenging for many research centers [26-28].

Membrane filtration, electrodeposition, ion exchange, and chemical precipita-
tion were the most techniques involved in removing metal from aqueous contami-
nated solutions. However, there were disadvantages to some of these methods
compared to the treatment of complex [29]. Sodium alginate is one of the rawest
materials using in synthesis methods as adsorbents to remove heavy metal ions
from aqueous solutions.

Gao et al. [30] reviewed the Possibility of developing the sodium alginate as
adsorbents, the involved mechanisms in the adsorption process were; electrostatic
interaction, ion exchange, reduction, and photocatalytic reduction. In another
study, they provide a synthesized sodium alginate adsorbent which showed notable
selectivity towards Pd (II). Therefore, they provide selective industrial applications
to reduce the Pd (II) from effluents.

Clinoptilolite/Nickel Ferrite/Sodium Alginate Nanocomposite beads were
prepared by Bayat et all. [31] via many stages to remove methylene blue dye from
water. Pseudo-second-order was the best fit model for adsorption kinetic, and the
optimal pH was 5 for methylene blue adsorption.

4.3 Pharmaceutical field

The development of a drug delivery system is one of the most researcher’ con-
cerns. Particularly, in the case of chiral excipients [7, 32-34], which leads to possible
steric interactions between chiral excipient and the chiral drug due to enantioselective
release. Thus, it could affect the pharmacological and bioavailability studies of chiral
drugs. Many chiral excipients were used in several pharmaceutical formulations, and
numerous researchers have studied the effect of chirality on the drug release [35] such
as ketoprofen [36, 37], propranolol [38, 39], metoprolol [40], tiaprofenic acid [41],
ibuprofen [42], salbutamol [43, 44] and verapamil [45] from its formulations.

Sodium alginate can interact with multivalent metal ions leading to the proposed
egg-box model [14]. Thus, drug-loaded beads could be prepared by the ionotropic
gelation method, this allows the study of drug release behavior.

Alginate’s common role in pharmaceutical industries includes gel-forming,
stabilizing, and thickening agents. Nowadays, it can play an important role in drug-
controlledrelease [8, 10]. The most frequent use of alginate and/or its derivatives is
in oral dosage forms, but the use of alginate metal complex is still under investiga-
tion in many cases, especially in the case of studying the drug release behavior.
Here, we briefly describe the use of the alginate metal complex in sustained and
enantioselective release for some chiral drugs.

4.3.1 Sustained release applications

Alginates were classified among the most varied biopolymers, due to their
flexibility for modification. Thus, it was widely used in food, drugs, and cosmetics.
This kind of polymers could be useful as an excipient for sustained and controlled
drug delivery. Therefore, many researchers introduced the use of alginate in the
pharmaceutical field and biomedical applications. Table 1 summarizes some
examples of the alginate metal complex’s application as sustained or prolonged drug
release agents.
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Type of complex

Dosage form

Drug

Remarks

Ref.

Calcium alginate

with acrycoat E30D

Microparticles

Ketoprofen

The ketoprofen release from
the prepared microparticles
was significantly prolonged

[46]

Chitosan- calcium

alginate with
PNI-PAAM’

Beeds

Indomethacin

The prepared beads were used
as a pH/temperature-sensitive
drug delivery system, and
they could be useful for the
controlled release of bioactive
agents.

[47]

Calcium alginate
with PNI-PAM

Semi-IPN Beads

Indomethacin

The prepared beads have the
potential to be used asa pH/
temperature-sensitive drug
delivery system.

[48]

Calcium alginate

Beeds

Trimetazidine

Generally, beads were
prepared in two methods; the
drug content was higher in the
sequential and simultaneous
methods with increased CaCl,
and polymer concentration,
but lower with increased drug
concentration in the sequential
method.

Calcium alginate
with HPMC

Microbeads

Flurbiprofen

Flurbiprofen was successfully
loaded with high efficiency
and prolonged release from the
prepared beads.

[50]

Calcium alginate

Microspheres

Ketoprofen

The prepared microspheres
could be used for sustaining
drug release, and the
increasing of polymer
concentration leads to slower
drug release.

[51]

Calcium alginate

Beeds

Propranolol

The drug content increased
with decreasing Ca®*
concentration in the prepared

beads.

[52]

Calcium alginate
with chitosan-

Beeds

protein drugs

The formed beads could
preserve the bioactivity of
the studied drugs due to
drug loading in an aqueous
medium.

[53]

Calcium alginate

Beeds

5-fluorouracil

The prepared beads were
designed to release the
maximum drug release in the
colon.

[54]

Calcium alginate

Beeds

Ketoprofen

The prepared beads showed
interesting results for

fast delivery to the upper
gastrointestinal tract.

[55]

Carboxymethyl
Chitosan with
Calcium alginate

Beeds

Insulin

The pH-sensitive prepared
beads were loaded with insulin
at different weight ratios,

and the released insulin was
stable and biologically active.
The beads could be useful for
insulin as an oral dosage form.

[56]
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Type of complex Dosage form Drug Remarks Ref.

Zink alginate Beeds Ketoprofen Zn-alginate beads were [57]
prepared and loaded with
ketoprofen. In vitro and in vivo
release were studied, and the
result showed the beads could
be suitable for a delayed release
of anti-inflammatory drugs.

Calcium alginate Microspheres Risperidone The microspheres showed [58]
sustained drug release, and
they were feasible to serve the
delivery system of therapeutic

agents.
Calcium alginate Microbeads Clarithromycin The release of clarithromycin [59]
with carbopol from microbeads showed

promising results in vitro for
the eradication of H. pylori

infection.
Calcium alginate Beeds Ketoprofen The chitosan-alginate beads [60]
with chitosan showed a sufficient sustained

release of ketoprofen and low
gastrointestinal irritation.

"PNI-PAAM: poly(N-isopropylacrylamide), Semi-IPN: semi-interpenetrating, HPMC: Hydroxyl propyl methyl

cellulose.

Table 1.
Some examples of alginate metal complex application as sustained velease agent.

4.3.2 Enantioselective velease applications

Academic researchers recognized the importance of developing chiral drugs and
their pharmaceutical industry. Investigation of enantioselective release (ESR) was
discussed with two main strategies: 1- chiral interactions between a chiral drug and
chiral matrices, 2- key-to-lock strategy with molecular-imprinting polymers [35, 61].
Several publications discussed the ESR, but few of them dealt with the alginate metal
complex as a chiral excipient. This review focuses on the alginate complexes and
their role in some profens ESR.

As mentioned above, alginate metal complexes have been extensively used in
the pharmaceutical field. However, the enantioselective release of chiral drugs from
alginate complexes is very rare.

Our previous studies were among the first publications in this field [62-64].
Alginate metal complexes in form of beads were prepared by the ionotropic gela-
tion method. Ketoprofen (KTP) was loaded in the first group of beads [62], and
tiaprofenic acid (Tia) was loaded in the second one [63]. In all cases, the resulted
beads were characterized; bead size, metal content, shrinkage ratio, drug loading,
and loading efficiency were calculated. The in-vitro release was carried out in an
aqueous phosphate buffer that resembles gastric medium (6.8-7.4), and the enanti-
oselective release (ESR) was observed in many complexes [62-64].

Beads in the two groups tend to have a metal content higher than the calculated
ones. These results may due to the retention of free ions in the resulted network. On
the other hand, in both cases, the divalent ion metal beads show a smaller size than
the beads with trivalent ones. Figure 3 shows the drug-loaded beads (KTP and Tia)
metal contents compared to blank beads.
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Tia
KTP
Blank

Ca Ba Zn Al Fe

mBlank 0.34 0.22 0.31 0.16 0.27
mKTP 0.32 0.22 0.3 0.06 0.28
nTia 0.31 0.21 0.27 0.07 0.25

Figure 3.
Comparison of metal content (mol/100 g) for blank beads (blue column), KTP loaded beads (ved column),

and Tia loaded beads (green column,).

In order to explore the ESR result, the IR spectrum for all prepared beads
types was determined at a range of 4000-400 cm™" [62, 63]. There was an obvious
hydrogen bonding between hydroxyl and carboxyl groups of alginates with the Tia
and KTP ketone and carboxylic hydroxyl. The OH signals of KTP and Tia and the
alginates’ OH combines together in one signal due to hydrogen bonding interaction
which could explain the ESR results. More discussion was described in detail in
references [62, 63].

ESR comparison between KTP and Tia loaded beads shows a similar ESR
behavior for AZnK and AZnT beads as shown in Figure 4. In both cases, the
ESR > 1 indicating to a stronger interaction with S- enantiomer meaning more
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Figure 4.
ESR for KTP and Tia from divalent alginate-metal complexes beads as R/S ratio (blue column), racemic

release R/S = 1 (ved line).
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Figures.
ESR for KTP and Tia from trivalent alginate-metal complexes beads as R/S ratio (blue column), racemic
release R/S = 1 (ved line).

retention of S-enantiomer in contrast to R-enantiomer. Figure 5 shows that there
were not any significant differences between the trivalent loaded beads. In both
cases, The ESR was almost =1 with the racemic release. However, ACa beads show
an obvious ESR for both KTP and Tia but in a contrasting way. The ESR < 1in
ACaK indicating to strong chiral interaction with R- enantiomer. While ESR > 1
in ACaT indicating to strong chiral interaction with S- enantiomer. These dif-
ferent results in many cases due to the difference in KTP and Tia structures
Figure 6.

On the other hand, the kinetic simulation of studied beads [63, 64] shows that
the best fit models for each enantiomer and the racemic mixture were the same.
However, the obtained models differ depending on the type of complexation due to
the resulting “egg-box” structure.
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OH
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0
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Figure 6.
Tiaprofenic acid (Tia) and ketoprofen (KTP) chemical structure, asymmetric carbon labeled with”.

5. Case study

Case study 1: Enantioselective release of ketoprofen enantiomers form alginate
complexes with two ion metal type.

5.1 Drugloading and beads preparation

An ionotropic method was used to prepare alginate metal complex beads.
Racemic ketoprofen was dissolved with sodium alginate in phosphate buffer
solution (PBS, pH = 7.4). The final ratio was 1 to 3.75 (w/w) [62-64]. The congeal-
ing solution contained a metal chloride (3% w/v) at room temperature. Beads
were commonly formed by dropping the alginate solution into the metal chloride.
In this case, beads congealed with barium chloride for 3 hours. After that, the
congealing continued with the other metal chloride (Ca, Zn, Al, Fe), and the total
congealing time 24 hours. Beads were separated and dried at 40°C for 48 h, the
method was described in detail in Refs. [62-64]. However, beads were released
in PBS with pH = 7.4. 0.2 ml of aliquot was taken at different time intervals, and
replenished to the release medium with fresh PBS to maintain the volume to 5 ml.
the aliquot was extracted and analyzed by chiral HPLC.

Drug loading (KTP%) and loading efficiency (L%) were determined by the
following equations:

Drug loading (KTP%) = (W, / W, ) *100 1)
Loading efficiency (L%)=(W, / W, )*100 ()

Where Wi: loaded KTP weight, W,: Initial KTP weight, and Wy: total dried
beads weight. The shrinkage ratio was calculated using the formula:
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Beads Initial weight Formed beads Dried beads S$%
name Wy;  KTP  Wet KTP  KTP  KTP W,  KTP
(mg) W, beads Wies W, L% (mg) %
(mg) (g) (mg) (mg)
ABaCaK 316 83 8.490 11.21 718 865 469 153 578
ABaZnK 315 81 8.286 7.86 731 902 495 14.8 60.9
ABaAIK 312 80 10.544 375 76.3 954 558 137 64.7
ABaFeK 317 81 10.282 163 794 80.0 532 14.9 62.2

Wy Initial alginate weight, W, resediual KTP in congealing bath.

Table 2.

Drug loading and loading efficiency results for of the prepared beads.
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Figure7.

ESR for KTP from mixed alginate-metal complexes beads as R/S ratio (blue column), racemic release R/S = 1

(ved line).

Shrinkage ratio (S%)=((D, —D, )/ D, )*100

3

Where, Dy, and D, are the diameters of the beads before and after drying

respectively.

Table 2 shows that KTP% values varied from 13.7 for ABaAlIK to 15.3 for
ABaCakK, while ABaAIK and ABaFeK have the highest shrinkage ratio due to the

trivalent ion metal in the formed complex.
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5.2 Enantioselective release study

Chiral HPLC was used to monitor the ESR and expressed as the R/S enan-
tiomers ratio of chromatographic area. The mobile phase consists of hexane:
isopropanol: TFA (90:10:0.1 v/v%), witha 1 ml min~! flow rate. The column,
Kromasil®-5-amy- coat (250 X 4.6 mm i.d) 5 mm, was equilibrated for at least
30 min, at temperature (30 C°). ESR values in Figure 7 shows that ESR <1 for
ABaCaK, ABaZnK, and ABaFeK beads within the first 60 min due to a strong inter-
action with R- enantiomer; which retains in the beads for more time compared to
S- enantiomer. However, ESR had opposite behaviors; ESR < 1 for ABaZnK com-
pared with AZnK result in Figure 4, while ABaFeK shows an obvious ESR compar-
ing to AFeK in Figure 5 indicating the role of the mixed congealing with Ba to alter
the KTP release behavior. In fact, no significant ESR was obtained for ABaAIK
and the release was practically racemic all over the experiment time. These results
suggest differences in egg-box stereochemistry due to different binding strengths
depending on the congealing method, ion metal type, and the complexation kind
(with one or mixed metals).

6. Conclusions

Natural and biodegradable polymers were used increasingly in pharmaceutical
formulations, food, and some industrial applications. This chapter has introduced
various aspects of alginate metal complexes preparation and its application in
organic synthesis, environmental and pharmaceutical fields as a chiral excipi-
ent. The latest case involved alginate’s ability to build complexes in the presence
of multivalent metal. The prepared beads were loaded with racemic profens by
an ionotropic method, and the chiral interactions are assumed to affect the drug
release due to alginates and profen’s chirality, by an in-vitro release in the aqueous
solution resembles an intestine medium (6.8-7.4), and the enantioselective release
(ESR) was observed in many complexes and differ depending on the alginate-metal
complexes type.
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Abbreviations

ESR enantioselective release

KTP Ketoprofen

Tia Tiaprofenic acid

Alg alginate

ACaK alginate calcium beads loaded with KTP
ACaT alginate calcium beads loaded with Tia
AZnK alginate zink beads loaded with KTP
AZnT alginate zink beads loaded with Tia
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AFeK alginate iron (IIT) beads loaded with KTP
AFeT alginate iron (III) beads loaded with Tia
AAIK alginate aluminum beads loaded with KTP
AAIT alginate aluminum beads loaded with Tia
PBS phosphate buffer solution
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Abstract

Algae are recognized as the main producer of commercial alginate. Alginate
produced using algae is located in the walls and intracellular regions of their
cells. Its properties vary depending on the species, growing and harvesting
seasons, and extraction methods. Alginate has attracted the attention of several
industries, thanks to its unique properties such as its biodegradability, biocom-
patibility, renewability and lack of toxicity features. For example, it is considered
a good encapsulation agent due to the transparent nature of the alginate matrices.
Also, this biopolymer is recognized as a functional food in the food industry. It
can be tolerated easily in human body and has the ability to reduce the risk of
chronic diseases. Besides, it is used as an abrasive agent, antioxidant, and thick-
ening and stabilizing agents in cosmetic and pharmaceutic industries. Generally,
it is used in emulsion systems and wound dressing patches. Furthermore, this
polysaccharide has the potential to be used in green nanotechnologies as a drug
delivery vehicle via cell microencapsulation. Moreover, it is suitable to adopt
as a coagulant due to its wide range of flocculation dose and high shear stabil-
ity. In this chapter, the mentioned usage areas of algal alginate are explained in
more detail.

Keywords: algae, algal alginate, immobilization, food, cosmetic, pharmaceutic,
green nanotechnology, wastewater treatment

1. Introduction

Algae are photosynthetic eukaryotic organisms that are found in many environ-
ments such as sea, freshwater, and land and they are significantly important for
oxygen production all around the world. Most of them are microscopic organisms,
and their cell size can vary from 1 pm up to 10 m. There are around 72,500 algal
species that produce different metabolites and products such as carbohydrates, pro-
teins, vitamins, and many other secondary metabolites that have different benefits
to humans and other organisms [1]. Since algae are exposed to stress in their nature,
such as high UV radiation, salinity, desiccation and so on, their metabolites can
have high antioxidant and anti-inflammatory activity, which make them valuable.
They support almost all life forms in the biosphere, being a food source with high
protein content (~20%) [2].

Alginate is an unbranched polymer which consists of two different residues;
a-L-guluronic acid (G block) and B-d-mannuronic acid (M block) that are linearly
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(a) Chemical structure of G and M blocks; (b) Most used algae strains in alginate production [3-10].

linked together by 1-4 linkages to form the polymer as shown in Figure 1a [11, 12]. It
is the most abundant biopolymer in the world and one of the primary carbohydrates
in brown seaweeds [Laminaria sp., Macrocystis sp., Lessonia sp., etc. (Figure 1b)],
reaching up to 40% of the dry weight depending on species [11-13]. A major source
of alginate is the cell walls of brown seaweeds and their intracellular spaces [12].
Alginates are used commercially as thickening agents by the food and pharmaceuti-
cal industries as binders, gelling agents, and wound absorbents [11, 13]. Alginate
and their derivatives and other forms such as zinc alginate, copper alginate, sodium
calcium alginate, propylene glycol alginate, alginic acid, ester of alginic acid, and
calcium, ammonium, and potassium salts are used in different industries in mostly
textile industry with 50%, food industry follows it with 30%, and medical, cosmetic,
and pharmaceutical industry with 20% of the annual production of 38,500 t alginate
worldwide [12, 14].

The present book chapter focusses on alginate biosynthesis in algae and its
extraction, immobilization of algae in alginate, and utilization of alginate in food
and cosmetics sectors, pharmaceutical and biomedical applications, green nano-
technologies, and wastewater treatment as a coagulant.
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2. Alginate biosynthesis in algae

For many years, alginate has attracted great interest in food, cosmetic, biomedi-
cal and pharmaceutical industries, and therefore the potential sources of alginate
have been extensively studied to meet the commercial demand. Brown seaweeds
also known as the marine macroalgae are recognized as the main producer of com-
mercial alginate. These seaweeds (class Phaeophyceae) are algal species comprising
complex multicellular brown algae with a wide range of sizes and morphologies [15,
16]. Their cell wall has a unique structure that contains phenolic compounds, pro-
teins and high amount of carbohydrates. Among these components, alginate is the
fundamental polysaccharide, which is found in the form of insoluble mixed salts of
calcium, magnesium, sodium, barium, and potassium. There is also a large amount
of alginate located in the intercellular matrix of algae and thus, total alginate
content of biomass reaches up to 40% of dry weight [17]. The composition and the
characteristics of alginate depend on the type of species, growth conditions, har-
vesting season, and extraction methods. In the work of Li et al. [18] it was shown
that the chemical composition of the Sargassum fusiforme strain extensively varied
during harvest and the highest alginate content was observed in June, whereas the
alginate with maximum molecular weight and viscosity was obtained in May. In
another study, a brown macroalgae Treptacantha barbata was cultured under four
colors of light-emitting diode (LED) light including blue, red, green, and yellow
and the blue LED light produced the highest sodium alginate content [19].

Today, all commercial alginates are obtained from algal sources and their
composition varies among the species. The main genera containing a high amount
of alginate are Laminaria, Sargassum, Macrocystis, Ascophyllum, Lessonia, Ecklonia
and Alaria [20, 21]. Different macroalgae species and their alginate compositions
are summarized in Table 1.

