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Abstract Biopolymers or the natural polysaccharides like alginate, chitosan, pectin,
cellulose and their derivatives, etc., have been used in recent research studies for a
number of significant advantages like their biocompatibility, biodegradability, safety,
and cost-effectivity. They have been evaluated in a number of formulation strategies
including matrix tablets, microencapsulation, nanoparticulate delivery, targeted drug
delivery in various parts of the gastrointestinal tract according to pH or microbial
population, etc. Further, they have been extensively utilized in the formation of gels
by physical or chemical cross-linking methods for advanced drug delivery. Such
biopolymeric gels find applications not only in controlled or targeted drug delivery
but also in biomedical fields. Such gel formulations would provide controlled or
targeted drug release based on their physicochemical properties including thermal
sensitivity, pH sensitivity, analyte sensitivity or presence or absence of microbial
population, etc. Recent inventions in this field include the smart gels which produce
significant changes in drug delivery with minimum changes in the environment or
the in situ gels which remain in the liquid state outside the body and would turn into
gel at body temperature, once delivered. Further, modified or grafted biopolymers
have been tried out for the formation of stable gels with favorable physicochemical
properties for better control on drug delivery. The present chapter would present a
review of the potential biopolymeric gels, their preparation, characterization, and
most importantly their applications in modern drug delivery taking into account the
recent innovations in the area.
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1 Introduction

Biopolymers can be defined as the polymeric substances produced from natural
resources either by chemical synthesis of biological matter or by biosynthesis of
living organisms [1–4]. The main advantage of biopolymer is its capability of degra-
dation when it comes into contact of living microorganisms. This phenomenon has
gained popularity in recent years in pharmaceutical, industrial, andmedical fields [5].
Further, due to their biocompatible nature, they have created an interesting impact
on drug delivery systems [6, 7].

In pharmaceutical field, polymeric gels have been established as promising
delivery systems to overcome the challenges of drug delivery. Gels are generally
semisolid and homogeneous formulations consist of medicinal dispersion in satis-
factory hydrophilic or hydrophobic three-dimensional (3D) network [8, 9]. These
formulation have attained popularity due to easy preparation. They also provide close
contact between therapeutic element and the site of action followed by controlled
delivery of drug in different routes. Generally, gels are classified into two types: (a)
hydrogels and (b) organogels. Hydrogels are hydrophilic 3D polymeric network that
binds with great volume of water or biological fluids without dissolution of polymer
[10, 11]. Immobilization of gelator fibers with organic liquid phase followed by
formation of 3D network is known as organogels or oleogels [12].

On the basis of the responsive nature, novel gels are generally distinguished by
two different types: stimuli-responsive and non-responsive. The former one swells
when exposed to external stimuli, like pH, temperature, magnetic field, ionic strength
and the later one swells after engulfing water. Gels that counter more than one
environmental stimulus are known as multiresponsive gels [9, 13].

2 Classification of Gels

Due to the versatile characteristics and wide background of applications, novel gels
are classified as follows:

2.1 Hydrogels

These are hydrophilic 3D polymer networks, which are closer to the extracellular
matrix of cells [9, 14]. From decades in the field of drug delivery system, hydrogels
contribute their promising aspects. Due to biocompatibility, pliability, presence of
higher volume of water, and broad range of applications, they have gained the popu-
larity in the sphere of drug delivery system from since 50 years [14–20]. Hydrogels
can be synthesized in number of classic chemical processes, which involves one
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step approaches, such as polymerization and aligned cross-linking of multifunc-
tional monomers. The synthesis also involves various techniques associated with
reactive groups of polymer molecules, which result in their cross-linking as well as
possible reactions between polymers and cross-linking agents. As the hydrogels are
3D hydrophilic polymer networks, they have capability of swelling and de-swelling
in aqueous media and thereby retain high volume of fluid in swollen condition [19,
21]. Hydrogels perform volume transformation markedly in the presence of different
physical and chemical factors like light, pressure, magnetic field, sound and pH, ionic
strength, molecular species as well as composition of solvent [19, 22].

The first synthetic hydrogel for biological application was established by
Wichterle and Lim in 1960 [23]. Later on hydrogels have come into application in
different fields, such as agriculture, [24] drug delivery systems, [25, 26] ophthalmic
products, [27] dehydration of coal, [28] food additives, [29] pharmaceuticals, [30]
biomedical background, [31, 32] tissue engineering, [33] and regenerativemedicines,
[34] Moreover, hydrogels are also used in separation of biomolecules or cells, [35]
wound dressing, [36] as well as biosensor [37].