Previous metabolic studies have focused on the investigation of biological
pathway of alginate synthesis in brown algae and bacteria that is another source of
alginate. Despite the advances in molecular biology and genomic studies, the bio-
synthesis pathway and regulatory mechanism of alginate in algae have been poorly
characterized. However, several studies of bacterial and algal alginate production
have shown striking similarities in the basic pathway and thus these findings may
provide strong clues regarding the mechanism in seaweeds [35, 36]. The molecular
bases of alginate production begin with the fructose-6-phosphate and it is converted
to guanosine di-phosphate-mannuronic acid (GDP-ManA) with a series of enzy-
matic transformations. Various enzymes including, mannose-6-phosphate isomerase
(MPI), phosphomannomutase (PMM), mannose-1-phosphate guanylyltransferase
(MPG), GDP-mannose/UDP glucose-6-dehydrogenase (GMD/UGD) are responsible
for the synthesis of alginate precursor [35, 37]. GDP-ManA is then transferred across
the cytoplasmic membrane and polymerized to the polymannuronate by the mem-
brane-anchored proteins. After this stage, it may contain some residues unrelated to
the alginate structure and it undergoes a modification step consisting of epimeriza-
tion and degradation. The epimerization process is carried out by the mannuranoate
C5-epimerases (MC5E) conducting the isomerization from mannuronic acid to
guluronic acid. It should be underlined that the alginate synthesis route in bacteria
differs from algae with the O-acetylation process that protects the produced alginate
from degradation [38]. Finally, alginate polymer, composed of a-l-guluronic acid
and the p-d-mannuronic acid, is formed, exported through the outer membrane,
and released from the cell. Evidence for the biosynthesis of this polysaccharide
within brown macroalgae come from a few studies with a limited number of species
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Macroalgae species Alginate yield (%) References
Sargassum filipendula 172+03 [22]
Sargassum vulgare 40 [23]
Sargassum wightii 3318+ 0.22 [21]
Sargassum angustifolium 35 [24]
Sargassum fluitans 9.36 +2.51 [25]
Sargassum muticum 13.57 + 0.13 [26]
Sargassum natans 23+16 [20]
Padina gymnospora 1607
Padina antillarum 211
Laminaria digitata 29+42
Macrocystis pyrifera 26+06
Sargassum sp 31 [27]
Turbinaria sp 30
Hormophysa sp 31
Fucus spiralis 25+0.21 [28]
Bifurcaria bifurcate 24 +0.12
Ecklonia vadiata 44 +0.15 [29]
Nizimuddinia zanardini 24+ 0.8 [30]
Cystoseira barbata 99+0.8 [31]
Padina pavonica 28.7 [32]
Ascophyllum nodosum 2313 [33]
Durvillaea potatorum 55.2 + 0.51 [34]
Seirococcus axillaris 413 + 0.66

Table 1.

The alginate content of various algae species.

such as Ectocarpus siliculosus, Saccharina japonica and Laminaria digitate [35, 37, 38].
Therefore, further research is needed to understand the metabolic route of alginate
synthesis and to control the mechanism in different algae strains.

3. Extraction of alginate from algal material

Commercial alginate is mainly obtained from the biomass of brown macroalgae,
and the conventional extraction process consists of multiple steps integrated to
maximize product yield. Generally, the protocol begins with a pretreatment stage
in which harvested and dried biomass is exposed to an acidic solution in order to
break the cell wall, solubilize the relevant components, and reduce the viscosity of
alginate to a desired level [26]. The second step is the alkali extraction, which is the
most critical part of whole process because it greatly affects the yield and specific
features of extracted alginate. At this stage, acidified biomass is treated with a
strong alkali solution mostly sodium carbonate or sodium hydroxide in order to
recover the alginic acid as soluble sodium alginate. The residue is removed with cen-
trifugation or filtration and then the obtained extract is precipitated with the use
of calcium chloride, hydrochloric acid, or sulfuric acid so as to precipitate alginates
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Figure 2.
Classical alginate extraction procedure from macroalgae.

in their acid or calcium salt form. Finally, the alginate product is dried, milled and
ready for commercial use (Figure 2) [17, 39].

At the industrial level, the classical extraction method of alginate is widely used
but it is highly complicated, time-consuming and requires high amount of solvents
and chemicals. Therefore, novel approaches are suggested from several studies
for the development of more suitable and effective extraction process (Figure 3).
Sugiono et al. [40] performed an extrusion-assisted extraction procedure and
optimized the key parameters (brown algae: solution ratio, feed rate and pH)
for the alginate extraction from Sargassum cristaefolium. They reported that the
extraction yield at optimum conditions reached the value of 34.96 + 0.09%, and
twin screw extruder was a promising method to extract alginate at the industrial
scale. Youssouf et al. [41] proposed ultrasound-assisted extraction of alginate from
Sargassum muticum to maximize extraction yield, minimize the use of chemicals,
and shorten the process time. In another study, the deep eutectic solvent method
combined with the subcritical water extraction technology were performed for the
production of alginate from seaweed Saccharina japonica. The optimal conditions
of different parameters were 150°C, 19.85 bar, 70% water content and 36.81 mL/g

Algal biomass l
S s g |

!Pmnlﬂ'mntl

Extraction

procedure

Subcritical water - deep
isted Ul d-assisted eutectic solvent

100 °C, 20 min, 2% NaOH, 90 °C, 30 150 °C, 19.85 bar,

imedium stirring speed min, 150 W 70% water content,

6.81 mL/g L/S ratio

Extrusion-assisted
Algae;solution ratio 3.11,
feed rate 2.95 rpm,
pH 10.3

Figure 3.
Flow diagram of different extraction techniques from literature [40-43].
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liquid/solid ratio giving an alginate yield of 28.1%. Also, the subcritical extraction
method was defined as a clean, time-saving and effective process for the alginate
extraction from seaweeds [42].

More recently, there has been a growing interest in the application of green
technologies and biorefinery approach for the extraction of biological compounds.
In this context, the development and optimization of biorefinery processes that
integrate a sequential extraction steps in order to release multiple products of brown
macroalgae is considered an effective, timesaving and green procedure. Several
authors examined the extraction of a couple of components including alginate,
fucoidan, laminarin, sugar, and so on with a biorefinery concept [33, 44, 45]. Yuan
and Macquarrie [33] developed a step-by-step process to obtain a variety of products
from Ascophyllum nodosum seaweed by the assistance of microwave technology.
These products include fucoidan, alginates, sugars, and biochar (algae residue)
and the obtained yields were 14.09, 18.24, 10.87, and 21.44% respectively. Kostas
etal. [44] designed a bio-refinery procedure using Laminaria digitata, based on
the extraction of the alginate and fucoidan, the subsequent production of bioetha-
nol, and also the identification of bioactive compounds remaining in the residue.
After the extraction of polysaccharides with the use of the conventional treatment
method, the compositional structure of residue was analyzed and a high amount of
glucose was determined, making this residue a potential feedstock for bioethanol
production. This residue was exposed to acidic hydrothermal pretreatment and
enzymatic saccharafication to release utilizable glucose and then it was fermented
using Saccharomyces cerevisiae achieved an ethanol yield of 94.4%. Abraham et al.
[45] developed and optimized a biorefinery process to extract polysaccharides of
laminarin, fucoidan, and alginate from Durvillaea potatorum. The results established
a novel biorefinery process for the extraction of multiple seaweed polysaccharides
that could be used in specific industrial applications.

4. Immobilization of algae in alginate

Microalgae are one of the most remarkable species utilized in biotechnology for
numerous purposes. They are crucial for biofuel production [46], bioremediation,
and biotransformation [47], fuel cells applications [48], and also for wastewater
treatment [49]. For this matter, the adaptation of efficient immobilization methods
for microalgal applications is crucial to develop novel manufacturing strategies
(Table 2). Most of these industries require low-cost and easy immobilization meth-
ods, of which alginate is one of the most profound encapsulation agents can serve
this demand [63]. Additionally, due to their transparent nature, alginate matrices
do not interfere with the photosynthetic efficiency of algae [64]. Various microalgae
(Chlamydomonas reinhavdtii, Chlorella sp., Botryococcus braunii, Tetraselmis sp.,
Nannochloropsis sp. and Scenedesmus sp.) and cyanobacteria (Anabaena sp., Nostoc,
Spirulina, Oscillatoria sp., etc.) species have been explored in immobilized matrix
systems as beads, biofilms, and various geometries [61, 64, 65].

Biohydrogen as a green alternative fuel is known to be produced by microalgae
species under anaerobic conditions [66]. Although microalgae are important for
biohydrogen production, large-scale operations are hindered due to the oxygen sen-
sitivity of hydrogenase enzymes [67]. Successful immobilization of Chlamydomonas
reinhardtti and several other cyanobacteria species are promising to increase the
biohydrogen production capacity of immobilized microalgae as densely packed
biohydrogen micro factories [61, 62].

Microalgae in wastewater systems can also be immobilized with alginate for
the continuous removal of nitrogen and phosphorous to decrease organic loads of

74



*SPOYIIUL UOLIDZI]IGOULUL IVSIVOLILIAT

Biosynthesis and Applications

//dx.doi.org/10.5772/intechopen.101407

http

Algal Alginate in Biotechnology

DO

‘¢dqeL
101083101q030yd
“ds vaodsvaag, uwnjod a[qqng uadAx0 03 AyAnISUSS Pasearddq Ananonpord
ds s13562000ug 1010®10Iq Te[NqN], JUSUWIUOIIAUD snoanbe ur  sarnjno diqorseue ur A[IqeIA [[90 padueyuy pue Lousiyge
“ds vuavqvuyy s199yg  areurde jo uorreperda(g saanymd uorsuadsns 03 uononpod usdorpAyorq
[29 ‘19] IPADYUI2A SVUOUOPLUD]YD) speag dnopeog  pareduwos uononpoid uaSoxpAy paSuojoig a3 Sursearoug uaorpAyorg
SOINI[ND [0 [eWIIUE o3e101s
saroads [esr3ojouyoaroiq S30BJINS 10 SPeaq ur ST 1 Se SpotyIaut JUSIDIJJ3 1500 pue dwiL], deS[eordorur uL)-3uof jo Burpuey pue
[09] jueyrodurr snotrep S1eurd[e ur uoTeZI[IqoW W] pazIpIepuels Jo yoe ] Do e A11ATIOE DTjOqeIaW paurelsng $5200NS 9} SUISLAIOU]  UONDI[[0D dININYD
Aypenb uonoaep 1omo] sasodmd axmymoenbe pue
J10SUas0Iq ermmoLide 10§ a[qeIng
a3 jo uonsodurosap UOLEDIPUI-0Iq
S3[NO3[OUI JIX0) 1310 pue uonrerpAysaq Ay1orxoy se Lyipenb [ros pue
LIPADYUL2L SVUOULOPAUD YD pue sapiorqiay Aq Iojsuer) I9YeM UI SYI0MIU [esowax Juenyjod prdey onenbe 105 Sutiojuour
[6S “8S] sLpg[na vjja40[yD uonddpd [ISd jo uondnusyq  ereurSe jo uondnisiq stsA[eue awr) [eay [BIUSUIUOIIAUF J10SUdSOIg
S[[2
TeSre a3 03 spunodurod sk
a1 Jo AII0IX0], spunodurod drjouayd
saroads suoqIed0I1pAy
$199Ys pazI[Iqouu] oedpe orprydouranxa onewore o12AdA[0g
s1030ea101qor0yd wytyoIg Jojuswaanbay syuauoduwod
s1010ea101q010yd JI[ITY wsTjoqeIaur Sundnaisip suroopuy
11fdoz v2ay10104] suwm[od paq payoed UOIJRULIOJSULIION] suonerado ayeds [rewg sura)shs
ds wnprutioy g $109ys 2eurd[e pazijrqouruiy [eSreoxoru uo sore1 [eaowa1 ySiy  donyenbe ur spunodod jo
[£5+5] SLD3Na v]jaL0[yD speaq papuadsng a8pajmouy] payury 1500 Terded MOT 10939 OIX0) 9} 9SBAIDI(]  UOIIRULIOJSULIION]
spunoduod
puyps vjjaypund speaq areurdye papuadsng oruedio o1x0) pue sprjos papuadsns ‘syejaur
DUDIUI0A0S D]]240]YD) $399Ys pazIjiqowu] AAeaY ‘SJUSLIINU JO [EAOWIDI SNONUNUOD)
sisuavid vunaudg s1030ea101q0r0yd wiytyorg UORATI[ND ULIS)-3U0] pue S[qein(g uoeIpaUIAIONg
SLpZIna vjjaL01yD s1030ea101q0j0yd JIpITY snioydsoyd [BAIAINS [[30 PadUBYUH sresruwrayo Sunnyjod /AusuIYeaI)
[€5-05] snyd.aouwp snusapauadg Ppaq payeg JO [EAOUIST IOMO[S suone1ado urean)suUMOp 181500 padnpay  PUE SAISEM JO [EAOUIY I21EMBISEAN
sduaIayey  saroads seSreoorur uoururo) yoeoxddy/apon aSejueapesiq aSejueapy wry 1981e],

75



Properties and Applications of Alginates

wastewater systems [53-55]. This approach is a clean and sustainable understand-
ing for wastewater treatment, which inspired the utilization of microalgae for
bioremediation purposes [68, 69] and removal of heavy metals [50] and other toxic
molecules in the aquatic systems. There are also novel concepts to use immobilized
microalgae networks as biosensors to check soil and water quality [58, 59].
Co-immobilization of different cell types can enhance the immobilized microal-
gae consortium. Microalgae growth-enhancing organisms can enhance the biomass
accumulation in immobilized systems, which can increase the efficiency of immobi-
lization for wastewater treatment, bioremediation, and biotransformation purposes
[70, 71]. Symbiotic systems of algae-fungi in matrices can increase the efficacy of
immobilization and decrease the toxic harms of heavy metals on algae [72].
Although alginate can provide a good environment for microalgae, there are
several limitations concerning the stability of alginate gels. In aqueous systems,
due to the diffusion of Ca** ions to aqueous environment, the alginate network can
loosen, which subsequently damage the network. Thus, designer gels and/or blends
with several other hydrogels can increase the durability and mechanical properties
of alginate network [63, 73]. Another important aspect is although alginate does
not affect cell proliferation, denser cultures may be needed, or due to dense culture
diffusion limitation may increase cell death [62].

5. Algal alginate in food sector

Recently, food consumers have begun to consider nutrition contents of foods
and desire more natural foods instead of the synthetic ones. As a result of that,
foods which contain alginate as a natural substance have become more popular [74].
Most importantly, the United State Food and Drug Administration (U.S. FDA) has
classified the alginate as “generally regarded as safe” and European Food Safety
Authority (EFSA) has recognized to use it in specific doses [75, 76]. In the food sec-
tor, alginate has many uses as food production, packaging, thickening and, stabiliz-
ing agents, thanks to its unique properties like biodegradability, biocompatibility,
renewability, and lack of toxicity [17, 74, 75, 77-79]. It has been noticed that alginate
is easily tolerated in human body [80]. For this reason, it has been harmlessly
inserted in a wide range of food products. Those can be listed as tinned, baked and,
frozen foods, meat, poultry, salad, seafood, pet food, cheese, fruit, beverage, jelly,
dessert, jam, ice cream, sorbet, and mayonnaise [17, 76, 81-84]. Additionally, it is
considered functional food that has ability to reduce the risk of chronic diseases and
make them more controllable [17, 85]. Thus, it enhances the quality of life due to its
anticancer and probiotic features [17]. In addition, it can be applied to dairy liquid
products, beer, and drinks which are consumed by diabetic patients [17, 80]. Also,
adding alginate in the foods decreases the transit time in the colon and this situation
helps human body to prevent from colon cancer [86, 87]. Moreover, as a result of
having the ability to reduce the feeling of hunger, this polymer can be consumed to
cure obesity [17, 86]. Moreover, it induces gastrointestinal disorders and the risk of
coronary heart diseases [15, 87, 88]. Alginate is used in food products in the range of
0.5-1.5% [87]. For example, Na-alginate can be used without any unhealthful side
effects at the highest dose of 15.5 mg Na-alginate/kg (day) " [15]. Zn concentra-
tion should be carefully considered when Zn-alginate combination is used in food
products. Because a high concentration of Zn”* has negative effects on human body
like nausea, diarrhea, and other diseases in the digestive system. So, its concentra-
tion must be in a suitable range. Zn-alginate can be added to purple corn to prevent
the color in the drinks. Ca-alginate can be applied in yogurt, jams, and salads to
control their smooth taste, in ice-cream to balance the crystal statement, and in
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noodles to increase the cohesion [78]. Propylene glycol-alginate can be included in
salads and sauces [83]. AP’* exhibit higher stable Al-alginate mixture than Ca** and
Ba’*, thanks to its three-dimensional binding model. But it is possibly toxic and is
not safe for using in food products. Unfortunately, Al-alginate uses in food industry
are limited as packaging material of conserve meals [78].

The food package is used for covering the product for protection, preservation,
containment, and conservation purposes. After the food product is produced, phys-
ical/mechanical damages, physicochemical, and biological changes can occur. Asa
result, the quality and safety of the food may be decreased. In order to avoid this,
synthetic compounds have begun to be used as a packaging material. Thereafter, it
has been noticed that synthetic package materials are liable for a huge amount of
waste that is detrimental to marine and wildlife. Therefore, researchers have been
focused on finding new natural compounds that can be a promising candidate as a
food packaging material [76]. After many experiments, they have been established
that alginate has the ability to decrease lipid oxidation, microbial contaminations,
nutrition lost, and wizening. Thus, this polymer improves the foods shelf life and
keeps them fresh [76, 78, 89]. Nowadays, alginate is used for packaging in a wide
range of food products like potato strips, pineapple, sweet cherry, peach, melon,
pork, and beef balls, roast beef, chicken meat, chicken nugget, chicken ball, hams,
salmon, bream, perch, mozzarella cheese, coffee, powdered milk, resoluble
tea, fresh cut foods like apple, carrot, and mango [15, 76].

Nowadays, 3D food printing is an efficient technology to produce high valuable
food products. While printing the food, encapsulation of significant compounds
(antioxidants, vitamins, probiotics, etc.) with alginate increases the strength of
foods against the negative effects of light, heat, and oxygen at preparation and
storage stages. The most important problem in this regard is the tendency of food
products to deteriorate geometrically. At this point, the alginate improves the water
dispersion and thus provides more stable products with good mechanical and
thermal behavior [74].

Alginate can be utilized as a good thickening agent, thanks to its adhesion and
cohesion features. Pure alginate shows a high viscosity ten times more when com-
pared to commercial thickeners. Also, it has the ability to enhance food properties
like its texture, organoleptic situation, and consumer acceptance. For example,
it can improve yogurt’s shape, creamy texture, adhesion feature and restrain the
viscosity at the sterilization step. Also, this polymer can be added to the jelly to
decrease the difficulty involved in swallowing [78].

In food applications, there are many molecular surfactants that are used asa
stabilizer; they have negative effects on human health and environment. As a result
of this, researchers have been focused to find new solid particles that can be used
instead of molecular surfactants. Solid particles are divided into two groups as
inorganic and naturally derived. Unfortunately, inorganic particles have a limited
area of usage [77]. Because of that, a rapid increase in the tendency to use sur-
factant derived from natural sources was observed [77, 90]. In this case, alginate
can be added to the beer for stabilizing the foam as a stabilizing agent [78, 83].
Additionally, alginate can be mixed with oil droplets for the preparation of emul-
sion gels, which are used in mayonnaise and similar foods [78].

Alginate has the ability to combine with two different cations to form a gel.
Alginate contained products have significant elasticity that is controllable by
changing the ratios of ions and alginate concentrations [78, 91]. Besides having
this unique property, algal alginate may include some impurities like heavy metals,
polyphenols, proteins and endotoxins because it is a natural compound [17, 79]. In
the food industry, low levels these impurities can be acceptable, but in the cosmetic
industry, they have to be removed [79].
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6. Algal alginate in the cosmetic industry

A cosmetic product can be defined as any natural or prepared material that in
contact with teeth and mucous membranes of the mouth cavity and external parts
of human body (epidermis, hair, nails, lips, and external genitals). These products
can be in different forms as cream, lotion and spray. Nowadays, many people use
cosmetic products and their ingredients, some for therapeutic purposes and others
to enhance their beauty [92]. However, it should be noted that the purpose of using
a cosmetic product cannot be to cure any parts of the human body. This kind of
products are generally used after different dermatological issues like acne, eczema,
and so on [93]. Recently, a new word called “cosmeceutical” has been used to indi-
cate specific cosmetic products, which include active ingredients. These products
are not considered drugs or cosmetics, but they show medical or drug-like benefits.
The cosmetic/cosmeceutical consumers desire the products that are safe, effective,
protective, elastic, and natural with good quality [91, 92].

Recently, cosmetic consumers have begun to pay attention not only to the
effects of the product as a whole, but also to the content of the products [94].

With the increase in acquiring knowledge about the ingredients, awareness about
the unhealthful side effects of synthetic cosmetic ingredients (irritation, allergic
reactions, etc.) is created among the consumers more than before [91, 93, 94].
Additionally, Cosmetics Europe — the community for the cosmetics and personal
care industry — has forbidden the use of synthetic solid plastic particles, which
cannot be biodegradable by marine organisms for saving aquatic ecosystem in any
types of cosmetic products [95]. This situation has contributed to conduct more
research on finding new, natural, eco-friendly and biodegradable polymer sources
to produce natural ingredients [91, 95]. At this point, algal alginate has drawn atten-
tion, thanks to its biological activities as an anticoagulant, antiviral, anticancer,
antimicrobial, moisture retention, anti-irritating, antioxidant, anti-inflammatory,
and antibacterial matter [17, 78, 90, 91]. As a result of having these aforementioned
properties, alginate can be used as an abrasive agent, antioxidant, and thickening
and stabilizing agents in the cosmetic industry [17, 90]. From this point of view,
algal alginate is a promising candidate as a cosmetic ingredient.

The skin is the biggest organ of the human body and covers all the other organs
[74, 91, 96]. It has three layers: epidermis, dermis, and hypodermis. The epidermis
is composed of five stratums: basal, spinous, granular, lucid, and corneum. This
layer contains melanocytes, langerhans, keratinocytes, granules, and dead kerati-
nocytes [91, 93]. Melanocytes include melanin that determines the skin color and
both of the melanocyte, and keratinocyte cells heal the skin damages. The stratum
corneum acts like a water diffusion barrier. Thus, it protects the skin from dehydra-
tion and irritation and allows the human to live in air [91]. The health situation of
the cells on the epidermis layer changes according to the weather conditions and
nourishment schedules. Dead cells remain on the skin nearly for two weeks. After
that, they through desquamation and recuperation stages and these stages take one
month. Peeling products have the ability to remove dead cells and improve skin
health without causing any negative effects on the skin. In this way, these products
can help to make these processes faster [93]. Researchers have found that the opti-
mum diameter of microparticles which is used in the peeling product formulation
is 750 pm. Alginate microparticles are a good candidate as abrasive agents, thanks
to their regular and spherical shape. The addition of starch to these microparticles
increases the surface unevenness and inequality. This starch-alginate microparticles
combination shows the effect on the skin as synthetic balls do. They have a unique
potential for replacement with synthetic ones, as they are natural, biodegradable
and environmentally friendly compounds [95].
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Naturally the skin has the ability to synthesize antioxidant agents to protect itself
from reactive oxygen species (ROS). Also, it has been known that the skin increases
ROS production when exposed to UV radiation. Under these circumstances, oxida-
tive stress causes the existence of wrinkles, dehydration, inflammation, melanoma,
and skin cancer. For preventing skin aging and other aforementioned cutaneous
disorders, the skin has to be supplied by antioxidants via cosmetic products [91, 93]. At
this point, algal alginate is a promising candidate as a cosmetic ingredient with sig-
nificant antioxidant activity [80, 91]. This activity related to its molecular weight,
sulfate content and anionic groups [97]. Thus, it can be used as anti-aging, anti-
wrinkle, and smoothing agents [93, 98]. Additionally, it has the ability to absorb
several 100 times more water than its own weight to support the cell and regulate
the water distribution in the skin, and thus protect cells from caving in [15, 91, 98].
Considering these properties, it has been inserted in a wide range of products such
as hand lotions, ointments, fat-free creams, facial masks, and dental materials to
improve nutrients diffusion and absorption [78, 80, 99].

Alginate can be used as thickening agent in shampoos, lotions, or other cosmetic
products, which include huge amount of water for instability inhibition purpose
[98]. Also, this polymer has ability to stabilize the viscosity to offer good liquidity
in cosmetics [79]. This is the major reason of using it in cosmetic formulations [91].
Also, it helps to maintain the organoleptic features (taste, sight, smell, and touch)
of cosmetics, thanks to its favorable activities [80, 91].

7. Algal alginate in pharmaceutical and biomedical applications

Although the biocompatibility of alginate has a debate, it is still one of the
mostly studied polymeric biomaterials in pharmaceutical and biomedical applica-
tions for tissue engineering and regenerative medicine (TERM) purposes [100].
Alginate can be fabricated in various shapes and forms (Figure 4) for an extensively
wide application (Figure 5). Alginate provides a biocompatible, cost-effective,
low toxicity, and also easy gelation. Currently due to high viscosity and rheological
properties with respect to increasing concentration, alginate is utilized as stabilizer
and thickeners in pharmaceutical formulations. However, due to increased utiliza-
tion of hydrogels in TERM, alginate-based formulations are extensively investigated
as controlled drug-release platforms and tissue-engineering constructs [104-106].

Kinetic release of pharmaceutical compounds such as drug molecules, pro-
teins, peptides, and nucleic acids is a novel advanced therapeutic approach [107].
Although alginate is a polar biopolymer, amphiphilic design of the alginate, or
blending with other polymers can alter the hydrophilicity, thereby enabling the
release of hypophobic/amphibic molecules [73, 103]. Alginate also creates a mild
environment for proteins and other molecules, which can be affected by heat or
alkali conditions resulting due to denaturation. Also, enzymes can be encapsulated
with algae to have a controlled biocatalytic conversion. Alginate is usually ioni-
cally cross-linked with bivalent cations which is a low-cost and rapid method of
gelation. However, when alginate is in an aqueous environment, bivalent cations
are released into the environment, which makes a faster release of entrapped drug
molecules based on their hydrophilicity, size, and interaction with alginate. In
order to increase the control over the alginate, chemical modifications are done to
chemically functionalize alginate for thermo-responsive, pH-responsive, or light-
responsive matrices [108].

Wound healing is a complex phenomenon starting from inflammation, cell
migration to the wound site, and eventually remodeling of the wound healing area
[109]. Recently hydrogel-based wound dressings are gaining attention, and alginate
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Figure 4.

Alginate in shape (a) fabrication forms of alginate for various application [61, 62, 100-102]; (b) classical
immobilization method for alginate crosslinking.

Figures.
Application aveas of alginate in pharmaceutical and biomedical purposes [64, 100, 102, 103].

is one of the most studied and also commercially available wound dressing patches
[103, 107]. Due to high water content and immobilization of bioactive molecules
inside the patches to create antibacterial, anti-inflammatory and growth factors to
promote cell growth and healing alginate are considered a gold standard in these
types of applications.

3D cell culture is gaining interest because 2D cell culture does not correspond
to the signals of cells in their nature. 3D environment creates a biomimetic
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environment to understand cell behavior, drug response, and 3D tissue culture

[64, 102, 110]. Alginate creates a good environment resembling the extracellular
matrix (ECM) structure where cells can proliferate and differentiate. Also, alginate
can be covalently linked to cellular attachment sequences (mostly utilized RGD) to
increase cell-cell interactions and cell-surface interactions [101, 111]. Encapsulation
of growth factors in these 3D gels can increase the cell differentiation [104], neotis-
sue formation, and blood vessel development [102, 112].

Alginate can also be a base hydrogel for 3D biofabrication purposes [111, 113].
Due to the availability of advanced imaging methods, these constructs can be cus-
tomized as a personalized medicine tool [114]. However, due to the low mechani-
cal properties of alginate, the bioprinting is usually done with blends with other
hydrogels such as collagen [112], gelatin [111], chitosan [115] or self-assembling
peptide hydrogels [104, 106].

Although alginate is a biocompatible and a plant-based biomaterial, the bio-
degradation of alginate can be troublesome. Alginate does not degrade in the body;
however, due to the release of ions form the network, it decomposes into small
pieces. Thus, chemical modification such as oxidation of alginate chains may help
to achieve a proper biodegradation for clinical applications [116]. Moreover, low
mechanical properties and stiffness may hinder the utilization of alginate, espe-
cially for hard tissue engineering. Chemical modification may elevate the material
properties. However, it may add toxicity to the compound too. Nevertheless, as in
vitro drug testing [117] and 3D cell culture platforms [111], even for topical appli-
cations [103], alginate is a safe natural biomaterial. It is also highly promising for
tissue engineering applications, especially as injectable formulations [104].

8. Algal alginate in green nanotechnologies

Nanotechnology aims to have structures that have a size in a nanometer scale
(less than 100 nm) to be produced and applied to provide purposeful design.
Nanomaterials, which are a product of nanotechnology, have exceptional surface
activity and other physical properties that occur due to their shapes at nanoscale
sizes. In the last decade, nanotechnology has gained popularity and it has been used
in different fields such as medicine, pharmaceuticals, cosmetics, food, and clothing
industries. Production of synthetic nanomaterials is expensive and not an environ-
mentally friendly process, even though they have many applications and benefits
today. It is not safe to use them in medicinal applications due to their risks and side
effects and the difficulty to form gels in situ. Hence, green routes to synthesize
nanomaterials, which is called green nanotechnology has gained attention. The aim
of green nanotechnology is to reduce the risks and to solve environmental problems
related to nanotechnology [118, 119].

Natural polymers such as alginate, chitosan, agarose, collagen, cellulose, and
so on have been used as nanoparticles (NPs) due to the concerns about synthetic
ones [118]. Characteristics of these NPs such as small surface area to volume ratio,
structural surfaces, agglomeration, and enhanced reactivity make them to be
applied in various areas such as cancer therapy, drug targeting, nano-pharmacology;,
nanomedicine, and agrochemical delivery [120]. In recent times, the most widely
used polymer is alginate, since it is considered safe especially for human applica-
tions. Alginate is considered to be safe owing to the fact that it has been studied
extensively, even though other biomaterials can be good alternatives in the future,
However, alginate has properties that offer advantages to the system and make ita
perfect fit for biotechnology and drug delivery systems via cell microencapsulation
[118]. Temperature and pH changes, signaling molecules, and enzymes stimulate
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a drastic chemical and physical change in alginate, which results in making them

a potential candidate for drug delivery vehicles [121]. Biocompatible and nontoxic
polyionic complex NPs are formed through ionic gelation of alginate and chitosan.
These polyionic complexes are used in drug delivery and wound healing purposes
because they are non-toxic and biocompatible as well as have effective protection
of biomolecules [122]. Natural nano carrier systems can be easily integrated with
antiviral, antifungal, antituberculosis drugs, and so on. For antituberculosis drugs,
lipid-based formulations and polymer-based formulations are used. Lipid-based
formulations have drawbacks with successful targeting, since it is dependent on the
parenteral/inhalable route, whereas alginate is already FDA approved for human
use and it is successful with the oral treatment of reflux esophagitis as well as being
a popular pharmaceutical excipient. Hence, alginate-based carriers have gained
popularity in drug targeting. The recent studies prove that if alginate NPs are used,
the outcome could be further improved in the sense of encapsulation of drug,
pharmacokinetics, bioavailability, and therapeutic efficacy [123]. Alginate NPs can
also be used as a carrier for adjuvants and vaccine immunogenicity is increased,
since alginate nanocarriers can prolong the release. Agglomeration has not occurred
in major organs through the use of alginate NPs. Mucoadhesive properties enhance
the permeability of alginate NPs and therefore it is being used in nasal and oral
administrations; degradation is reduced in acidic environment [124].

NPs of alginate can be used in agriculture as a nanopesticide, nanoinsecticide,
nanoherbicide, nanofertilizer, growth stimulants, pesticide carriers, antimicrobial
agents, and nanoformulations [125]. Targeting and systemic delivery of herbicides
can be provided by using nanocapsules with alginate/chitosan NPs [126]. Chitosan
and alginate as carriers of herbicide and insecticide do not only improve the release
of the herbicide but also improves its interaction with the soil [126, 127]. Chitosan/
alginate NPs can also be used as nano carriers for pesticides, herbicides, and fungi-
cides. Slow release of the molecule can be provided and NPs can protect them from
UV radiation and it offers a better antifungal activity [120].

9. Algal alginate as a coagulant in wastewater treatment

Coagulation is a process used in water treatment, in which aids are used to
change the surface structure of suspended materials to form aggregates and to
remove them by destabilization. In this process, inorganic metals and polymers
are generally used as coagulation aids [128-130]. The large amount of chemicals,
significant pH changes, and the high amount of sludge produced are among the
significant disadvantages of the coagulation process with metal salts [128, 129].
In addition, some negative effects of synthetic polymer on human health have
increased the tendency to use natural polymeric materials as a coagulation agents.
Natural polymeric materials such as polysaccharides are low cost, easy to obtain,
have low molecular weight and high shear stability. For these reasons, they have
been suggested to be more advantageous materials. They also have advantages
such as being safe for human health, biodegradable, and having a wider effective
flocculation dose range for various colloidal suspensions [129, 131]. High volume
wastewater is one of the most important problems for many industrial sectors.
Especially, textile industries produce large volumes of wastewater with varying
physicochemical properties. This diversity in physicochemical properties is due to
the enormous continuous effort to identify suitable technologies for the treatment
of textile industry wastewater and the many components involved in this process
[130, 132]. The different types of wastewater treatment performed for industrial
wastewater include coagulation/flocculation, oxidation, membrane separation,
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ion exchange, photochemical, adsorption, biological treatment method, and so on
[130, 133]. Among the various methods, one of the effective methods for removing
substances from wastewater is coagulation using algal alginate [130].

Alginate naturally derived from algae offers significant potential for wastewater
treatment as a coagulant. Calcium and sodium ions can be used as coagulation
aids in processes where alginate is used as a coagulant. Especially when calcium
ions interact with metal cations in the alginate structure, the gel structure forms
and tends to precipitate the pollution factors in the wastewater. Thanks to having
the ability of formation insoluble molecules, it becomes an important option as a
coagulant in wastewater treatment [130, 134-136].

Laboratory-scale studies on the use of the obtained algal alginate in wastewater
treatment processes have been carried out. In these studies, the process continues
with measuring the coagulation efficiency depending on the determined param-
eters after the extraction stage. In the study conducted by Vijayaraghayan and
Shanthakumar [130], Sargassum sp. was used as an alginate source and the efficiency
of removing Congo red dye from the aqueous solution was studied depending on
the pH, alginate dose, calcium dose, and initial dye concentration of the extracted
alginate. As a result of the study, it has been shown that the performance of alginate
as a coagulant is highly dependent on the calcium dose used as the gelling agent and
the initial dye concentration in the solution [130]. A process for reactive magenta
dye removal in textile wastewater was carried out depending on the alginate dose,
calcium dose, and pH by the same authors. In this study, a color removal of 92.7%
was achieved and it was confirmed that the alginate extracted from Sargassum sp.
could be used as a coagulant for dye removal in textile wastewater [137]. In another
study conducted by Natesh et al., 3 different algae such as Sargassum sp., Turbinaria
sp., and Kaapaphycous alvarezii were used and the results supported the study
obtained by Vijayaraghayan and Shanthakumar [129]. In the study by Devrimci
et al., the coagulation efficiency of algal alginate was investigated in terms of drink-
ing water treatment. The study was carried out depending on parameters such as
calcium and alginate doses, and the initial turbidity of the samples. Experiments on
synthetically prepared turbid water samples have shown that calcium alginate can
act as a potential coagulant. The coagulation efficiency was highly dependent on the
initial turbidity and calcium concentration. At high initial turbidity, the coagulant
worked well, and the targeted final turbidity was achieved at most doses of calcium
and alginate. It is stated that the performance is weaker at low turbidity. The authors
noted that the use of higher viscosity alginate and prolonged rapid mixing may
improve the performance for low turbidity waters [135].

10. Conclusions

Algae are considered a major source of alginate. Since their alginate content
and properties are varying, first, the amount to be used should be decided.
According to this decision, algae species and the time for growing and harvesting
of them must be taken into attention. After that, depending on the area of use,
the extraction method should be determined in order to obtain the highest yield
of alginate from algal biomass. Now, it is ready to be utilized in different types of
sectors. For example, immobilized microalgae networks are open to novel applica-
tions. Environmental monitoring and algae-based biosensors comprise one of the
promising topics for future developments. Rather than classical bead or thin-film
fabrication methods, novel biofabrication techniques can be adapted for algae
immobilization, which can help to design customized geometries. Also, as a result
of the ability to combine with two different cations to form gel, alginate-contained
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products show significant elasticity. Unfortunately, algal alginate may contain some
impurities like heavy metals, polyphenols, proteins, and endotoxins. In the food
industry, low levels of them can be acceptable. But before they are used in cosmetic
and pharmaceutic industries, they have to be removed using some purification
methods. Alginate NPs have properties such as being biocompatible, nontoxic, and
biodegradable. They are safe and preparation of the alginate NPs is easy and so this
makes them a potential carrier for drug delivery systems. They can be applied to
various drug-delivery systems. Alginate NPs are FDA approved as a food additive
and has great mucoadhesive properties, which can make them a potential candidate
for drug delivery through the oral route. In agriculture, chitosan/alginate NPs are
used mostly for targeted and systemic delivery of agrochemicals, and it has a great
potential for prolonged availability and low load of the molecules. Agricultural
technology and increase of the fertilizers and pesticides unfortunately made a nega-
tive contribution to environment. However, NPs, especially “green NPs,” made agri-
culture more sustainable by using lower doses and slower release of the molecules.
Increased awareness of the environmental problems comes with an unavoidable
sustainability in all fields, and green NPs are good for environment because their
application in agriculture is safe, and also their productions are considered sustain-
able. However, there are certain limitations to the industrial application of alginate.
The most important of these limitations is the exponentially increasing cost with
growing scale. For example, coagulants currently used for wastewater treatment are
relatively cheaper than algal alginate. However, traditional coagulation processes
may require extra costly processes such as pH adjustment or alkalinity addition.
Today, in studies about algal alginate, it is possible to increase the efficiency of the
system and reduce the cost of coagulation with alginate by using their better and
more suitable quality versions.
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Chapter 6

Alginate-Based Composite and Its
Biomedical Applications

Yaling Deng, Ningning Yang, Oseweuba Valentine Okoro,
Amin Shavandi and Lei Nie

Abstract

Alginate has received much attention due to its biocompatibility. However, the
properties of pure alginate are limited, such as weak mechanical strength, which
limits its application. Alginate-based composite effectively overcomes the defect
of pure alginate. The molecular weight and microstructure can be designed. More
importantly, the essential properties for clinical application are improved, including
mechanical properties, biocompatibility, gelation ability, chondrogenic differentia-
tion and cell proliferation. This chapter will describe development of alginate-based
composite in biomedical application. In the fields of wound dressing, drug delivery,
and tissue engineering, the impact of structural changes on performance has been
stated. To provide readers with understanding of this chapter, the structure and
characterization of alginate will be included.

Keywords: Alginate, composite, wound dressing, drug delivery, tissue engineering

1. Introduction

Alginate is a natural heteropolysaccharide extracted from brown seaweed. Due
to the abundantly available in nature and less expensive, L. hyperborea, L. digitata,
Laminaria japonica, A. nodosum, and M. pyrifera are the main choice of alginate
[1]. Alginate, without pungent smell, usually has a white or yellowish-brown char-
acter. It is water-soluble but insoluble in organic solvents, such as alcohol, chloro-
form. Carboxylic acid groups in the saccharide residue endow the special anionic
nature. Calcium alginate, for instance, is insoluble, while sodium alginate has
water-solution [2]. However, the process of water dissolving is slow and usually
takes several hours, forming stable and viscous solutions [3]. Due to the ability to
form a hydrogel, alginate could be utilized as a gelling agent, which expands its
application in the field of biomedical applications.