2.2 Emulgels

Emulgel has now widely emerged as a topical drug delivery system. If adequate
efforts are applied in its formulation development with topically effective drugs, it
would prove to be a great achievement for derma care and cosmetology. Emulgels
are defined as an emulsion of w/o or o/w type, which is converted to gel form
followed by addition of gelling agent [38, 39]. Emulsion itself acts as a controlled
release system in which drug is encapsulated in an internal phase and thereby moves
toward the external phase to the skin, from where it can be absorbed gradually in a
controlled manner. Internal phases function as drug reservoir and release the drug to
the external phase for a longer period of time. Gel possesses cross-linked network
form that catches tiny drug particles and produces controlled release. Owing to its
mucoadhesive nature, it extends the period of contact time of medication on the skin.
Emulgel acts as dual controlled release system as it possesses the characteristics of
both emulsion and gel [39].

There are several marketed emulgels available, which have been widely used
as antifungal, topical corticosteroids, anticancer, exfoliating, and anti-inflammatory
medications [8, 40].

2.3 Microgels

The term ‘microgel’ was first introduced by Baker by implementing cross-linked
polybutadiene latex particles [41]. Basically, microgels are defined as micron-sized
gel, which is having cross-linked network structure possessing particle size range
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higher than 1 micron. Furthermore, microgels are composed of colloidal dispersion
of gel and solvent [42]. Due to strong physical forces, microgels have their steady
construction [43].

Microgels are widely used in the field of oral and non-oral drug delivery system,
[44–46] topical drug delivery system [8, 47–50], etc.

2.4 Nanogels

In recent years, nanogels have emerged as promising hydrophilic formulations for
entrapment of guest molecules having the capacity to respond to external stimuli that
may be possibly used formultiple applications.Nanogels are 3Dpolymeric hydrogel-
based cross-linked network having nanoscale range with a capacity to carry large
volume of water in the absence of aqueous media [8, 51]. Nanogels can be prepared
by synthetic, natural polymers and combination of both. By altering the composition
of nanogels, their size, shape, amphiphilicity, charge, and softness can be modified
[52]. Nanogel triggers drug release at target site. However, owing to their speciality,
nanogels offer number of advantages, such as biocompatibility, swelling capability,
biodegradability, high drug loading capability, enhanced efficacy over renal excretion
[8].

Nanogels have wide number of applications in the field of cancer treatment. As
compared to single responsive nanogels, multistimuli-responsive nanogels are very
effective for targeted drug delivery in cancer [53, 54].Moreover, nanogels are used in
local anesthesia, [55] Alzheimer’s disease, [56] gene therapy, [57] neurodegenerative
diseases, [58] and rheumatic disorders [59].

2.5 In Situ Gel

In situ gel is one of the most elegant drug delivery systems that stimulates estab-
lishment of various medical and biomedical controlled delivery systems. In situ
gel appears in liquid form at ambient temperature and markedly change based on
different factors like: change in pH and alteration of temperature. Moreover, it
simultaneously changes its appearance when it comes to the contact of body fluid
[60]. In situ gelation is a mechanical process of gel formation at the target site
after application [61]. The advantage of in situ gels includes excellent thixotropic
characteristics, enhanced contact time of drug, decrease frequency of drug admin-
istration, quick absorption and rapid onset of action, low dose strength, minimized
systemic and local effects, direct penetration to systemic circulation and central
nervous system (CNS) as well as possible administration through rectal, vaginal,
oral, ocular, and intraperitoneal routes [62, 63].



Biopolymeric Gels in Drug Delivery 61

In situ gels are used as in antibiotic formulations to overcome the problems
associated with eye drops [64], used as an antitussive and anti-angiogenic agent
[65].

2.6 Vesicular Gel

Vesicles are small-scale carriers composed of a number of amphiphilic molecules
like lipids, surface active agents and block polymers. Vesicles are generally made
up of hydrophilic core bordered by bilayer of amphiphiles. They have gained attrac-
tion for their exclusive delivery system of drugs, pharmaceuticals, food nutrients,
fragrances and dyes in cosmetics and textiles, and so on. Vesicular gel enables topical
drug delivery via niosomes, liposomes, ethosomes, novasomes, and other vesic-
ular system. Vesicular system provides innumerable applications of locally acting
drugs on dermal delivery as well as transdermal delivery for systemic effect. Hence,
non-invasive route has gained popularity over oral route from decades [8].

3 Biopolymeric Gels

These are molecular coils which proceed through coil helix transformations; either
produces network or enables the network to establish via lateral helix alliance [66].
Different levels of structural heterogeneity are shown by biopolymer gel networks.
At one degree, where polysaccharide network strands are thick (e.g., agarose gel),
such network may be considered as a microphase separation. On the other hand,
where a network represents itself to be necessarily molecular, large-scale variation
of network density repeatedly occurs in both the cases of associative and particulate
gels. The gels thus are made heterogeneous over long-scale distance and opaque
[66, 67].

The biopolymeric gels are widely used in the field of agriculture [68], food, and
pharmaceuticals [69]. On the other side, the gels preparedwith polymeric blends have
wide ranges of applications in pharmaceutical, cosmetics, food, and biotechnological
background [8, 70].

Recent research has been focused on natural biopolymers and biopolymer gels,
various types of gel formulations due to the immense benefits that could be achieved
from such delivery systems targeting several diseases; for local as well as systemic
action; for drug delivery and medical devices; for various routes of drug delivery
including oral, rectal, vaginal, topical nasal, or buccal. Few of such studies would be
highlighted in the next section concerning several biopolymers.
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3.1 Guar Gum

Pandey et al. prepared o/w type of emulsion gels using aqueous solutions of guar
gum and xantham gum together with sunflower oil for the administration of combi-
nations of probiotics and drugs. The emulgels were characterized by FTIR, fluores-
cence microscopy, XRD, DSC, evaluated for mechanical properties and disintegra-
tion studies. The encapsulated probiotic Lactobacillus plantarum 299v was found
to be viable in the emulgel formulation when stored under different conditions of
temperature, 4 °C, 20 °C, and −196 °C. Further, when the drug metronidazole was
loaded on to the probiotic emulsion gels, sustained release of the drug was produced
[71].

An in situ gelling ophthalmic delivery system was developed by Bhowmick et al.
[72] using poloxamer-407, xanthan gum, and guar gum in a ratio of 3:7 which was
sufficient to convert the poloxamer, used in concentrations less than 18% from sol
to gel at temperatures below the body temperature. Further, the gums added helped
the formulations to retain the drug for longer duration than the poloxamer alone.

Tetrakis(2-hydroxyethyl)orthosilicate (THEOS) which is a hydrophilic silica
precursor was combined with hydroxypropyl guar gum (HPGG) which is a
hydrophilic guar gumderivative to obtain a biocompatible sol–gel silicamatrixwhich
can be used for the delivery of drugs or biomolecules. The addition of HPGG not
only catalyzed the sol–gel transition of THEOS in water yielding a homogeneous
gel, with much shorter gelation times but also affected the mechanical strength of the
gels.When Vit B12 was encapsulated within the formulation, it produced a sustained
release. The release propertieswere further dependent on the concentration ofHPGG,
with lower rates of release with higher amounts of the gum derivative [73].

3.2 Xanthan Gum

Anionic gels containing agarose along with carbomer 934 and xanthan gum were
applied to produce electric field induced drug delivery that would follow zero-order
drug release. The gel content and the strength of the electric current were observed
to affect the drug migration under the effect of the applied electric field [74].

A nanoemulgel was designed for the nasal delivery of the antiepileptic drug carba-
mazepine containing oil/surfactant as oleic acid and labrasol in a ratio of 1:5 and 0.1%
xanthan gum as the mucoadhesive agent which was anionic in nature. The prepared
formulations were characterized with respect to the size of the droplets, the drug
release and drug uptake as well as mucoadhesion properties. Further, in vivo studies
were conducted on animal model using albino mice to evaluate the anticonvulsant
activity induced by chemical and electrical means after the application of the nasal
gel. Drug uptake reached up to 65% within an hour. Thus, an alternative means for
the delivery of the drug could be developed which has erractic absorption on oral
administration [75].
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Chlorhexidine gels containing 10% doxycycline hyclate and xanthan gum were
evaluated for use along with scaling and root planning for the treatment of chronic
periodontitis. The results showed marked improvements in the patients when the gel
was applied in the treatment [76].

Cross-linked gel beads with xanthan gum and sodium alginate entrapping
diclofenac sodium as the model drug were developed. The presence of hydrogen
bonds between xanthan gum and sodium alginate resulted in difference of physic-
ochemical properties of the beads, like higher drug entrapment efficiency, higher
water uptake, and swelling in distilled water pH 6.8 phosphate buffer. However, in
increased concentrations of the gum, drug release increased [77].