Alginate and its derivatives show outstanding properties, such as biocompatibil-
ity, biodegradation, gel-forming ability, being suitable for sterilization and storage.
Owing to its unique characteristics, alginate has been widely used in diverse fields,
including wound dressings, drug delivery, tissue regeneration. In this chapter, the
characteristics and wide applications of alginate will be introduced.
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2. Structure and characterization
2.1 Structure

Alginate with molecular weight between 32,000 to 400,000 g/mol is mainly
comprised of a sequence of liner polymers of f-(1-4)-D-mannuronic (M-blocks),
a-L-guluronic acid (G-blocks), and inserted MG sequences (MG-blocks), with
varying proportions and linear arrangements [4]. That organized in homogenous
patterns with repeated G residues, repeated M residues, and heterogenous patterns
with alternating G and M residues [5]. Alginate derived from different sources
displays different M/G ratios and contents in M and G [6], leading to the change
of molecule weight and physicochemical properties. These parameters are related
to the characteristics and applications of alginate. Generally, alginate with high
M units shows good biocompatibility and more immunogenic [7]. Alginate with
high M units has soft and elastic properties, G-rich alginate exhibits hard and
brittle characteristics [8, 9]. The rigidity of the chains increases in a sequence,

MG < MM < GG, due to the electrostatic repulsion between charged groups. G-rich
alginate gels have better mechanical stability (Figure1) [5].

The electrostatic interactions between the carboxylate groups of G units and
divalent cations, such as Ca*, Fe**, Mg2+, form an “egg-box” structure, which
crosslinks to obtain the hydrogels. There are several hydroxy and carboxyl groups in
the molecular structure of alginate. As the active site, more groups and side-chain
molecules were introduced into the main chain to decorate the structure, which
endow more features and expand its applications [10].

2.2 Solubility and viscosity

Sodium alginate exhibits slowly water-soluble and forms viscous and stable
solution. At low solvent pH, more heterogeneous MG-blocks contribute to solute
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Figure 1.
Chemical structure of alginate [5].
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than M-rich and G-rich alginate [11]. With the decrease of pH, the viscosity of
alginate solution increase. When the range of pH is 3-3.5, the viscosity has the
maximum. In the Mark-Houwink relationship ([1] = KM,%), [] is intrinsic viscosity
(mL/g) and M, is the viscosity-average molecular weight (g/mol) [12]. For sodium
alginate in 0.1 M NaCl solution at 25°C, K and 4, the parameter of the Mark-
Houwink relationship ([n] = KW,?), are 2 x 1073 a =097 respectively.

The primary structure is associated with different amounts and sequential distri-
bution of M and G, which affects the molecular weight and properties. For example,
the viscous behavior is remarkably relevant to molecular weight during the prepara-
tion. Alginate with high molecular weight polymer could form an obviously viscous
solution [13] and result in a higher elastic modulus in the gels [14]. Meanwhile, the
alginate with a long chain shows a higher solution viscosity. For example, G-rich
alginate displays more excellent water solubility than M-rich alginate [15].

2.3 Biocompatibility

Alginate has excellent biocompatibility, that has been widely assessed. However,
some gaps of biocompatibility between alginate and alginate complex still exist.
For purified alginate gels, the relative amounts and distribution of M and G have
an effect on biocompatibility [16]. For example, M. Otterlei et al. reported that
alginates with low G were approximately 10 times more potent inducing cytokine
production compared with high G alginates [7]. S.K. Tam et al. found that gel beads
prepared with alginate contenting intermediate guluronate (IntG, 44% G) exhib-
ited better biocompatible than high guluronate content (HiG, 71% G). There are no
inflammatory reactions around alginate implants [17]. For the alginate complex,
the impurities from alginate-based materials, such as heavy metals, proteins, and
polyphenolic compounds, have the potential to cause an immunogenic response.

A multi-step extraction procedure reduces the concentration of impurities and
will not cause foreign body reactions. Meanwhile, the biocompatibility properties
of alginate are attributed to hydrophilicity, chain migration, and water-absorbing
[18]. Swelling properties contribute to enhance biocompatibility, that limiting the
adsorption of proteins and cells of immune response [19].

2.4 Degradation

Degradability of biomaterials, as a critical property, contributes to providing a
biomimetic microenvironment for use in cell delivery, survival, and expansion [20].
Hydrolytic is the main reason for degradation, which will be initiated spontaneously
after contacting water-based fluids [21]. The degradation rate is related to the molecu-
lar weight of alginate. Generally, with the increase of molecular weight, the amounts of
reactive sites for hydrolysis degradation decrease, that reduce the degradation rate [22].
Degradation, accompanied by adjusting the structure and molecular weight distribu-
tion, has an effect on the mechanical properties. In the physiological environment,
alginate will undergo rapid degradation [23]. For alginate hydrogel, the degradation
process will be accomplished by releasing the divalent ions into the surrounding envi-
ronment. However, some residues of alginate still exist and will not be removed [24].
Many physical and chemical methods have been used to control alginate degradation,
including ultrasonic, ultraviolent, gamma irradiation, and partial oxidation.

3. Applications

The various physicochemical properties of alginate are favorable to exten-
sive usages, such as the ability to form a gel and the ability to maintain a moist
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environment, which has been confirmed by the literature. Due to the biocompat-
ibility and nontoxic, alginate has been applied in biomedical applications, such as
wound dressing, drug delivery, and tissue engineering.

3.1 Wound dressing

Skin, as the largest human organ, plays a vital role in protecting the human body
from outside germs [25]. It is also a vulnerable organ. Once the skin is damaged, all
kinds of microbes and pathogens will gather around the wound site to affect the
wound closure cause bacterial infection. For severe wounds with large, deep, or
bleeding, handling and management are essential [26]. Wound healing is a complex
process, involving the treatment of infectious, germs. Therefore, wound dressing
has been attracted extensive attention and is widely used to accelerate wounding
recovery and to control infection. Traditional dressing, consisting of sterile pad and
gauze, has the features of preventing the invasion of germ into the wound site and
keeping dry [27]. Some disadvantages of these dressings are displayed during the
application, such as poor vapor transmission, susceptiblity to bacterial infection,
and easy adhesion, which seriously interfere with wound healing. With the rapid
development of technology, some biomaterials such as polysaccharides, proteo-
glycans, and proteins have been investigated for wound healing owing to their
ability to accelerate healing and control infection [28, 29]. These polymers have
been utilized to develop modern dressing due to its high water-content, biodegrad-
able, and biocompatibility. Therefore, modern wound dressing effectively mimics
the features of natural tissue and offers a moist environment, better water vapor
permeation, autolytic debridement, which cause to promote re-epithelialization
and accelerate wound healing [30].

Alginate, as one of these biomaterials, has been widely concentrated and
investigated because of its biocompatibility and water-retaining capacity [31]. It has
the ability to carry pro-inflammatory signals and initiate or accelerate the healing of
chronic wounds [32]. Currently, there are several forms of alginate dressing on the
market, including hydrogel, films, membrane, and sponges. Ionic cross-linking is a
representative fabrication method of alginate dressings. Multivalent ions are chosen
to fabricate gel, such as calcium [33], magnesium [34], iron [35]. Free-dried porous
sheets and fibrous dressing that followed are formed. Alginate dressings are char-
acterized by absorbing wound fluid, physiologically moist environment, maintain
the optimal pH, and reduced bacterial infections, that improve the physicochemical
stability [36, 37].

Alginate wound dressings with multifunctional properties have been inves-
tigated for nearly 40 years. Kaltostat® alginate dressing, as a famous wound
dressing, has been designed and applied to absorb exudate and avoid infections,
especially calcium sodium alginate dressing. Nevertheless, only 70% wound closure
is exhibited [38]. Considering that single alginate dressing could not completely
prevent infections and moderate wound healing, the development of effective
alginate dressing, based on biopolymers and nanoparticles, draw much attention
and expanded research.

Alginate composites combining natural polymer and synthetic polymer are
utilized to prepare dressing hydrogel via physical or chemical methods. Chitosan,
as a typical natural polymer, has several advantages, such as biocompatibility,
biodegradability, ionic character, and hemostatic properties. It could be incorpo-
rated with alginate to create bioactive interpolymer (polyelectrolyte) complexes
and promising wound dressing. Wound dressing formed with this method
exhibited superior water uptake of 4343.4% over 24 h and 78% biodegradation
than commercial Pharma-Algi wound dressing [39]. Mudlovu et al. fabricated an
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alginate-chitosan bioplatform through a three-step method; partial-crosslinking of
polymers, lyophilization, and pulverization (Figure 2) [39]. These wound dressings
showed a higher degree and rate of fluid uptake (3306.61%, 4343.4%) than Pharma-
Algi® (2168.21%; 1612.56%). For chitosan with high (MW ~ 800 000) and low
(MW ~ 3000) molecular weight, it was mixture as a coating to develop calcium algi-
nate dressing. The results showed that chitosan promotes angiogenesis by increasing
VEGF and exhibits better wound healing than pure calcium alginate dressing [40].
In addition to the natural polymer, poly (vinyl alcohol) (PVA), as a type of common
synthetic polymer, has the inherent characteristics of non-toxic, non-carcinogenic,
biocompatibility. PVA hydrogel formed with cross-linking method has desirable
properties such as high swelling rate, keeping the moist environment. Therefore,
PVA has been attracted attention and explored for wound dressing. PVA-alginate
hydrogel enhanced swelling properties and protein adsorption. When alginate has a
high ratio in the PVA/Calcium alginate wound dressing, high a water vapor trans-
mission rate, 2725.8 g/m2/2h, was obtained, which contributes to holding a moist
environment [41].

In order to endow the additional effects and accelerate wound healing, the anti-
microbial agent has been incorporated into the wound dressing. Silver nanoparticles
(AgNPs), as a promising wide-spread local antibacterial agent, have demonstrated
huge potential and received more attention in the area of microbial resistance.
Wound dressing carried with AgNPs is considered to control and treat acute and
chronic wounds, accompanied by rapid healing via accelerating reepithelialization
[42]. Alginate dressings incorporated with silver have highly absorbent features of
alginate and antimicrobial efficacy of silver. Silver-loaded hydrogel has a uniform
pore structure, had excellent water absorption and water retention, maintaining a
moist wound environment for wounds [43]. The antibacterial performance is also

PCS P-Alg
Partial-crosslinking
NaTPP l CaCl,
Freezing(-80 °C) for 24 hrs
followed by Lyophilization
POCS PC-Alg

3 for 24 hrs. =
Macromatrices | lacromatrices

Pulverisation of
macromatrices

In situ Interpolymer

Water uplake (%)

Degradation (%)

$ 4% 8883883

-
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Figure 2.

(A) Schematic representation of the three-step method of partial-crosslinking and interpolymer complexation
of the polymers. (B) (a) biodegradation and (b) water uptake behavior of the pristine polymers, bioplatforms
and pharma-Algi® in PBS (pH 7.4) solution at 37°C at 50 rpm [39].
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improved. Alginate/carboxymethyl cellulose silver dressing was found to have a
sustained antimicrobial effect against microorganisms, for up to 21 days [44]. The
sustain and stable release of sliver minimize clinical treatment time and relieve the
patient’s pain. Compared with pure alginate, alginate dressings incorporating ionic
silver and nanocrystalline silver were confirmed to enhanced antimicrobial effect,
improved the binding for elastase, matrix metalloproteases-2, and proinflammatory
cytokines, and boosted the antioxidant capacity [45].

3.2 Drug delivery

Drug delivery systems could transport and release drug molecules to a target
position under the microenvironment, especially for poorly water-soluble drug
molecules. Many polymers have been explored and investigated for drug delivery.
Due to the outstanding biocompatibility and gelation properties, alginate has been
received wide attraction and utilized in drug delivery applications. Alginate could be
prepared excipient. Three forms of participation are exhibited, such as solid dosage,
semisolid dosage, liquid dosage. Solid dosage form contains tablets and capsules,
while, gels and buccal patches are the most common semisolid dosage. Liquid dosage
usually includes emulsions and suspensions. Alginate could be decorated to adjust
the properties for novel drug release. Due to the facility to bond with drug molecules
and rapid gelation in a mild environment, alginate could be utilized to modulate the
drug release properties. D.J. Mooney et al. found that the pore size of alginate gel is
about 5-6 nm [46], which contributes to the diffusion and release of drug molecules.

Alginate could be utilized to design microcapsules for sustained release of the
drug, which has attracted extraordinary attention by the reason of outstanding
advantages, including high drug loading rate, satisfactory biodegradable, non-
immunogenic, and non-toxicity. Stimuli-responsive alginate-based microcapsules
had shown a potential for targeted delivery and release drugs. Drug delivery system
using magnetic nanoparticles was reported. Magnetic nanoparticles have the ability
to control movement and aggregation at the target sites during the process of the
external magnetic field. Therefore, the system could obtain a high local concen-
tration at the target sites. It is demonstrated that magnetic reduction-responsive
alginate-based microcapsules (MRAMCs) systems exhibited good magnetic
targeted ability owing to the superparamagnetism of OA-Fe;O4 nanoparticles [47].
In addition, alginate microcapsules encapsulated glucocorticoid is a novel method
for the treatment of osteoarthritis. E. Lengert et al. found that hollow silver alginate
microcapsules could effectively deliver water-insoluble glucocorticoid betametha-
sone [48]. This system enhanced loading efficiency and sustained release, reducing
the injury rate of intraarticular glucocorticoids delivery.

Alginate, as a well-known drug carrier, is utilized to prepare wound dressing.
Antimicrobial agents or drugs are encapsulated into the hydrogel. Wound dressing
provides a moist environment, and more importantly, drugs release to the wound
and facilitate the healing. For example, alginate-based dressing encapsulated with
vancomycin has a 44% drug release rate after 24 h, and the antimicrobial activity
against various bacteria was confirmed [49]. Recently, double-membrane hydrogel
formed with alginate and cellulose nanocrystals was developed. The results showed
good release behaviors for complexing antibiotic drugs. The rapid drug release
was completed by outer neat alginate hydrogel, meanwhile, the prolonged-release
behavior corresponded to the inner hydrogel [50]. Another dual-drug delivery
system, poly (D, L-lactic) (PDLLA) microspheres embedded in calcium alginate
hydrogel beads, was developed by D.G. Zhong et al. [51]. The microspheres encap-
sulated glycyrrhetinic acid showed a sustained release, and hydrogel loaded with
BSA exhibited a rapid release.
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Figure 3.

The synthesis of AlgPD-BTZ hydyogel and drug velease properties. (a) Schematic of the synthesis process of AlgPD-
BTZ hydrogel by the conjugation of dopamine to the alginate backbone, and subsequent oxidation of catechol
groups for cross-linking; (b) pH sensitive cumulative drug release from AlgPD-BTZ hydrogel; (c) scheme shows pH
sensitive boronic ester bond of BTZ with the polymeric catechol group and the drug release mechanism [52].

pH-sensitive alginate carrier was investigated to enhance the efficacy, especially
for localized drug delivery systems. The pH-sensitive reversible bond can control
the drug delivery. C. H. Park and C. S. Kim prepared AlgPD-BTZ hydrogel using
alginate-conjugated polydopamine as a building block polymer (Figure 3) [52]. The
catechol group binds to the boronic acid group of BTZ drug, that covalent bond is a
pH-sensitive reversible bond. Therefore, the system showed that BTZ was selectively
released in cancer cells with a pH-dependent method. Sodium alginate could be used
as a pH-sensitive bilayer coating on iron oxide nanoparticles by combining hydroxy-
apatite to deliver drug molecules. The higher encapsulation efficiency was detected,
93.03 + 0.23% for curcumin and 98.78 + 0.05% for 6-gingerol [53]. The electrostatic
interactions of molecules could act as an adjustable gate to hold and release the drug
molecules depending on the pH. The pH triggered drug-releasing mechanism play a
virtual role in the releasing of tumor drug owing to the leaky vasculature [54].

In addition, alginate hydrogels are an excellent candidate and have been studied
for protein drug delivery. Protein incorporated into hydrogels is protected, which
reduces the denaturation and avoids degradation. Alginate hydrogels containing
adjusting factors of neovascularization, vascular endothelial growth factor (VEGF),
exhibited a sustained release, within 7 days approximately 60% of the total VEGF
[55]. The protein release rate can be controlled by altering the degradation rate of
alginate hydrogel. Also, sodium alginate-bacterial cellulose hydrogels had shown
promising potential for carrying protein-based drugs, lysozyme (LYZ), via electro-
static adsorption [56].

3.3 Tissue engineering

Tissue engineering, proposed by National Science Foundation in 1987, belongs
to the field of biomedical engineering, which is a valuable approach and can be used
to restore, maintain, enhance tissues and organs [57]. Tissue engineering involves
the getting of seed cells, biological scaffold materials, preparation of tissue and
organs, and its clinical application. The biological scaffold materials were utilized
to encapsulate and support the propagation of cells. Afterward, these materials
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were transferred into the body and the target tissues were eventually formed. The
research principal field contains bone [58], cartilage [59], vascular [60], ocular
tissues [61], skin [62], and other tissues [63].

Alginate, as a most commonly known biomaterial with outstanding proper-
ties of scaffold-forming, has been extensively investigated and developed to treat
the loss or failure of organs in tissue engineering. It usually combines with other
substances to form new alginate derivative materials with the methods of physi-
cal or chemical. The different features and functions are obtained, accompanied
by improved properties for tissue engineering, such as mechanical strength, cell
affinity, and gel-forming ability. Therefore, alginate and its composite have received
much attention in tissue engineering.

3.3.1 Bone

Bone has the hierarchical structure forming with 70% of nano-hydroxyapatite
(HA, Cayo(PO4)6(OH,)) and 30% of collagen by weight [64]. It is a rigid connec-
tive organ and plays a major role in the movement of organs, involving affording
structural framework, mechanical support and protection, mineral storage, and
homeostasis [65]. There are several ways to cause bone defects or fractures in daily
life, involving sports injury, accident damage, osteoporosis, osteoarthritis, bone
neoplasm, and so on. Bone tissue engineering, as an effective alternative treatment
for restoring bone defects, has addressed much attention. Several therapies have
been available to treat bone defects or loss, including autograft (bone from patient’s
own healthy tissue), allograft (bone from the human donor), and xenograft (from
other species) [66]. The final goal of bone tissue engineering is to construct bone
tissue that should have the same qualities of structurally, physical, and chemi-
cal features as natural bone tissue. Alginate has been extensively investigated to
synthetic scaffolding materials for bone reconstruction and transfer cells for bone
tissue engineering [67].

Sufficient mechanical strength of scaffold in bone tissue engineering is
essential to support bone regeneration. To obtain enough mechanical properties,
alginate composite scaffolds were prepared mixing other polymers or inorganic
components, such as chitosan, collagen, and hydroxyapatite. Chitosan, as a most
abundant cationic polysaccharide, is selected to form alginate-chitosan composites.
Chitosan/alginate composite scaffolds are extensively investigated for bone tissue
engineering. The rigid strength and structural stability are obtained. S. J. Florczyk
etal. prepared a chitosan-alginate scaffold with enhanced compressive strength,
0.79 ~ 1.41 MPa [68]. It has the homogeneous pore structure, and the pore size
depends on acetic acid and alginate concentration (Figure 4). The cell proliferation
potential was also improved when the viscosity was below 300 Pas. The greatest
defect closure (71.56 + 19.74%) was observed at 16 weeks [69]. Chitosan/alginate
scaffolds present advantages in stimulating osteogenesis and vascularization [70].
Collagen is usually utilized to prepare scaffolds because of its specific properties,
such as inducing cell adhesion and degradation [71]. Collagen I, as the essential
component of bone tissue’s ECM, contributes to migrant and penetration of
osteoblasts and vessels [71, 72]. Therefore collagen/alginate hybrid scaffolds have
an effect on the osteogenic ability of osteoblasts. It could promote cell spread-
ing, proliferation, and osteogenic differentiation. S. Sotome et al. demonstrated
that hydroxyapatite/collagen-alginate could deliver recombinant human bone
morphogenetic protein 2 (rh-BMP2) efficiently [73]. There is bone formation
within 5 weeks after implantation, accompanied with no obvious deformation.
Hydroxyapatite (HA) is the main component of bone. The structure of alginate
combined HA composites is similar to the native extracellular matrix of bone.
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Figure 4.

(A) SEM images of CA PEC scaffold pore structures made from CA solutions (4 wt % chitosan and 3.75 wt

% alginate) with acetic acid concentrations of (a) 0.75 wt %, (b) 1.0 wt %, (c) 1.25 wt %, (d) 1.5 wt %, (e)
1.75 wt %, and (f) 2.0 wt %. The arrows indicate incomplete interconnects and scale bars are 100 ym. (B)
Compressive Young’s moduli of CA PEC scaffolds prepared from CA solutions (4 wt % chitosan and 3.75 wt %
alginate) with varying acetic acid concentrations. “the significant differences between the scaffold groups for the
modulus measurements. (C) Influence of mixing temperature on viscosity of CA PEC solution (1.0 wt % acetic
acid, 4 wt % chitosan, and 3.75 wt % alginate) at zero shear rate [68].