In a novel study, an aerogel prepared with methoxy pectin and xanthan gum
was placed as a coating on medical grade stainless steel and evaluated for ortho-
pedic applications on osteoblast cells derived from human bones. The gelation was
produced using ethanol and then dried. Drugs such as indomethacin and diclofenac
sodium were added in the gel coatings, and the release was obtained till a period of
24 h. The delivery system was proven to be biocompatible and thus has potential to
be used for clinical purposes [78].

Lamotrigine was added into polymeric solutions of gellan and xantham gums, so
as to produce in situ gels in the nasal cavity, which would improve the bioavailability
of the drug, bypassing the first pass effect, and increase residence time due to higher
mucoadhesion. In vitro and ex-vivo studies were conducted for the formulations.
The in vitro studies showed immediate drug release with a maximum of 97% within
20 min. The ex-vivo studies showed sustained drug release over a period of 12 h with
greater permeability compared to the control batch. The formulations were stable for
45 days when temperature maintained within 4 ± 2º C [79].

Mucoadhesive nasal inserts were prepared with a number of water-soluble poly-
mers like sodium alginate, carrageenan, Carbopol, chitosan, polyvinyl pyrrolidone,
hydroxypropyl methylcellulose (HPMC) K15M and E5, sodium carboxy methyl-
cellulose, and xanthan gum. It was observed that the polymers with low molec-
ular weights dissolved and released the drug quickly, whereas the inserts prepared
with high molecular weight polymers like xantham gum, HPMC K15, or carbopol
decreased the drug release rate [80].

Xanthan gum and locust bean gumwere used to produce gels loaded with vesicles
composed of non-ionic surfactants and amodel drug to evaluate topical drug delivery
compared to other marketed topical gel formulations. The developed formulations
matched the marketed products with respect to mechanical integrity and strength
and produced sustained release but improved permeability through the skin as it was
loaded with permeation enhancing vesicles. Further, the formulations were stable for
a period of about one year without the addition of any preservatives [81].

HPMC K100 and xanthan gum were used to prepare in situ gels encapsulating
loratidine for nasal delivery. The gels had mucoadhesive characteristics. The temper-
ature for the sol-to-gel transformation for the formulations varied between 33.1 ±
0.43 and 34.8± 0.82 °C, and the gelling time ranged from4.0± 0.21 to 11.3± 0.22 s.
The pH of the formulations was favorable such that they produced no mucosal irrita-
tion. The drug release was sustained for a period of around 10 h. The gels were stable
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for about six months under accelerated stability testing. Thus, the prepared formu-
lations had the potential to be used as mucoadhesive gels to improve bioavailability
of drugs [82].

Microemulsion formulations of Repaginate, a class II hypoglycemic drug was
gelled using xanthan gum for improvement of its bioavailability by improving the
residence time and permeation of drugs. Ex-vivo permeation tests were conducted
using rat skin for both the microemulsion and microemulsion gel formulations. They
showed 12.30 and 10.97 fold increase in permeation across the membrane compared
to normal drug suspension. In vivo studies on Sprague Dawley rats confirmed the
efficacy of the developed formulations to control glucose level [83].

3.3 Shellac

In situ gels and microparticles were developed using bleached shellac and different
solvents like dimethyl sulfoxide (DMSO), N-methyl pyrrolidone (NMP), and 2-
pyrrolidone (PYR) encapsulating the model drug doxycline hyclate. The drug and
solvent release from the microparticles were slower than that of gels. The drug
release rates were minimum when 2-pyrrolidone (PYR) was used as the solvent and
was chosen as the solvent which gave the best sustained release from in situ gels
with good biodegradation properties [84].

In situ gels comprising of bleached shellac, ethylcellulose and Eudragit RS were
developed using N-methyl pyrrolidone as solvent for possible use in periodontitis
treatment. The formulations could be easily administered through injection and
could inhibit various bacterial species owing to the antibacterial activity of N-methyl
pyrrolidone. They could form in situ gels in vitro [85].

Three types of oleogels were formed with hydrophilic polymer like HPMC, with
shellac, and with emulsion droplets and were compared with respect to various
physicochemical properties. They were characterized with respect to their process of
preparation, their mechanical strength and rheological properties and the response
of the oleogels to differences in temperature, water content, or shearing force [86].