The interconnected porous structures and high porosity promote good cell viability,
proliferation rate, adhesion, maintenance of osteoblastic phenotype, and bone
regeneration [74]. The results of Lin et al. showed that alginate/HA is the better
composite porous scaffold with an average pore size of 150 pm and over 82% poros-
ity [75]. In another report, the alginate/HA composite scaffolds have 84% porosity
[76]. The uniform pore morphology is favorable to improve compressive strength
and elastic modulus, which is proportional to the content of HA. The satisfactory
scaffold should have excellent performance to promote bone tissue growth, such

as mechanical strength, cell proliferation, and morphology [77]. N. Firouzi et al.
found that the addition of HA in alginate-based hydrogel could reduce degrada-
tion rate to 41.5%, and significantly improve compressive modulus, reaching

294 + 2.5 kPa [78]. Meanwhile, microencapsulated osteoblast-like cells showed more
proliferation as well as metabolic activities when they were cultured in Alg-Gel
Ph-nHA microcapsules during the culture period.

3.3.2 Cartilage
The articular cartilage is an organized and specialized tissue that is highly

hydrated (up to 80%), aneural, devoid of blood or lymphatic vessels [79]. It is
the connective tissue covering the surface of articulating bones, that provides
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the lubrication and mechanical strength for body weight and movement. Other
body organs are also made by cartilage, such as the ear, nose, bronchial tubes,

and so on. Cartilage has a restricted self-repair and regenerative capacity because
of lacking nerves and blood vessels. It cannot heal appropriately after the injury,
which eventually causes osteoarthritis and cartilage damage. Therefore, repair or
reconstruction of damaged cartilage is still a major challenge. Tissue engineering is
the potential approach to solve damaged or degraded cartilage. It could mimic the
structure and function of body cartilage tissue, stimulating cartilage growth and
restoration at the damaged sites. The tissue engineering scaffold has the three-
dimensional structure for cell attachment/proliferation.

Alginate scaffolds have been proved to apply for the regeneration of cartilage
tissue. It can induce redifferentiation of 2D culture-expanded dedifferentiated
chondrocytes [80], therefore alginate could promote the growth of chondrocytes
cells, restore damaged cartilage, and keep chondrocyte properties [81]. Chitosan-
alginate scaffold effectively promotes the culture of osteogenic and chondrogenic
cells. A.E. Erickson et reported that alginate-chitosan + hydroxyapatite scaffolds
displayed a defined, interconnected porous network structure [82]. The compres-
sive modulus and stiffness increased with polymer content. After culturing with
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Ef]%fct of HAp concentration on 6% CA scaffold properties. a, b visualization of HAp nanorods with TEM.
Scale bars represent 200 nm, and 100 nm, respectively, in (a) and (b). c SEM images of scaffold pore
morphology with varying HAp (HAp concentration increases from left to vight). Scale bar vepresents 200 pm.
d density of CA + HAp composite scaffolds (n = 8) (p < 0.05). (¢) MG63 proliferation on CA + HAp composite
scaffolds over a 2-week culture period (n = 4). *statistically significant from all or specified conditions

(p < 0.05). “statistically significant from all conditions except 0.1% HAp (p < 0.05) [80].

106



Alginate-Based Composite and Its Biomedical Applications
DOI: http://dx.doi.org/10.5772/intechopen.99494

chondrocyte-like (mesenchymal stem cells, MSC), the number of cells on 4% CHA
scaffolds was significantly higher than the number of MSCs on 6% CHA scaffolds at
day 10 (Figure5) [80]. Hyaluronate, in addition, was explored to reinforce alginate
to improve chondrocyte proliferation. It is demonstrated that alginate-hyaluronic
acid hydrogel has stable physicochemical properties. C. Mahapatra et reported that
alginate-hyaluronic acid-collagen hydrogel provided a binding motif for chondro-
cytes [83]. These gels effectively protected chondrogenic phenotypes after three
weeks of cultivation. The results demonstrated the efficient expression of chondro-
genic genes and the formation of cartilage ECMs. Another alginate hybrid gel made
combining with polyacrylamide was confirmed to have remarkable mechanical
strength, such as high toughness (up to 9000 J/m?) and stretch ratio [84, 85]. It has
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Figure 6.

In%ivo representative photomicrographs of tissue sections in the experimental groups stained with (A, B, C)
HeYE; (D, E, F) safranin O/fast green, (G, H, I) Gomori’s trichrome stains, TB (], K,L), and PAS (M, N,0).
(A, D, G) control group demonstrates mostly fibrous tissue with limited tissue repair in the chondral region.
(B, E, H) PAAm-Alg group shows fibrous tissue with few fibroblast and chondrocyte-like cells in the joint
surface chondral vegions. (E) Fibrous tissue in the deeper regions is still observed in some rats. (C, F, I) PAAm-
Alg-NPrcr.g; group reveals fibrous tissue with some fibrocartilage and hyaline cartilage groups in the chondral
regions. PAAm-Alg and PAAm-Alg-NPrgy.s; groups demonstrated higher (K, L) glycosaminoglycan deposition
and (N, O) glycoprotein and proteoglycan contents compared to control group (the arrows indicate the margins
of the defect area; scale bars: 100 ym) [87].
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also been proved that alginate-polyacrylamide showed good tribological behavior,
ultra-low coefficient, and high wear-resistance [86]. After transplantation, chon-
drocytes displayed an organized distribution and superior integration with sur-
rounding tissue (Figure 6) [87]. Alginate and its composites provide chondrogenic
differentiation and cell proliferation, therefore, these hybrid gels can be used as
cartilage implants.

3.3.3 Liver tissue engineering

Liver disease is a great threat to human health, and it is one of the major reasons
for the increased mortality. There are about 2 million deaths all over the world every
year [88]. Liver transplantation is the most effective way to solve this problem.

Yet, this is a very difficult process because of lacking suitable liver donors. Liver
tissue engineering is considered the best way to provide liver to meet the exces-
sive requirement of the liver. It could improve the function of the liver and form a
complete organ.

Alginate composites can be used for hepatocyte growth in liver tissue engineer-
ing. For example, R. Rajalekshmi et al. reported that fibrin (FIB) incorporated
injectable alginate dialdehyde (ADA) - gelatin (G) hydrogel effectively supports
growth, proliferation, and functions of hepatic cells [89]. The reason is that fibrin
provides several cell adhesion pockets for cell attachment. Liver tissue engineering
scaffold, extracellular matrix (ECM), were synthesized with oxidized alginate and
galactosylated chitosan via Schiff base reaction. After being cultured in the scaf-
folds, the hepatocytes exhibited spheroidal morphology. And the multi-cellular
aggregates and perfect integration were observed [90]. In addition, the formation
of microcapsules is another method for liver tissue engineering. Microcapsules have
the ability to encapsulate cells into microbeads. Subsequently, microbeads were cov-
ered by the semipermeable membrane to form microcapsules [91]. Microcapsules
provide safety microenvironment for cells and protect the cell from interference.
After encapsulated HepG2 cells into alginate-based microbeads, the proliferate and
protein were clearly observed for at least 12 d [92]. These researches suggested that
alginate is a potential candidate for LTE strategies.

4. Conclusion and future prospects

Alginate, as a potential biomaterial, has been successfully explored in dif-
ferent applications such as wound dressing, drug delivery, bone, cartilage. It
could afford a moist microenvironment for wound dressing, serve as the carrier
for drug delivery, and act as a scaffold for tissue engineering. The outstanding
characteristic of alginate for its applications contains biocompatibility, degrad-
able properties, gelatinization capacity, and effective modification to obtain new
performances. However, alginate gel suffers from the lack of cell adhesive and
mechanical properties, that cause the structural deformation of the scaffold.
Despite some strategies that have been carried out to solve these problems, the
disadvantages still exist such as lower mechanical properties compared with
nature cartilage and lower drug delivery efficiency. For wound dressing, it lacks
enough robust and flexible to allow adherence to the skin for a period of time,
which maximizing patient uncomfortable and inconvenience. In the future, more
novel alginate composites with controlled properties should be constructed by
chemical or physical modification. That will play a vital role in intricating drug
or cell-loading. Novel alginate composites also could provide mild and targeted
degradation properties.
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Chapter7

Applications of Alginates in
the Design and Preparation of
Orodispersible Dosage Forms

Garba M. Khalid and Francesca Selmin

Abstract

Orodispersible dosage forms are attractive and innovative drug delivery
systems that can fulfill individual patient needs, especially in children, elderly and
among dysphagic patients. Indeed, they rapidly disperse in the mouth upon contact
with the saliva without the need for water or munching. Examples of such dosage
forms include orodispersible tablets (ODT), and orodispersible films (ODF). The
ability to obtain ODF with different dimensions (sizes and thicknesses) makes them
a suitable for personalized dosing of single or a fixed-dose combination of drugs
in special patient populations. Several biopolymers are currently being exploited
in the development of orodispersible dosage forms including alginates due to their
versatility, availability, naturally occurring, and biosafety profile. This chapter
provides an appraisal on the various applications of alginates in the preparations
and their role on the properties of orodispersible dosage forms and highlights future
perspectives of this very versatile biopolymer for these innovative drug delivery
systems.

Keywords: alginates, orodispersible films, orodispersible tablets, solid dosage forms,
personalized therapy

1. Introduction

Orodispersible dosage forms can ameliorate the lack of compliance associated
with the administration of conventional oral solid-dosage forms (i.e., capsules
and tablets), or even oral liquid-dosage forms in some patients with swallowing
difficulties and hence, have the potential to improve medication adherence [1].
Indeed, since their appearance into the pharmaceutical market, their development
has grown gradually, moving from orodispersible tablets (ODT) to orodispersible
films (ODF) which presents several advantages to completely eliminate the fear of
chocking in some patients [2, 3]. Moreover, pharmaceutical companies have ampli-
fied research in these dosage forms because they can easily extend their product
portfolio [4].

ODF have the size of a postage stamp and are individually packed so that
transportation and patient handling are friendly (Figure 1a). ODF consist of a
single or multilayer sheet of suitable materials intended to be place in the mouth
where they rapidly dispersed upon contact with the saliva without need of water or
munching (Figure 1b). They provide the opportunity to meet the needs of specific
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Figure 1.
Typical ODF handling from packaging material (a); ideal ODF administration without water (b).

subpopulation of patients suffering from a variety of disorders such as dysphagia
due to pathological or psychological issues. In addition, children and elderly, and
patients with limited access to water and/or restricted water intake can also benefit
from their merits [1, 5]. Indeed, the possibility to change size, shape and color of the
ODF have open new scenarios to prepare small batches for personalization of dose
in special patient population [6]. Furthermore, ODF can be advantageously used

as a carrier for other technologies, such as microparticles, nanocrystals and self-
emulsifying systems [5, 7-9], which regulate the drug release patterns and, hence,
its bioavailability. However, the main ODF pitfalls are related to the limited formula-
tion space [10] which implies a limited drug loading capacity. Secondly, palatability
drives the compliance for ODF loaded formulations, but the formulation space often
limits the addition of taste masking agents; even if both bitter and/or astringent
taste of a drug can be opportunely reduced and/or eliminated [11, 12]. Thirdly, the
manufacturing process at the industrial scale is mainly based on solvent-casting
technologies, which require production chains with specialized equipment common
only to transdermal patches, and therefore, the number of manufacturers world-
wide are limited. Nevertheless, similar to transdermal patches, the dose loaded in an
ODF is defined by their size and, therefore, the same production chain could be used
to prepare batches of different drug strengths. Because of this peculiarity, research-
ers are striving to optimize and/or to develop technologies to exploit this peculiarity
in the extemporaneous compounding of small batches of ODF in a pharmacy setting
[5]. Since the term “customized dosage form” should be related not only to a tailored
dose but also to doses on-demand, shape and color of a dosage form [13], this inno-
vation would also allow end-users to easily identify their own medicine, improving
medication safety and adherence [5].

ODF are generally made up of plasticized hydrocolloids or blends made thereof
that can be laminated by several techniques and sealed in a moisture-protective
packages [1]. The active pharmaceutical ingredient (API) can be dissolved or dis-
persed as such or as nanocrystals [7] or loaded into microparticles [8] depending on
the physicochemical properties of the drug and the desired release pattern. Other
ODF formulation components are; surfactants, viscosity modifiers, taste-masking
agents and coloring agents, when required [5, 14, 15].

Among the critical quality attributes of ODF, satisfactory tensile properties
to guarantee packaging and handling during administration without breakage,
the disintegration and dissolution in the oral cavity, acceptable taste [5], esthetic
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appearance, and stability of the dosage form itself and the loaded drug(s) need to
be carefully studied. For instance, the choice of taste-masking agents depends not
only on the improvement of palatability, but also on their compatibility with other
formulation components, the possible impact on the drug’s solubility and dissolu-
tion rate, and mechanical properties of the final ODF formulation [5, 12]. This
chapter provides an appraisal of the various applications of alginates in the design
and preparation of orodispersible dosage forms as new emerging drug delivery
systems to overcome some limitations with the conventional solid dosage forms.
The literature was generated from the Scopus, and PubMed data bases by searching
single or the combination of the following keywords; alginate, alginates, orodis-
persible film, orodispersible tablet, and orodispersible dosage forms.

2. Preparation methods orodispersible dosage forms

Orodispersible dosage forms can be broadly divided into two based on their
current commercial availability, i.e., orodispersible tablet (ODT) and orodispersible
films (ODF). Each of them requires a specialized type of equipment, polymers and
other formulation additives or excipients since they both have some similarity and
distinctive peculiarities. The market penetration and commercial success of either
ODT or ODF depends on the taste of the finished product since the palatability of
the drug product in orodispersible dosage forms determines patient acceptability and
subsequently therapeutic success of drug loaded. Therefore, different taste masking
strategies are employed to mask unpleasant tastes or odors of drugs in orodispersible
dosage forms such as the use of microencapsulation, complexation technique, using
taste masking agents such as sweeteners and flavoring agents [3, 14].

Orodispersible tablets (ODT) have the same appearance with the conventional
tablets. However, unlike the conventional tablets, they are expected to rapidly
disintegrate within 3 min as a result of their high porous network with the rapid
penetration of water and/or other fluids. They can be prepared by direct compres-
sion, heat molding technique, or freeze-drying using specific excipients such as
alginates (Table 1) or their particle engineering products [3].

Orodispersible films (ODF) are mainly prepared by solvent casting technol-
ogy, electrospinning, hot-melt extrusion and more recently by various printing
techniques for dose personalization [3, 5]. In some cases, a combination of these
methods is used to obtain an ODF with desired properties or to achieve the desired
technological and therapeutic objectives. For instance, various printing technolo-
gies have been coupled with other ODF preparation techniques such as solvent
casting and fused deposition modeling (FDM) 3D printing to prepared ODF
on-demand. Moreover, hot-melt extrusion (HME) is a solvent-free, continuous
process. It has a short processing time, suitable for small-scale on-demand prepara-
tion of medicines, and is easy to scale-up. Several thermoplastic polymer-carriers
and other additives used during extrusion processing are generally regarded to
be safe for human consumption [28]. Over the last two decades, HME has been
employed as a novel cost-effective pharmaceutical manufacturing technique of
different oral solid-dosage forms. It has been suitably used in the preparation of
immediate-release, novel taste-masked and abuse deterrence tablets formulations
[28, 29], chrono-modulated drug delivery systems [30], for immediate release
formulation of ODF [2, 3], and ODF containing poorly water soluble and highly
polymorphic drugs [31-33]. Thus, the combination of HME and additive printing
technology has been shown to offer several advantages [6, 33]; first, the ability
to fabricate immediate-release, modified-release, and other novel drug delivery
dosage forms, second, the ease to prepare personalized oral drug delivery products,
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thirdly, the ability to load drugs that are prone to polymorphic transformation in
the present of water or solvent system [33], and finally, the ability to reduces several
unit-operations related to traditional manufacturing process such as granulation,
milling, sieving, compressing, and coating. Hence, they are very efficient and
economical, in particular for small-scale on-demand personalized formulations
[34, 35]. Moreover, additive printing technology combines digital design, manufac-
turing, and controls together, which is an accurate, timesaving, continuous process
to meet individual patient needs [28, 36]. Therefore, the combination of HME and
additive printing can be applied as a fabrication tool in the field of digital health
for the remote manufacture and dispensing of personalized orodispersible dosage
forms having shapes, sizes, and doses that are optimized for a particular patient or
group of patients based on their needs [28]. Consequently, the therapeutic efficacy
and medication adherence can be enhanced owing to the flexibility and autonomy
of the treatment process provided by the combination of these technologies.

3. Application of additive manufacturing in personalized orodispersible
dosage forms

The concept of personalized therapy is gaining attention in recent years with
the aim of providing appropriate drug(s), dosage regiments, and/or medical care
based on the individual patient’s peculiarities such as age, medical history, diagnostic
results, or genetic information aiming to minimize medication errors such as drug
interactions, side effects, and adverse drug reactions and to obtain maximum thera-
peutic benefits [37, 38]. Technologically speaking, personalized therapy is centered
towards personalized dosing, or dose precision and providing age-appropriate
dosage forms capable of addressing patients’ specific requirements. As an example,
in the case of children, it has been estimated that the availability of authorized and
commercially available medicine for children varies between 48% and 54% of all
approved medicines and that up to 50% of pediatric patients receive an unlicensed or
off-label prescription [39]. Indeed, it has been recognized that children are unable to
or have difficulties with swallowing tablets or capsules. Moreover, crushing tablets,
opening capsules, or mixing powders to extemporaneously prepare the required dose
with liquids may lead to dose variability, contamination, drug instability, taste and
solubility problems, and other consequences for safety of the patient and the efficacy
of the treatment. It is therefore of paramount importance to develop age-appropriate
dosage forms, as pointed out by the World Health Organization’s (WHO) initiative
‘better medicines for children’ Therefore, personalized orodispersible dosage forms
such as ODF or ODT prepared on-demand by additive printing technologies can
potentially legitimized personalized and precise dosing in patients with special needs.

Additive printing presents a promising future for the point-of-care manufacturing
of medicines. Technologies such as two-dimensional (2D) and three-dimensional (3D)
printing appeared capable of producing individualized oral drug delivery systems, such
as ODF with customizable drug dose strengths, and in some cases with pre-defined
drug release patterns [40, 41]. The use of computer-aided design (CAD) software to
design different dimensions of a 3D objects prior to printing displays the potential of
3D printing for the concept of precision dosing of active pharmaceutical ingredients
(APIs) [41]. Despite the significant technological advancements made so far during the
21st century on conventional pharmaceutical manufacturing processes, especially being
cost-effective for large-scale industrial production, they can be inherently labour inten-
sive, time-consuming, and dose inflexible. This poses significant challenges for certain
groups of patients that require tailored dosing (particularly among pediatrics and
geriatrics) or for certain medicines that require frequent dose adjustments (e.g., drugs
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Figure 2.
Schematic flow chart of additive printing process from design and material selection to the finished product
characterization.

with narrow therapeutic index). Therefore, to achieve pharmacotherapeutic goals with
greater efficacy, quality and safety in patients with special needs, the use of innovative
approach such as additive printing technologies are required within pharmaceutical
field to facilitate the preparation of small-scale, on-demand and dose-flexible formula-
tions such as ODF. Additive printing process which enables the design of a customized
oral dosage forms is triggering a paradigm shift in the way medicines are manufactured
and administered [42]. Furthermore, this process could make possible the printing

of medicines in pandemic outbreak areas to mitigate drug shortages and supply chain
disruptions, and potential for making available printing of medicines in war zones, in
clinical trials in hospital settings [43, 44] and preparation of individualized fixed-dose
combination products [44-46]. Perhaps, the current regulatory landscape on additive
printing is flexible enough to accommodate this technology for mass production in
addition to its benefits in extemporaneous compounding of medicines. Thus, according
to United States Food and Drug Administration’s (FDA) guidelines for additive printing,
once the printing device/equipment is optimized, the first step is the design process,
which can include a standard design with distinct pre-specified dimensions, in the case
of ODF for instance; the design of an ODF area and desired thickness which ultimately
defined the dose of loaded API according to individual patient needs. Once the device
design is converted to a digital file, the software workflow phase begins, and that file

is further processed to prepare it for printing (Figure 2), at this stage, the printing
parameters are optimized. Concurrently with this step, material controls are established
for materials used in the printing of the dosage form (i.e., rheological evaluation, and
printability). After printing is complete, post-processing of the built dosage form (e.g.,
packing and labelling) takes place. After post-processing, the final finished dosage form
is ready for characterization [47].

4. Applications of alginates in orodispersible dosage forms
Alginate is a natural polymer used widely in pharmaceutical, food, and bio-
medical applications because of its biodegradable and biocompatible properties.

Alginate and its derivatives are considered low or nontoxic, and non-immunogenic
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hence suitable for human consumption [48, 49]. Moreover, various alginate salts
(ammonium, calcium, sodium, potassium) and propylene glycol alginate deriva-
tives are generally regarded as safe (GRAS) ingredients, for oral administration

by the FDA. Like many other pharmaceutical products, the selection of excipients
for orodispersible dosage forms requires thoughtful consideration based on the
peculiar properties of the dosage form itself such as rapid disintegration, drug-
excipient compatibility, biocompatibility with body fluids such as saliva and GIT
fluids. Therefore, alginate and its derivatives have found different applications in
the design and preparation of orodispersible dosage forms. As an example, sodium
alginate has been used as an orodispersible film-forming polymer to provide
mucoadhesive properties of the films or to increased drug loading or both. These
applications are mostly accomplished with the sodium alginate alone to load poorly
soluble drugs in ODF [22], or in combination with other polymers such as polyvinyl
alcohol, chitosan, Carbopol 974P, and sodium carboxymethyl cellulose [22, 23, 50].
Various ODF formulations applying the uniqueness of alginates to provide different
functions in the dosage form are exemplified in (Table 1). Indeed, it is worthy to
note that, alginate-based orodispersible films have shown high tensile strength and
high hydrophilicity with disintegration time within few seconds [20, 51]. Hence, the
use of alginate in ODF represent good systems to formulate orodispersible dosage
forms, promoting hydrophilic properties and ultimately suitable disintegration time
which is fundamental quality for ODF. Nevertheless, few studies have explored
alginate as a film-forming agent in ODF preparations either singly or in combina-
tion with other polymers. Thus, highlighting missing gaps to explore in discovering
other potentials of alginates in ODF formulations [51].

Similarly, various alginate derivatives have also found application in the formu-
lation of ODT where they serve different functionality. For instance, alginic acid
and its salts have been used as disintegrants, super-disintegrants, and/or fillers in
ODT formulations [24, 25]. Soulairol and co-workers developed xerogels contain-
ing alginic acid, calcium alginate or the combination thereof in the design and
formulation of orodispersible mini tablets where they have been shown to provide
enhanced super-disintegrant properties [25]. Further, Yehia et al., employed the
use of sodium alginate as a taste-masking agent in ODT through solid dispersion
technique. The authors succeeded in masking the taste of fexofenadine hydrochlo-
ride by controlling the rate of drug release in the saliva pH as confirmed by healthy
human volunteers [26]. A summary of the various applications of alginates in ODT
is also provided in (Table 1).

5. Conclusion

Alginates have wide range of application in the design and preparation of orodis-
persible dosage forms. The choice of a particular alginate type depends on several
factors, such as the type of the orodispersible dosage form to be prepared, i.e., ODT
or ODF, the physicochemical properties of the alginate and that of the drug itself,
and the nature of the release pattern of the loaded drug(s). Most of the alginate’s
applications in ODF and ODT are in the solvent casting and direct compression
method for their preparations, respectively. Thus, exploring alginates applications
in the preparation of these dosage forms by other techniques such as 3D printing,
freeze drying, and particle engineering can open new scenarios in their application
in the development of these innovative drug delivery systems.
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Therapy for Wound Healing

Sulata Sahu and Baivagi C. Mallick

Abstract

A lot of advancements have taken place in the wound dressing materials and in
wound healing process. Alginate based wound dressings materials are more prefer-
able due to their biocompatibility and non-toxic unique biological characteristics.
There’s always a need to increase the efficacy of alginates by combining with other
biopolymers like chitosan, collagen and cellulose etc. However, the recent trend
towards the natural and herbal bio-compounds are more likely attracting to develop
alginate based wound dressing materials with higher efficiency, antimicrobial and
anti-inflammatory potency. Out of many natural compounds tested, curcumin has
shown high potency and more effectively used for wound healing purpose. Due to
curcumin’s bio-medical properties it has been used as a vital ingredient combined
with alginate and other biopolymers to prepare wound dressing materials. Based on
the available literatures, this review chapter on alginate-curcumin nanocomposite
will help the reader to develop better wound healing materials with evolutionary
therapeutic applications.

Keywords: Alginate, curcumin, nanocomposite, wound healing dressing materials

1. Introduction

Despite the progress in wound dressing materials and also the level of expertise
within the skilled discipline, the wound healing management still remains incon-
clusive [1]. The reason could be the price management of wounds is more and also
the increasing population size and metropolitan lifestyle. These facts indicates
towards the increasing demand for development of wound dressings that are effec-
tive, acceptable and cheap. In the year 2012, 184 million pound was spent on wound
dressing merchandise in England [2]. Similarly, in the USA, annually approximately
20 billion dollar is spent on the management of chronic wounds [3, 4]. There are
some barriers like educational, organisational, clinical and psychosocial for suc-
cessful and effective treatment of wounds [5]. Biomaterials, biopolymers, synthetic
polymers are the raw materials for preparation of wound dressing materials.
Properties of biopolymers should be non-toxic, easily accessible, perishable, bio-
compatible and non-immunogenic like chitosan, alginate, fucoidan, mucopolysac-
charide etc. [6, 7]. Due to the non-toxicity, biocompatibility, non-immunogenicity,
affordability and high absorption capability specific and selective properties of
polymers, alginates are best suitable used for dressing materials for wound dressing
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purpose [8]. However, due to poor mechanical property of biopolymers they are
incorporated with artificial polymers to boost their mechanical properties and
tailored to change their degradation mechanism [1, 6, 7].

Alginate is a polysaccharide, generally used as bio-polymericmaterial for wound
dressing [1]. It is a known and naturally collected biopolymer used in the manage-
ment of wound dressings because of its selective characters like biocompatibility,
nature of gelling and swelling, which creates moist and microenvironment at
the damaged site enhancing the healing mechanism and declining the period of
heling [1, 9]. The special properties of alginate convert it a model biopolymer with
potential value, which might overcome the drawbacks related to other biopolymers
used as wound dressing material [9, 10]. Alginate has already been incorporated
within selective biomaterials for formulations of hydrogels, films, foams, gels,
wafers, nanofibers, topical formulations, and several other novel systems for wound
dressing [1, 9, 11]. Alginates are also utilised to prepare sponges as wound dressing
products [1, 12]. The haemostatic property of alginate made appropriate for bleed-
ing wounds also [13]. As alginate based hydrogel products are extensively used in
tissue recreation and also acceptable in highly damaged wounds, these systems are
most preferable in case of wound healing process [12, 14, 15].

2. Alginate

British Chemist E.C.C. Stanford in 1881 first described Alginate and available
as the most common and abundant polysaccharide in the brown algae having 40%
of the dry matter. It is composed of sodium, calcium, magnesium, strontium and
barium ions in a gel form located in the intercellular matrix. It is mostly utilised for
industrial purpose because of its capacity of retaining water, gelling, viscosifying
and stabilising properties [16].

Alginate has been broadly investigated and employed for many biomedical
implementations because of its biocompatibility, low toxicity, low cost, and mild
gelation by adding of divalent cations such as Ca** [17, 18]. It is different from the
other hydrocolloids like agar and carrageenan as it is collected from brown seaweed
(Phaeophycean) exactly from outer layer cell wall because inner layer mostly made
up of cellulose [19]. These alginate molecules allow both flexibility and mechanical
strength to the algae [20, 21]. Apart from brown algae, it can also collected from
different bacteria species such as Azotobacter and Pseudomonas [22]. Brown algal
species like Laminaria hyperborean, Macrocystis pyrifera, Laminaria digitata and
Ascophyllummnodosum are extensively used for commercial alginate preparation,
while species like Sargassum spp., Laminaria japonica, Ecklonia maxima and Lessonia
nigrescensare utilised only if other brown seaweeds not accessible as these gave low
and weak production of alginates [23, 24]. Although alginates can be produced both
from algae and bacteria, mostly algae are used for commercial production [25].

3. Structure and composition

Alginates are unbranched polysaccharides that are made up of 1, 4 linked
p-D-mannuronic acid (M) and its C-5 epimer, a-L-guluronic acid (G). It is com-
posed of M sequences (M-blocks) and G sequences (G-blocks) distributed with
MG sequences (MG-blocks) [25]. The D-mannuronate was thought to be the main
component of alginate before Fischer and Doérfel discovered the a-1-guluronate
residue [26]. Later, fractional precipitation with manganese and calcium salts
revealed that alginates are also block copolymers with a different ratio of guluronate
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to mannuronate depending on the natural source [27]. Alginate is now understood
to be a group of linear copolymers made up of 1,4-linked p-D-mannuronate (M)
and a-l-guluronate (G) residues. Consecutive G residues (GGGGGG), consecutive
M residues (MMMMMM) and alternating M and G residues (GMGMGM) make
up the blocks (Figure 1). The M and G contents of alginates extracted from vari-
ous sources vary, as does the length of each block, and over 200 different alginates
are currently manufactured [28]. The G-block content of L-hyperborean stems is
60%, compared to 14 to 31% for other commercially available alginates [29]. Only
the G-blocks of alginate are thought to engage in the formation of hydrogels by
intermolecular cross-linking with divalent cations (e.g., Ca**). The composition
(i.e., M/G ratio), sequence, G-block length, and molecular weight of alginate and
its resulting hydrogels are thus critical factors influencing their physical properties
[30]. The length of the G-block and the molecular weight of alginate gels are usually
increased to improve mechanical properties. Different alginate sources manufac-
ture polymers with a variety of chemical structures, for example, bacterial alginate
derived from Azotobacter has a high concentration of G-blocks and its gels are
relatively stiff [31]. The stability of the gels, the rate of drug release from gels, and
the phenotype and function of cells encapsulated in alginate gels are all influenced
by their physical properties [18].

Commercially available sodium alginates have molecular weights ranging
from 32,000 to 400,000 g/mol. For sodium alginate in 0.1 M NaCl solution at
25°C, the parameters of the Mark-Houwink relationship; [n] = KMv a) are K = 2
103 and a = 0.97, where [11] is intrinsic viscosity (mL/g) and Mv is viscosity-
average molecular weight (g/mol) [32]. As the carboxylate groups in the alginate
backbone become protonated and form hydrogen bonds, the viscosity of alginate
solutions increases as the pH decreases, peaking around pH 3 to 3.5. The physi-
cal properties of the resulting gels can be improved by increasing the molecular
weight of alginate. An alginate solution made from a high molecular weight
polymer, on the other hand, becomes extremely viscous, making it difficult to
work with [33]. The pre-gel solution viscosity and post-gelling stiffness can be
regulated independently by manipulating the molecular weight and its distribu-
tion. By combining high and low molecular weight alginate polymers, the elastic
modulus of gels can be greatly increased while the viscosity of the solution is
minimally increased [18, 34].
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Figure 1.
Diagrammatic representation of alginates: (a) molecular chain, (b) M and G block distribution [25].
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4. Biosynthesis

Several excellent research articles [22, 31] have analysed recent progress in
bacterial alginates biosynthesis. The oxidation of a carbon source to acetyl-CoA,
which enters the TCA cycle and is converted to fructose-6-phosphate through glu-
coneogenesis, is the first step in alginate biosynthesis. Fructose-6-phosphate is then
transformed to GDP-mannuronic acid, which is a precursor to alginate synthesis,
through a sequence of biosynthetic transformations. The biosynthetic process can
be divided into four stages in general: (a) synthesis of the GDP-mannuronic acid
precursor; (b) cytoplasmic membrane transfer and polymerisation of polyman-
nuronic acid; (c) periplasmic transfer and modification; and (d) export through the
outer membrane. Polymannuronic acid is acetylated at the 0> and/or O~ positions
by multiple transacetylases at stage (c), resulting in post-polymerisation modifica-
tion of alginates [35, 36]. A family of epimerase enzymes then performs epimeriza-
tion to transform certain non-acetylated M residues to G residues [37-40]. Finally,
transmembrane porin sallow alginate to exit the cell [25].

Alginate is generally available in sodium, potassium, or calcium forms in the
market. Both alginate salts are widely used as biopolymers in medical, biomedical,
medicinal, and cosmeceutical applications [1, 41-43]. In the presence of divalent and
trivalent metal cations in the aqueous setting, sodium alginate can form ionotropic
hydro-gelled matrices [44, 45]. Alginate is a biopolymeric excipient widely used in
pharmaceutical and biomedical products such as capsules, hydrogels, gels, managed
release systems, beads, bio-adhesives, pellets, patches, microparticles, and nanopar-
ticles as an emulsifying agent, disintegrant, thickener, coating content, stabiliser, and
so on [46-49]. Based on the cross-linkers used and cross-linking techniques used,
alginates can entrap drug molecules and release them in a rate-controlled pattern. It’s
used in managed drug release systems and targeted drug delivery systems to ensure
that drugs have the best bioavailability at their target sites [12]. Sodium alginate,
calcium alginate, and alginate derivatives have also been used in the manufacture of
wound dressings. Water absorption power, swelling and gelling capabilities, ability to
be crosslinked, controllable porosity, biodegradability, and biocompatibility nonim-
munogenic, haemostatic nature, bioactivity (support the proliferation process),
bio-similarity to extracellular matrices, bio-adhesivity, ability to encapsulate drugs
and control of drug releasing, cost-effective, etc. are all important properties that
make these biopolymeric materials ideal for wound dressing formulations. Alginate
has the ability to absorb up to 20 times its weight in body fluids and liquids, creating
a hydrophilic gel. Alginate’s excellent gelling properties made it suitable for wound
dressing applications [12, 50].

5. Alginate nanoparticles

Nanoaggregates, nano-capsules, and nanospheres are nanoscale systems
(10-1000 nm) that can contain enzymes, medicines, and other compounds by dis-
solving, encasing, or adding them to the matrix of the particle. Different methods
used for prepare nanoparticles involves: (a) nanoaggregates, which are nanoscale
colloidal structures in which the drug is mechanically distributed and can take on a
variety of morphologies; (b) nano-capsules, which are vesicular systems in which
the drug is confined to an oily or aqueous liquid centre enclosed by a polymeric
membrane, (c) nanospheres, which are spherical particles with a gelled interior
in which the entrapped component is physically distributed, or (d) nano-capsules
with a structured interior, which are a hybrid of a nano-capsule and a nanosphere;
they are made by first preparing a nanosphere and then forming an additional
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shell on the nanosphere’s interface [51-55]. As previously mentioned, there are two
methods for producing alginate nanoparticles: (i) complexation, which occurs in
an aqueous solution to form alginate nano-aggregates or on the interface of an oil
droplet to form alginate nano-capsules; a crosslinker (e.g., calcium from calcium
chloride) is used for complexation of alginate, and complexation may also occur by
mixing alginate with an oppositely charged polyelectrolyte (e.g., poly-L-lysine); and
(ii) alginate in-oil emulsification, followed by external or internal alginate emul-
sion droplet gelation, resulting in alginate nanospheres [56]. We can summarise the
methods used in synthesising alginate-based nanomaterials as-controlled jellifica-
tion using Ca®* ions, formation of polyionic complexes through ionotropic gelation
via intermolecular interactions, spray drying followed by crosslinking, alginate
nanoaggregates through self-assembly, fabrication of nanocomposite fibrous
scaffolds and nanoparticles respectively by electrospinning and electro-spraying,
fabrication of nanocomposite fibrous scaffolds by thermally-induced phase separa-
tion and formation of alginate nanoparticle using a microfluidics- aided polyelec-
trolyte Complexation [57].

6. Wound

By functioning as a physical/chemical barrier [9], skin the largest organ of body
protects the internal organs and is responsible for protecting against infections
and dehydration from environmental aggressions [58]. However, it is the human
body’s most often damaged organ. Skin (acuteand chronic) wound defence from
pathogens when it is injured (diabetes mellitus, chronic venous, arterial insuf-
ficiency, immunological and other infections) is a very difficult problem for the
recovery of the injured skin. Wound is described by the Wound Healing Society as
the disturbance of normal anatomical structure and functions [59]. The prevalence
and severity of wounds prompted researchers to focus on wound healing manage-
ment studies, as well as the demand for wound dressings. Accidents, burns, surgical
operations, and violent impact all cause breaks or lacerations in the skin’s membrane
layers, causing damage to underlying tissues or disruption of cellular integrity,
resulting in wounds [60]. Physical, mechanical, thermal, biochemical, surgical, or
metabolism-related problems can all result in wounds [61-64]. If left untreated, the
wound can develop sepsis, necessitating amputation or even death [60].

Wounds are graded based on (a) the time and nature of the wound healing pro-
cess, (b) the depth of the wound injury, and (c) the appearance of the wounds [12].
Acute and chronic wounds are the two types of wounds that are often encountered.
An acute wound is a skin injury that happens unexpectedly rather than over time,
and heals in 1-12 weeks, depending on the type of the wound. It should be noted
that for optimal health and cost, the healing of an acute wound (which may occur
in a variety of ways) is preferable for recovery [65]. Chronic wounds can be caused
by a variety of factors, including venous insufficiency, arterial perfusion, diabetes,
and so on. Chronic wounds do not heal in the expected time frame because they are
more vulnerable to infections and are more difficult to treat [9, 66].

Chronic wounds are divided into four categories based on their aetiology:

(a) decubitus ulcers (bedsores), (b) diabetic ulcers, (c) venous ulcers (leg ulcers),
and (d) arterial insufficiency ulcers [67]. Wounds are also divided as (i) superficial
wounds (injury of surface of epidermis only), (ii) partial-thickness wounds (injury
on both epidermis and deep into dermis like blood vessels, sweat ducts etc.), and
(iii) full-thickness wounds (injury on underlying the subcutaneous fatty layers
along with the layers of epidermis and dermis), (iv) on the other hand, wounds
may be categorised as necrotic, sloughy, granulating, epithelializing, contaminated,
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Classification of wounds [12].

or malodorous depending on their appearance (Figure 2). Complex wounds, which
are either acute or chronic wounds that are difficult to heal are another new type of
wounds [68-70]. Burn injuries are a form of serious wound that is frequently pain-
ful and physically damaging, accompanied by pain and inflammation. Burn wounds
may often result in prolonged sensory difficulties, serious illness, and mortality as
aresult of long hospitalisation and recovery [71, 72]. Medical Treatment forburn
wounds is still difficult, and several studies are being conducted to develop better
therapeutic aids. For successful care, current industrial wound dressing products
and engineered skin replacements are being pushed towards a functionalized
wound dressing strategy [72].

7. Wound dressing classification

Traditional, biomaterial-based, interactive, and bioactive dressings are the four
types of wound dressings [73]. Traditional dressings, also called as passive wound
dressings, are utilised to shield wounds from the environmental contact while also
preventing bleeding [73, 74]. Traditional dressings include gauze and gauze-cotton
composites, both of which have a high absorptive quality. These can, however,
cause bleeding, having poor vapour permeability, and damage the freshly formed
epithelium when removed. Exudates leaking from these dressings may also cause
bacterial infections. Allografts, tissue derivatives, and xenografts are three types of
biomaterial-based wound dressings [73]. Allografts can be defined as skin frag-
ments collected from donors that may be fresh or freeze-dried, and their usages was
restricted due to an immune response that causes the body to reject them. There’s
also the possibility of infection and disease transmission [75, 76]. They are costly
and have a short shelf life. Tissue derivatives are made from collagen, but their use
is restricted due to the possibility of infection over a long time. Artificial dressings,
also called immersive wound dressings, are made up of gels, foams, films, sprays,
composites, and other materials [73, 74]. Biopolymers and synthetic polymers are
used to prepare them. Alginate, chitosan, gelatine, and other biopolymers are com-
monly used. Wound dressings may also be categorised as bioactive wound dress-
ings, with alginates, collagens, hydro-fibres, and hydrocolloids being examples.
Wound healing is aided by the addition of growth factors and antimicrobials agents.