3.4 Alginate

Beads produced from alginate aerogels are known to have a highly porous struc-
ture nanostructure. In a study, dried beads were produced from alginate cryogels,
xerogels, or aerogels under different gelation conditions like aqueous or alcoholic
solutions of calcium chloride and different drying conditions like freeze drying,
supercritical drying, or oven drying. The effect of such gelation or drying methods
on the physicochemical properties and stability of the beads were studied. The algi-
nate aerogels were found to be suitable after 3 months of storage at 25 °C and 65%
relative humidity [87].
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Beads from alginate aerogels with cross-linked iron (III) were developed, and
ibuprofen and ascorbic acid were loaded. When the drug release was tested in HCl
(pH 2) and phosphate buffers (pH 6.8), the release was found to be faster in phosphate
buffer. Further, incorporation of ascorbic acid in some of the formulations increased
the drug release as the iron (III) to iron (II) cross-linking was reduced by the acid
and led to the erosion of the matrix [88].

Microparticles with size less than 50 μm were prepared from alginate aerogels
cogelled with pectin with lowmethoxyl pectin and k-carrageen an, dried using super-
critical CO2 and loadedwith drugs like ketoprofen and quercetin. The release of drugs
from the microparticles was relatively improved than from alginate particles due to
larger surface area and superporous characteristics of the aerogel. Further, alginate
having bioadhesive properties and the formulations may be applied for mucosal
delivery with improved absorption [89].

Aerogel microspheres were also developed with polysaccharides like alginate,
starch and pectin, loaded with drugs like ketoprofen or benzoic acid and their release
characteristics tested in HCl and phosphate buffers. Controlled drug release from
alginate aerogel microspheres could be obtained depending on the composition of
matrix. Drug release was observed to be based on both diffusion and erosion of
alginate matrix [90].

Nanoparticles based on nanogels prepared from alginate and chitosan as biopoly-
mers were developed for corneal delivery for treating glaucoma. Timolol maleate
was used as the model drug. The particles gave sustained release for a period of 24 h
after a burst release during the first hour in the drug dissolution studies. The size of
the particles ranged from 80–100 nm. Promising results were also obtained from the
ex-vivo permeation studies conducted through Franz diffusion cell and fluorescent
microscopy where it was observed that the drug permeation from the formulations
was twice than that from pure drug [91].

Smart nanogels were developed from alginate derivatives linked to iron oxide
nanoparticles and loaded with doxorubicin which would have magnetic resonance
imagingproperties for diagnosis of disease aswell as target tumor cells for therapeutic
activity as they were loaded with drug. They were relatively safe to normal tissues
[92].

Cisplatin-loaded alginate nanogels were developed for targeting macrophages for
treating artherosclerosis. Cisplatin served as the therapeutic agent as well as the
cross-linking agent for alginate molecules. The formulation showed a pH-dependent
drug release with 100% release within 48 h at pH 5, whereas the release was even
less than 15% at pH 7.4. The drug uptake was evaluated on macrophage and human
cell lines. Further, it was observed that the nanogels were selectively taken up by
macrophage cells rather than human cell lines [93].

Alginate along with a thermosensitive polymer poly(N-isopropylacrylamide) was
used to develop smart nanogels in situ with cystamine as cross-linker. The developed
nanogels gave abrupt swelling upon temperature increase in the environment of the
cells from 25 to 37 °C. Due to the increase of temperature, the nanogels could be
easily taken up by cancer cells. Further, due to the presence of acidic and reducing
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conditions in the cells, the drug release from the nanogels was accelerated. Thus, the
therapeutic activity of anticancer drugs would be improved to a high extent [94].

In a similar study, gels were prepared by adding poly(N-isopropylacrylamide) or
poly(N-isopropylacrylamide-co-acrylic acid) into alginate (AG) emulsion nanodrops
and fixed and stabilized with cystamine dihydrochloride. The developed gels showed
thermosensitivity, pH sensitivity, and redox sensitivity. The formulations loadedwith
anticancer drug were taken up by cells and released drug due to thermal changes.
Further, the acidic and reducing environments in the cells cause accelerated drug
release leading to enhanced toxicity of the drug [95].

Smart nanogels comprising of branched alginate-polyethyleneimine copolymer
were used to not only enhance drug delivery but also track the passage of the delivery
system throughfluorescence spectroscopy.Thefluorescence emitted variedwith pHγ

irradiation. Doxorubin loaded on to the gels was released in a time-dependentmanner
which was significantly higher in the presence of glutathione and at lower pH than
in acidic pH or absence of glutathione. The drug-loaded gels were actively taken up
by HeLa cells as confirmed by fluorescence microscopy. Further, the nanogels were
much less cytotoxic and hemocompatible [96].