136



Curcumin-Alginate Mixed Nanocomposite: An Evolving Therapy for Wound Healing
DOI: http://dx.doi.org/10.5772/intechopen.98830

A lot of biopolymers are now being frequently used to make the wound healing
materials for different type of wounds [1, 73].

8. Wound healing process

Haemostasis, inflammation, migration, proliferation, and remodelling are the
five stages of wound healing (Figure 3), [3, 68-80]. When an injury to the skin
occurs, haemostasis and inflammation occur. Fibrinogen, a major component
of the skin’s connective tissue, aids in the coagulation of exudates and blood
clotting in wounds to avoid bleeding [3, 73, 80, 81]. The inflammatory process
occurs concurrently with the haemostasis phase, in which the phagocytic cells
release proteases and reactive oxygen species, which clean the wound of debris
and protect it from bacterial infection [3]. Blood monocytes transform into tissue
macrophages at the wound site, releasing growth factors and cytokines that attract
fibroblasts, endothelial cells, and keratinocytes to help repair damaged blood
vessels. The epithelial cells migrate towards the wound site to replace dead cells
during the migration process. The wound is fully covered by epithelium during the
proliferation stage, and formation of granulating tissues starts. Tissue remodelling
is the final step, in which fibroblasts fully cover the wound’s surface as a new layer
of skin. There is no evidence of wound in this process, which is also known as the
maturation phase [1, 3, 78].

Damaged skin is vulnerable to microbial infection and is unable to protect the
physiological functions of internal organs [82-84]. Wound dressing will hasten
skin’s physiological regeneration while also preventing infections and dehydration
at the wound surface [85]. Furthermore, an ideal wound dressing should have good
biocompatibility [86]. As a result, a variety of wound dressings in various types
have recently appeared, the majority of which are made up of natural macro-
molecules such as chitosan, cellulose, alginate, and collagen [87-89]. Alginate is
widely used in the pharmaceutical and biomedical fields as a natural biocompat-
ible polysaccharide. Alginate has also been used as a wound dressing in the past.
While alginate dressings can help with wound healing, they have poor haemostatic
properties, particularly when it comes to massive haemorrhage [90]. Collagen
which is the most abundant protein in animals, and it can be found in almost all
soft and hard connective tissues. Collagen is also a vital constituent of the extracel-
lular matrix (ECM), which organises itself around the cells in a logical manner.
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Figure 3.
Steps in wound healing processes [1].

137



Properties and Applications of Alginates

Collagen has a high biocompatibility, a strong haemostatic activity, a higher water
absorbing potential, and a low immunogenicity [91]. Collagen can also facilitate
cell attachment and proliferation, affecting cellular activity and tissue func-

tion further. Collagen-based wound dressings were found to have a number of
advantages in studies. The addition of collagen to alginate significantly improved
the hydrogel’s properties [92]. Meanwhile, the collagen-alginate composite had
considerable water absorption and mechanical properties, allowing it to keep the
wound surface moist as well as maintain local tissue and encourage cell adhesion
and growth [93, 94]. On the other hand Collagen and alginate, on the other hand,
display no antimicrobial activity. As a result, antimicrobial functionalization

of collagen-alginate dressings is critical to promote wound healing and prevent
secondary infection [95]. The abundance of cellulose in the biosphere, especially
in herbal and bacterial sources, has made this natural polysaccharide more avail-
able. To make cellulose, D-glucose units are connected together by glycoside bonds
of $(1 — 4)to form the formula (C¢Hy0Os),, which has three hydroxyl groups for
each unite. These functional groups are specifically targeted for cellulose modi-
fications in order to enhance biomedical applications such as wound dressing
manufacturing. For example, in the case of modified bacterial cellulose/keratin
nanofibrous mats through a hydrogel of tragacanth natural gum, increased fibro-
blast cell attachment and proliferation were observed [96]. Due to its excellent
biocompatibility, nontoxicity, antibacterial properties, and haemostasis, chitosan
is also considered a highly favourable material, while gelatine has excellent film-
forming and water absorbing properties [86, 97-99]. In addition to all as a natural
and herbal medicine, curcumin was mixed into the chitosan and alginate sponge
(CA sponge) as a multifunctional agent to prevent wound infection. Curcumin
(CUR), a polyphenol derived from turmeric, is a well-known wound-healing agent
that has been shown to have antimicrobial, antioxidant, and anti-inflammatory
properties [100-102].

9. Curcumin

Curcumin is one of the most important curcuminoids found in Curcuma longa.
Turmeric is the common name for it. Curcumin, also known as diferuloylmethane
or 1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione, is a polypheno-
lic phytoconstituent with a low molecular weight that occurs naturally [103, 104].
It is a member of the Zingiberaceae ginger family (chemically named diferuloyl
methane). Turmeric has been used by the South Asians for treating diseases and
skin problems since ancient times. In reality, it is a widely used spice and a staple
in their diet [105, 106]. Curcumin is a powerful anti-inflammatory agent. It is also
said to inhibit tumour growth to some degree. As a result, the scientific community
has taken a keen interest in this material, and a significant number of experiments
have been carried out with it for a variety of purposes. This is aided by the fact that
curcumin is nontoxic when taken at a dose of 4 g/day for up to 120 days [107-109]
(Figure 4).

Curcumin’s pharmacological properties, including anti-inflammatory [111],
antimicrobial [112], antiviral [113], anticancer [114], antioxidant [115], chemosen-
sitizer [116], radiosensitizer [35], and wound healing activities [117, 118], indicate
that it has potential in preclinical cell culture and animal studies. Topical usage of
curcumin have been shown to enhance healing of wounds and protect tissues from
oxidative damage by acting as an anti-inflammatory antioxidant (free radical scav-
enging activity), inducing detoxification enzymes, and providing defence against
degenerative disease in patients [119, 120].
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Figure 4.
Structure of curcumin (diferuloylmethane) [110].

10. Pharmacological activity of curcumin

Curcumin has been widely regarded as a “wonder drug of the future” due to its
exceptional ability in preventing and treating many incurable illnesses, according
to several clinical and preclinical studies performed on it over the past decades
[121]. Curcumin has been studied for its anticancer properties for the past 50 years.
According to some reports, Curcumin was shown to have chemotherapeutic impact
on breast cancer [122], colon cancer [123], stomach cancer [124], liver cancer [125],
and oral cancer [126]. It’s effects on diseases including diabetes [127], Alzheimer
[128], gastric ulcer [129], rheumatoid arthritis [130], psoriasis [131], and HIV
[132] were studied in other studies, revealing its potential as a therapeutic agent.
Curcumin’s effects on the cardiovascular system, as well as pulmonary and meta-
bolic disorders, have been studied further [133]. Curcumin’s antimicrobial [134],
antiviral [135], antioxidant [136], anti-inflammatory [137], and wound healing
properties have also been widely recorded [117, 138].

Despite all of curcumin’s potential usage in medicine, pharmacological stud-
ies have shown a number of disadvantages. Curcumin was discovered to have low
absorption, poor solubility, and a low distribution property. As a result, curcumin
is poorly absorbed in the body and cannot be used to treat diseases [139, 140]. It has
a low bioavailability due to its rapid metabolism, elimination, poor tissue distribu-
tion, and low serum concentration [140, 141]. According to studies, curcumin
bioavailability varies depending on the route of administration. In in-vivo study
on mouse sample, it was discovered that when curcumin was administered intra-
venously, it was absorbed the most in the serum, while when curcumin was given
orally, it was absorbed the least [142]. Researchers have been trying to increase the
bioavailability of curcumin for the past three decades. They have devised a number
of methods to improve the medicinal use of curcumin. Curcumin has been studied
in various formulations to see whether they can solve the problem [143]. We have
concentrated in this chapter on nanotechnology-based techniques that can aid in
the delivery of curcumin and thus alleviate its disadvantages [110].

11. Curcumin as a nanoparticle

Nanoparticles (NPs) are now being researched and used in a variety of medical
fields to allow for targeted drug delivery, lower active agent dosing, combination
therapy, reduced side effects, and the use of more potent drugs that cannot be clini-
cally used by traditional drug delivery. Because of its many unique characteristics,
nanotechnology has become a major area of interest in response to the growing
threat of microbial drug resistance. The ability to overcome barriers and gain access
to biological molecules and more specifically, microorganisms is enabled by the
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physical and chemical properties of NPs including their high surface-to-volume
ratio and small size [144]. The mechanisms other than antibiotic arsenal, which has
established resistance, this direct association with microbial cell membranes/walls
and main proteins/enzymes can both inhibit pathogen growth and/or instigate

cell death. Furthermore, the scale, shape, and chemical properties of NPs can be
altered to promote these molecular interactions, thereby maximising their ultimate
function [144, 145].

Curcumin encapsulation in a nanoparticle platform is a feasible and beneficial
method of delivering it. Nanoparticles can pass through the skin barrier and intra-
cellularly due to their small size and high surface-to-volume ratio [146], making
them suitable for topical drug delivery. Since the potential maximum volume of
substance is never in contact with skin at one time, toxicity is limited by the slow,
continuous release of encapsulated contents. Nanoparticles allow the delivery of
substances like curcumin that have physicochemical properties that prevent or delay
their use in non-encapsulated form. Curcumin nano-formulations have been estab-
lished for preclinical studies on cancer, inflammation, wound healing, and other
conditions, with nano-versus non-encapsulated curcumin demonstrating improved
therapeutic efficacy [146, 147]. However, there is minimal evidence in the infection
landscape [148], with no in-vivo studies reported to date [149].

Nanomaterials have the ability to enhance and change the pharmacodynamic
properties of drug molecules with solubility issues, such as curcumin. Curcumin’s
stability, solubility, and bioavailability can all be improved with nanoparticle-based
drug delivery. Physical entrapment, adsorption, and chemical conjugation methods
are used to bind drugs to the surface of nanoparticles [140, 143, 150]. Various forms
of nanomaterials, such as liposomes, proteins, nano-emulsions, micelles, strong
lipid nanoparticles, and polymeric nanoparticles, have been found to be promising
carriers for the delivery of curcumin in previous studies. Polymeric nanoparticles
are thought to be the most important of all nanoparticle-based delivery methods
and are currently being studied for the curcumin delivery [110, 151-153].

12. Alginate-curcumin based systems for wound healing

Acute and chronic wound care is a pressing need, and alginate-based wound
dressings provides many benefits over the conventional wound dressings. Alginate-
based wound dressings come in a variety of shapes and sizes, including hydrogels,
films, foams, nanofibers, membranes, and sponges. Alginate based dressings can
absorb wound fluid, resulting in gels that keep the wound site physiologically wet and
prevent bacterial infections. Efficacy of these wound dressings has been documented
by several researchers [1]. To increase the efficacy of alginate dressing, curcumin was
used as a potential antibacterial and ani-inflammatory biomaterial for rapid healing
of wounds. In combination with alginate and other biopolymers curcumin increases
the potency of wound healing of the wound dressing systems. Many alginate-cur-
cumin systems have been used as drug delivery systems, wound dressing materials,
tissue regeneration materials, and other applications in recent years. Curcumin’s use
in wound healing applications as wound dressing products has been well researched
over the last few decades and published in numerous publications [154]. Other than
alginate, chitosan was the mostly used biopolymers for preparation of wound care
dressing materials. The focused on researches and experiments done with alginate and
curcumin and related wound healing dressing systems and summarised in Table 1.

There are many attempts to improve the efficiency of wound healing through
slow delivery of antioxidants including curcumin from collagen, which also
serves as a supporting matrix for the regenerative tissue [167]. In the curcumin
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Alginate- Composition Investigation Result Ref.
curcumin level/stage
formulations
Sponge Chitosan, sodium alginate  in-vivo CA-Curcumin spongecan  [120]
(CA) and curcumin promote the formation
of the collagen, thus
accelerate the healing
process.
Foam Sodium alginate and in-vitro It can be removed easily [155]
curcumin from the wound site with
wound healing effect.
Hydrogel N,O carboxymethyl in-vivo It enhances the [156]
chitosan/oxidised alginate re-epithelialization,
and nano-curcumin collagen deposition and
accelerate the process of
wound healing.
Polymeric Chitosan, Sodium n-vivo It enhances wound [157]
bandage alginate, oleic acid and healing.
Curcumin
Microfibre sodium alginate, gelatine in-vivo The composite has the [158]
and Curcumin potential to wound
healing platform.
Film Bacterial cellulose, in-vitro It has potency for wound [159]
alginate, gelatine and care, periodontitis and
curcumin oral cancer treatment.
Fabric scaffold Curcumin and in-vivo Effective against diabetic [160]
Gymnemasylvestre, wound as well as normal
graphene oxide, wound.
polyhydroxy butyrate-
sodium alginate
Film Human Elastin-Like n-vitro Effective for drug [161]
Polypeptide (HELP), delivery, wound healing,
alginate and curcumin and tissue regeneration.
Hydrogel Curcumin, B-cyclodextrin  in-vitro It inhibits the Gram- [162]
Sodium alginate, negative (E. coli) and
Chitosan Gram-positive bacteria
(S. aureus) growth to heal
the wound.
Sponge Curcumin, in-vivo It facilitate cutaneous [163]
chitosan-alginate and wound healing.
pB-cyclodextrin
Membrane Alginate membrane, in-vivo It can accelerate wound [164]
polycaprolactone (PCL) healing without removal
nanoparticles, Curcumin of the membrane.
Patch Sodium alginate/PVA- in-vitro It shows antibacterial and [165]
Titanium dioxide (TiO,) antifungal activities and
and curcumin can be used for wound
healing.
Curcumin Pluronic F127 (PF127), in-vitro It has potency of good [166]
Encapsulated calcium chloride (CaCl,), drug delivery and further
particle sodium alginate, chitosan, research needed to test
curcumin the efficacy for wound
healing.
Table 1.

List of experiments on alginate-curcumin nanocomposite wound healing systems.
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incorporated collagen matrix (CICM) group, biochemical parameters and histo-
logical analysis revealed increased wound healing, increased cell proliferation and
effective free radical scavenging. As compared to standard collagen films, CICM
films have a higher shrinkage temperature, implying greater hydrothermal stabil-
ity. Curcumin was found to be bound to collagen without altering its triple helicity
in spectroscopic tests. Curcumin absorbs a lot of light in the wavelength range of
300 to 500 nm. In methanol solution, it has a maximum absorption wavelength

of 420 nm, which changes to 430 nm in dimethylformamide. As collagen solution
is applied to curcumin, however, the maximum wavelength changes from 420to
429 nm. The change in the absorption shift stabilised and the amplitude of the
peak increased with rising curcumin concentration, implying that curcumin is
affected by the hydrophobic atmosphere. Further, lipid peroxidation method was
used to determine the antioxidant performance of CICM [168]. The CICM’s in-vitro
antioxidant activity was tested by using 2,2-azobisisobutyronitrile antioxidant
assay. According to antioxidant research, CICM is more effective at quenching free
radicals. This concept supports the topical application of CICM as a viable and
effective method for supporting dermal wound healing [167].

A nanocomposite sponge was made out of curcumin-chitosan-gelatine at various
ratios of chitosan and gelatine [169], and the chemical structure and morphology
were characterised using ATR- FTIR and FE-SEM. The water absorption ability,
antibacterial activity, in-vitro drug release and in-vivo wound healing studies were
also performed on these sponges using a rabbit excision wound healing model.

The combine form of curcumin, chitosan, and gelatine has shown increase water
absorption capacity, antibacterial function and wound closure potency. The cyto-
toxicity of curcumin sponge tested using the indirect MTT method on mouse fibro-
blast cells (L929) [170] indicates the controlled release of curcumin increased as
the gelatine content of the prepared sponge increased. The drug in the sponge with
a higher gelatine content is favoured to be released, instead of being dissolved by
the sponge according to the partition ratio between sponge phase and water phase.
The findings shows cell viability after 24 hours of incubation period with sponge-
released medium. The results show that in the presence of medium containing
sponge without curcumin and curcumin sponge, cell viability drops to around 90%.
In the in-vivo analysis, wounds treated with curcumin-composite sponge closed
faster than wounds treated with composite sponge without curcumin. According

to the results of curcumin drug release, composite sponges with a higher gelatine
content had a faster release activity up to 240 minutes. These composite sponges
were also discovered to increase wound healing activity by enhancing collagen
production in-vivo. These obtained results showed that combination of curcumin,
chitosan and gelatine could improve the wound healing activity in comparison to
chitosan, and gelatine without curcumin [169].

Hydrogels are most preferable system as their biodegradable and controlled drug
delivery systems composed of curcumin loaded micelles are widely applied for cuta-
neous wound repairing [103]. Curcumin with strong antioxidant and anti-inflam-
matory properties and having high hydrophobicity was encapsulated in polymeric
micelles (CurM) for high drug loading and encapsulation efficiency. To improve
cutaneous wound healing, Cur-M loaded thermosensitive hydrogel (Cur-M-H) was
prepared and applied as a wound dressing materials. At room temperature, Cur-
M-H was a free-flowing solution that transformed into a non-flowing gel at body
temperature. Cur-M-H system was found to have good tissue adhesiveness and the
ability to release curcumin for a long time in vitro studies. It’s in-vivo wound healing
operation was also assessed using linear incision and full-thickness excision wound
models. CureMeH-treated mice had a thicker epidermis and higher tensile strength
in an incision model. In an excision model, the CureMeH treated group showed
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improved wound closure. This group also had higher collagen content, stronger
granulation, higher wound maturity, a drastic decrease in superoxide dismutase,
and a small rise in catalase in both models. CureMeH may also improve cutane-
ous wound healing, according to histopathologic analysis. Thus the combination
of curcumin bioactivity and thermosensitive hydrogel in the in-situ gel-forming
composite, facilitates tissue reconstruction processes, implying that the CureMeH
composite could be used as a wound dressing for cutaneous wound healing [103] .

According to past reports, materials commonly used to treat burn-wound
infections are limited by their incomplete microbial coverage, toxicity, insufficient
penetration and more resistance to antibiotics. Curcumin is a naturally occurring
compound that has antimicrobial, anti-inflammatory and wound-healing proper-
ties. Working through a variety of pathways, is less likely than current antibiotics
to select for resistant bacteria. But curcumin’s weak aqueous solubility and rapid
degradation profile make it difficult to use; however, nanoparticle encapsulation
solves this problem and allows curcumin to be delivered to the skin for longer peri-
ods of time [149]. So, curcumin nanoparticles (Curc-NP) prepared by the modified
sol-gel methods [171] is a major step forward in the treatment of contaminated
burn wounds, as it reduces bacterial load while also improving wound healing.
Curcumin nanoparticles (Curc-NP) inhibited methicillin-resistant Staphylococcus
aureus (MRSA) and Pseudomonas aeruginosa growth in-vitro in a dose-dependent
manner, and inhibited MRSA growth and improved wound healing in an in-vivo
murine wound model. The sensitivity of murine PAM212 keratinocytes to curcumin
determined using a semiquantitative FDA (fluorescein diacetate) metabolic assay
showed no toxicity to the side tissues. These outcomes indicates, Curc-NPs may rise
as a novel topical antimicrobial agent over the conventional antibiotics and wound
healing adjuvant for the treatment of infected burn-wounds and other cutaneous
injuries [149].

A novel collagen scaffold called nanohybrid-scaffold prepared by incorporating
curcumin (CUR) in chitosan nanoparticles (CSNPs) to improve the stability and
solubility of the scaffold followed by permeation of prepared CUR-CSNPs have
shown better tissue regeneration application [172]. This novel nanohybrid collagen
scaffold tested for morphology changes, biodegradability, biocompatibility, in-vitro
drug release and in-vivo wound healing studies have shown high potency. In-vitro,
the nanohybrid scaffold performed well in terms of water absorption, biocompat-
ibility, and long-term drug availability. Whereas, in in-vivo wound closure analysis
showed that wounds treated with nanohybrid scaffolds contracted substantially
faster than wounds treated with control and placebo scaffolds. Thus the study
indicate that in the nanohybrid scaffold community, full epithelialization with
thick granulation tissue formation occurs, while there was no compact collagen
deposition in the placebo scaffold group and the presence of inflammatory cells
in the control group. These suggest that, combining CUR (anti-inflammatory and
antioxidant), chitosan (sustain drug carrier, wound healing), and collagen (estab-
lished wound healer as scaffold) is a promising strategy for addressing various
pathological manifestations of diabetic wounds and improving wound healing
capability [172].

Considering alginate as a vital ingredient and an unavoidable wound dressing
system, a lot of steps have been taken place to develop a proper system having high
efficiency for wound healing and low toxicity material. Hence, an ethereal, pliable
and biodegradable sponge, composed of chitosan (CS) and sodium alginate (SA) in
different ratio and curcumin was prepared and its sponginess, chemical composi-
tion and morphology characterised using ATR-FTIR and FE-SEM are similar as
reported for other materials for wound dressing purpose [120]. The sponges of
all kinds had biodegradable quality and the degree of crosslinking influences the
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release of curcumin from the sponges. The sponges’ water absorption capacity
ranged from 10 to 43%. The wound healing test performed on Sprague-Dawley
(SD) rats shown that the CA sponges have a continuous release activity for up to

20 days based on the effects of drug release of curcumin. This conclude that the CA
sponge acts as an effective drug support for long-term release of curcumin up to

20 days at a time. The collagen bundles in the CA-curcumin sponge-treated wound
were thicker than those in the gauze and CA sponge-treated wounds, and they were
compact and well-aligned. The developed material, curcumin sponge can promote
collagen production, which speeds up the healing process and has a positive impact
on wound healing process [120].

Curcumin loaded to alginate foams with low cross-linking was developed based
on the previously patented method for the treatment of infected wounds [155, 173].
Curcumin-loaded foam demonstrated a longer hydration time and the amount of
curcumin released was adequate, for curcumin-mediated phototoxicity of viable E.

faecalis cells in-vitro. E. coli, on the other hand, was less vulnerable to photokilling
when curcumin-loaded foams were used, and this was affected by the curcumin
solubilizers used in the foams. Only foams containing PEG-400 as the curcumin
solubilizer with visible light radiation (29 J/em?) caused 81% inhibition of the viable
E. coli cells to be inactivated. When the foams were exposed to the physiological
solution, they quickly hydrated and stayed intact after the loaded curcumin was
released, implying that they can be withdrawn from the wound site without caus-
ing tissue harm prior to irradiation, reducing light attenuation in photodynamic
therapy (PDT) [155].

An injectable chitosan and alginate derivates based on hydrogel incorporat-
ing nano-curcumin was also prepared in view of a potential wound dressing with
enhanced healing efficacy [156]. Nanocurcumin with a particle size of about 40 nm
prepared by using methoxy poly (ethylene glycol)-b-poly(—caprolactone) copoly-
mer (MPEG-PCL) as a carrier, followed by a simple nano-precipitation process and
integrated into N,O carboxymethyl chitosan/oxidised alginate (CCS-OA) hydrogel
shown slowly and continuously release of curcumin from the CCS-OA hydrogel to
promote fibroblast proliferation, capillary development, and collagen output, both
of which can have a major impact on the healing processes. The encapsulated nano-
curcumin shown slowl released from the CCS-OA hydrogel in an in-vitro release
analysis (with diffusion controllable release at first, followed by the corrosion
manner) of hydrogel at terminal phase. According to the histopathology repots, the
hydrogels injected into rat dorsal wounds as part of an in-vivo wound healing trial
has shown significant improve in epidermis re-epithelialization generation and col-
lagen deposition in wound tissue. The measured DNA, protein, and hydroxyproline
content of wound tissue indicate that the nano-curcumin and CCS-OA hydrogel
together significantly speed up the wound healing process. It was hypothesised that
the nano-curcumin/CCS-OA hydrogel have a wide range of applications in wound
healing [156].

On the other side a complete investigation of curcumin loaded oleic acid based
polymeric bandage and its therapeutic potential in dermal wound healing in a rat
model was carried out [157] to show that curcumin has high wound healing potency
in various animal models, and a curcumin-loaded oleic acid-based polymeric (COP)
bandage was developed to increase curcumin efficacy in the healing region. Due to
its effective free radical scavenging properties, biochemical parameters and histo-
logical examination showed increased wound reduction and enhanced cell prolif-
eration in COP bandage treated groups. Researchers believe this is due to increased
intercellular curcumin retention and, as a result, an improved anti-inflammatory
activity by quenching reactive oxygen species (ROS). Early implementation of
fibroblasts and differentiation (increased amount of smooth muscle actin) resulted
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in a comparative acceleration of wound healing. The COP bandage can effectively
quench free radicals, resulting in decreased antioxidative enzyme activity. The
mechanism is potent enough to reduce the inflammatory response mediated by the
NFB pathway during wound healing, as evidenced from the mRNA and protein
levels analysis. In light of this, it’s possible that the curcumin-loaded polymeric
bandage may have a new therapeutic use in clinical settings for cutaneous wound
healing [157].

There are also studies which stated about characterisation and optimisation of
different biodegradable and biocompatible formulations of curcumin encapsulated
particles, in order to enhance the efficiency of curcumin wound healing effect
[166]. The optimised curcumin particles ranged in size from 1286 nm to 1485 nm,
with a 75% encapsulation performance. With a Polydispersity Index (PDI) of 0.4,
the zeta potential showed values ranging from —7.20 to —7.96. The efficient fab-
rication and encapsulation of curcumin in the polymeric matrix, which had been
fabricated in rod form, was ensured by physical characterisation using HR-TEM
imaging. For curcumin particles, the release profile was biphasic, with an initial
burst accompanied by a steady release pattern. In-vitro cytotoxicity assays and
microscopic imaging verified the safety of the curcumin particle concentration
used, which was less than 25 g/ml. Furthermore, the findings of a cellular uptake
analysis confirmed that curcumin particles were internalised. Overall, the existing
biocompatible and biodegradable curcumin encapsulation formulations have the
potential to be used as a drug delivery vehicle for curcumin, according to this thesis.
More evidence of this curcumin encapsulated particle’s ability to improve wound
healing is also required [166].

Incorporation of nanoforms of metal oxides into the wound care materials
improves their antibacterial efficacy and thus used in wound healing process. This
has open up a new window towards the use of metal oxide nanoparticles for thera-
peutic purpose [165]. Sodium alginate/PVA-titanium dioxide (TiO,) based wound
healing patches were synthesised. TiO, provides characters such as biocompatibil-
ity, no toxicity, antibacterial and antifungal etc. [165]. TiO, NPs and curcumin were
incorporated into the polymeric patches and tested for antibacterial activity against
Bacillus subtilis, Klebsiella pneumoniae, Staphylococcus aureus, and Escherichia coli, as
well as antifungal activity against Candida albicans and Aspergillus niger [92]. This
provides evidence that both TiO, nanoparticles and curcumin incorporated SA/PVA
patches can be better used in wound healing [165].

Non-biodegradable, opaque and occlusive and low swelling capacity are the vital
obstacles of few commercially available wound dressings materials used for clinical
performance. Thus to overcome and improve such drawbacks, a novel biodegrad-
able wound dressing material was prepared by using alginate membrane and
polycaprolactone (PCL) nanoparticles loaded with curcumin [164]. Curcumin was
employed as a model drug due to its important properties in wound healing, includ-
ing antimicrobial, antifungal, and anti-inflammatory effects. Both, in-vitro and
in-vivo trials were conducted to assess the possible use of this wound dressing mate-
rial. The novel membrane had a wide range of functional properties that made it
suitable for use as a synthetic skin substitute, including a high capacity for swelling
and adherence to the skin, evidence of pores to control the loss of trans-epidermal
water, clarity for wound monitoring, a high capacity for swelling, controlled drug
release and effective adherence to the skin. The use of nanocarriers aids the drug’s
permeation through various skin layers, resolving curcumin’s solubility issues. It
also claimed that the clinical implementation of this method would cover large
areas of mixed first- and second-degree wounds without the need for removal,
reducing patient pain and the risk of changing the formation of the new epithelium
tissues [164].
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Recently biocompatible polymers are widely used in wound care systems
especially for burn wounds as well as skin damages. Polymers such as polyvinyl
alcohol and chitosan have been shown to be biocompatible with low toxicity have
make them ideal for treating injuries with limited side effects [108]. Curcumin,

a key component of turmeric, has anti-inflammatory and antimicrobial effects,

but its bioavailability is extremely poor. Curcumin’s bioavailability was increased
exponentially after it was converted to its nano form, and allowing it to play an
important role in wound healing. Considering the biopolymer and dynamic nature
of curcumin, polymeric patches were prepared from Polyvinyl alcohol and chitosan
with nano-curcumin for wound healing purpose. Slow vaporisation was used to
successfully synthesise nano-curcumin, which was then integrated into polyvinyl
alcohol and chitosan and obtained as a PVA/Chi/Cur patch using the gel casting
process. Different characterisation methods were used to assess the patch: wwelling
rate, evaporation rate, blood effect, cell biocompatibility, and antibacterial activity
were all investigated. The patch was screened for antibacterial activity against com-
mon bacteria present on the wound site (Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, and Bacillus subtilis). The study was completed by putting the
patch wound healing efficiency to the test on Albino Westar rats for 16 days. The
tests were successful and results of cell line experiments and the MT T-assay showed
that the PVA/Chi/Cur patch improved cell proliferation. Its antibacterial activity
against four major bacterial strains present in wound sites, as well as its water reten-
tion, makes it an ideal material for wound healing. Its superiority over commercial
ointment was demonstrated in in-vivo trials. This procedure for epidermal wounds
decreases the number of times the patch has to be replaced and speeds up wound
healing [108].

The p-cyclodextrin (CD) is generally used as a good stabilising and solubilis-
ing agent for preparation of different pharmaceutical products. It also enhances
the water solubility of curcumin by forming p-cyclodextrin (CD)-Cur complex
[163]. To facilitate cutaneous wound healing, a composite prepared from curcumin
(Cur), chitosan-alginate (CA) and p-cyclodextrin (CD) [163] by adding curcumin
to the ring-shaped p-cyclodextrin (CD) to form a p-CD-Cur inclusion complex
(CD-Cur) and tested in a skin model to shows higher skin permeability than free
Cur [174-176]. These findings indicate that Cur-CD can be an useful component
for cutaneous wound healing materials. Animal studies with cutaneous wounds in
rats using CA-CD-Cur showed accelerated and better wound closure rates, good
histopathological results, and lower SOD, lipid peroxidation, pI3K, and pAkt levels
in comparison to other material. Thus, CA-CD-Cur can facilitate cutaneous wound
dressing that facilitate faster wound healing process [163].

Another alginate based hydrogel system was developed using curcumin-f-
cyclodextrin based inclusion complex for wound healing purpose [162]. The
fabricated curcumin-p-cyclodextrin inclusion complex loaded sodium alginate/chi-
tosan (CMx-loaded SA/CS) bilayer hydrogels was tested as a better wound healing
materials. The improve materials with high CaCl, content has high tensile strength,
percent elongation at split and Young’s modulus. The release characteristics of CMx
from all hydrogels exhibited a similar pattern of release. Furthermore, the CMx-
loaded SA/CS bilayer hydrogels inhibited Gram-negative (Escherichia coli) as well as
Gram-positive bacteria (Staphylococcus aureus). Finally, NCTC clone 929 and NHDF
(normal human dermal fibroblast) cells were found to be non-toxic to all bilayer
hydrogels. Therefore, these CMx loaded SA/CS bilayer hydrogels had the potency
for wound healing and can be used as wound dressing materials [162].

As newer technologies are approaching for development of proper wound care
management systems, elastin based biomimetics are one of the trending topic for
current material development. This concept contributes for the preparation and
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characterisation of series of cross-linked films based on the combination of an
elastin-derived biomimetic polypeptide [Human Elastin-Like Polypeptide (HELP)]
with alginate (ALG) to obtain a composite with enhanced properties [161]. There
are a few examples of such elastin-like composites produced to date by combining
alginate and HELP to tune the final properties of the resulting material, modulating
the delivery of curcumin as a natural molecule used as an antioxidant compound.
The existence of HELP in the composite was shown to be useful in controlling the
release of the model compound curcumin, resulting in a high antioxidant activity of
the material as well as maintaining and improving the final material’s cytocompat-
ibility. More research is required to assess the in-vivo behaviour of this composite
material. However, the current findings showed that combining alginate with
HELP to create customizable platforms for drug delivery, wound healing, and tissue
regeneration is effective. Finally, HELP-based proteins can be easily customised by
molecular fusion of exogenous domains to prepare dynamic biopolymers. These
HELP fusion proteins may be used in the future to provide additional flexibility to
final composite materials for therapeutic use [161].

Graphene oxide is one of the most preferable material which have characteris-
tics like biocompatibility, greater surface area, high mechanical strength and also
antimicrobial activity. Gymnema sylvestre is commonly known as “Gumar” plant
product also having anti-inflammatory, antimicrobial properties [160]. Fabrication
of anovel scaffold was done consisting of curcumin and Gymnema sylvestre incor-
porated graphene oxide polyhydroxy butyrate-sodium alginate (GO-PHB-SA-CUR
and GS) composite as an extracellular matrix platform to improve wound healing in
normal and diabetic wounds [160]. Curcumin and Gymnema sylvestre were inte-
grated into the novel graphene oxide-polyhydroxybutyrate sodium alginate com-
posite scaffold prepared by solution casting to enhance wound healing in regular
and diabetic wounds for better tissue regeneration use. The particle size, surface
charge (zeta potential), crystalline nature (XRD), and morphology (FE-SEM) con-
tent of the GO-PHB-SA-CUR and GS composite were all assessed. The presence of
GO-PHB-SA improves wound closure and increases cell viability in both wounded
and diabetic wound cells without causing cytotoxicity. The manufacturing of
mesoporous composites improves fibroblast cell viability. The composite made from
GO-PHB-SA-CUR and GS has been tested as a wound dressing material by clinical
trials to validate its future use. In-vitro tests with normal and diabetic fibroblast
cells indicated that the GO-PHB-SA-CUR and GS composite had strong biocompat-
ibility in terms of increased wound cell migration. As a result the GO-PHB-SA-CUR
and GS composite could help regular and diabetic wounds heal faster. According
to the findings the GO-PHB-SA-CUR and GS composite scaffold appears to be a
promising candidate for a new wound dressing material that is both reliable and
affordable. More successful clinical trials of this material will help millions of
diabetic patients with improve wound healing capacity and the quality of life they
are going through [160].

Multifunctional biopolymer composites comprising mechanically disintegrated
bacterial cellulose, alginate, gelatine and curcumin plasticized with glycerol
(BCAGG-C) were also successfully made through a simple, naive, cost-supportive
mechanical blending and casting method [159]. The composites had a well dis-
tributed structure, according to FE-SEM pictures. The water touch angles ranges
from 50 to 70 degrees and its permeability value was 300-800 g/m?/24 hrs, which
was equivalent to commercially available dressing products. When the fil was
immersion in phosphate buffer solution (PBS) and artificial saliva, no curcumin
was released from the films and the fluid uptakes were in the range of 100-700%.
Mechanical properties revealed that BCAGG-C films had sufficient strength and
versatility to be used as wound dressings. The stretchable film provides adequate
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stiffness and long-term deformation. The skin was tightly adhered by hydrated
films. Under artificial saliva medium, the iz-vitro muco-adhesion time was found
to be in the range of 0.5-6 hrs using porcine mucosa as a model membrane. Despite
being trapped within the biopolymer matrix composite, curcumin could possess
useful biological activities. The curcumin-loaded films had successful antibacterial
activity against E. coli and S. aureus. Human keratinocytes and gingival fibroblasts
were not harmed by the films, but oral cancer cells displayed potent anticancer
activity. As a result, these curcumin-loaded films can be used as leave-on skin
applications. These inventive films can be further adapted to meet the needs of local
topical patches for wound care, periodontitis, and also for mouth cancer [159].
Taking almost the similar components such as biocompatible biopolymers,
sodium alginate and gelatine microfibers are prepared via extrusion-gelation into
a physical crosslinking solution [158]. Curcumin, which is an ancient natural
bioactive wound healing agent, was loaded into the fibbers. Biopolymers including
sodium alginate and gelatine were used to make curcumin-loaded composite micro-
fibers and blank microfibers. The different concentrations of sodium alginate and
gelatine in the formulation batches were coded as A1G9-A10G0. The ATR-FTIR was
used to describe the molecular transitions inside the composite microfibers, which
was then confirmed using molecular dynamic analysis. The mechanical proper-
ties such as tensile strength and elongation-at-break (extensibility) were varying
between 1.08 + 0.01 t0 3.53 + 0.41 N/mm” and 3.89 + 0.18% to 0.61 + 0.03% respec-
tively. The microfibers’ formation and fabrication were verified by morphological
examination. Physical evaluations, such as matrix degradation and entrapment
performance, were also carried out to provide a comparative account of the various
formulations. The water uptake ability of the blank and curcumin-loaded composite
fibres is found to be 30.77 + 2.17 to 100.00 + 5.99 and 22.34 + 1.11 to 56.34 + 4.68,
respectively. The cumulative release of composite microfibers was 85% in 72 hours,
which demonstrating the composite fibres’ long-term release capacity. The drug
was released in an unusual (non-Fickian) pattern, implying the importance of
degradation and diffusion. In an in-vivo full-thickness cutaneous wound model,
the composite microfibers had higher degree of contraction (96.89 + 3.76%) than
the commercially available lead products such as Vicco turmeric cream. It can be
concluded that natural, alginate—gelatine—curcumin composite has the potency to
be explored as a cost-effective wound healing product [158].

13. Conclusions

Despite of rapid and extensive researches on curcumin as a natural ingredient
with alginate for formulation of wound dressing materials for proper wound heal-
ing, till today, no such curcumin-alginate based commercial products are available
in the market for pharmaceutical use. Recently, many patents have been filled and
approved for preparing curcumin based biopolymers useful for wound healing
materials, but in practical, the use of the same is in clinical stage. As stated in the
text, curcumin has broad range of pharmacological activities, its antioxidant and
anti-inflammatory properties, in particular, suggest that it may be very effective
and useful in wound dressing [154]. As a best Indian herbal medicine over the
years, curcumin topical formulations, including nano-architectures, have been
developed and tested for enhancing curcumin’s wound-healing activity. The key
reason for choosing the topical nano-formulation of curcumin is that it provides
better solubility, bioavailability and sustained release of curcumin in an active
form, all of which are essential for delivering a consistent dose of the drug for along
period which further help in wound healing. Curcumin’s perfect dose is critical for

148



Curcumin-Alginate Mixed Nanocomposite: An Evolving Therapy for Wound Healing
DOI: http://dx.doi.org/10.5772/intechopen.98830

a variety of reasons, but most importantly, its complex function in the inflamma-
tory response in wound healing must be discussed before further clinical progress.
As summarised in this chapter various topical formulations of curcumin are being
developed with the aim of delivering curcumin to the wounded site in a sustained
manner to enhance therapeutic outcomes. Nonetheless, the molecular mechanisms
underlying its ability to control chronic inflammation and influence the genetic,
cellular wound environment are expected to be studied in depth. While current
research on various topical formulations of curcumin appears promising, the major-
ity of published evidence is based on in vitro and in-vivo studies, and clinical trials
are still required. Thus, in the near future, experiments on human clinical trials
should provide answers to concerns about the safety of different topical formula-
tions based on curcumin-alginate in biological systems, as well as their therapeutic
wound-healing efficacy.
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Alginates are biodegradable, biocompatible, renewable, and natural polysaccharides
in brown marine algae. Properties and Applications of Alginates provides an overview of
the state of the art of chemical and material properties of alginates and biomedical and

nanotechnology mechanisms underlying alginate biosynthesis. It discusses alginate-

based materials’ fundamentals that combine research and technological advances
with current limitations. Moreover, novel technologies using alginate composites are
introduced, and as well as the latest developments in alginate-based technologies were
reviewed. It also examines potential uses of alginates in immobilized biocatalysts,
nanoparticle synthesis, wastewater treatment, heavy metal removal, agriculture,
pharmaceuticals, and biomedicine.
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