In situ gels using alginate using cystamine as a cross-linker were prepared and
loaded with doxorubicin as a model drug which has poor cellular uptake and release
characteristics. The nanogels were cytocompatible and had > 95% encapsulation
efficiency. The release from the nanogels under reducing conditions of the cells was
high. The nanogels were actively taken up by osteosarcoma cell line CAL-72 cells.
The cell uptake and death were significantly higher from the developed nanogels
compared to free drug [97].

Pressure-sensitive nanogels prepared with alginate cross-linked by modified β-
cyclodextrin were developed and utilized for better therapeutic management with 5-
fluorouracil which suffers from low cellular uptake. The prepared nanoparticles from
the nanogels were cytocompatible with 82% encapsulation efficiency. The in vitro
drug release from the formulationwas pressure sensitivewhich indicates that the drug
release in vivo would be stimulated by intravascular pressure. They were actively
taken up in colon cell lines HT-29 cells. Significantly higher amounts of drug were
taken up by the cells and resulted in cell death compared to free drug [98].

Aldehyde-alginate was cross-linked with gelatin by inverse mini-emulsion tech-
nique to develop nanogels in the presence of borax due to Schiff’s base reaction.
Spherical particles of the nano range were obtained which were found to be cyto-
compatible and hemocompatible and thus non-toxic to the body. Such formulations
can be thus used targeted drug delivery with fewer side effects [99].

Curcumin-loaded alginate aldehyde-gelatin nanogels were developed and char-
acterized to improve the bioavailability of the medicament. The nanogels had a high
encapsulation efficiency > 82% and gave a controlled release of drug over a period of
48 h. Nanogels were found to be cytocompatible and were actively taken by MCF-7
cells which were confirmed by confocal laser scanning microscopy [100].

Biocompatible alginate nanogels have been used as suitable carriers for protein or
peptide drugs. However, low encapsulation efficiency and higher release in alkaline
pH have been observed due to larger pore size of the nanogel structure. In this study,
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a novel on-chip method has been devised where the pore size of the gel could be
modulated by synthesis of the gels using microfluidic platforms with cross-junction
microchannels. For fluid flow ratio of 0.2–2, the size of the nanogels ranged from 68
to 138 nm. Increase in the flow ratio increased the size and decreased the compactness
of the formulations. Therefore, the porosity of the gels could be controlled effectively
by this method to modulate drug release under different conditions [101].

Nanosized liposomeswere used to prepare nanosized cross-linked alginate gels for
various therapeutic applications. Alginatewas entrappedwithin the core of nanoscale
liposomes and then placed in a calcium chloride containing buffer solution with
elevated temperatures which resulted in the absorption of calcium ions by the lipo-
somes to cross-link the alginate in the core. Thereafter, the lipid layer was removed
by surfactants and nanoscale alginate gels of size range 120–200 nm resulted. In
a similar way, different size of nanogels can be prepared using different sizes of
liposome template [102].

3.5 Chitosan

Chitosan-based gels were applied on second degree burns in rabbits to study the
wound healing rates. Chitosan has well-known wound healing properties. It was
observed that compared to the control group therewas betterwound healing including
healed epidermis and normal melanocyte production [103].

A biodegradable, safe, and biocompatible biomaterial with bioadhesive proper-
ties which would stop bleeding and help to bind tissues was developed by reacting
chitosan with oxidized dextran. A biocompatible gel was produced as a result which
was non-toxic and showed good adhesive properties on tissues. The gel did not swell
in phosphate buffer. The in vivo efficacy of the produced gel was demonstrated in a
rabbit model with liver injury. The gel can also be used for drug delivery [104].

Myricetin was loaded on to chitosan nanogels with a particle size of 100–300 nm.
Fickian drug release was accompanied with swelling and erosion in acidic medium.
Further, the bioavailability of the drug was found to improve when administered in
rats via the oral route. The formulation showed no cytotoxicity in MTT assay [105].

Chitosan gels with mucoadhesive properties encapsulating antifungal agents like
econazole andmiconazole nitrates were developed and evaluated for possible vaginal
use. Various grades of chitosan with differing molecular mass and viscosity were
used. Several evaluation studies were conducted on the developed gels to deter-
mine their mechanical strength, rheological properties, and syringe ability, in vivo
retention in vagina in rats, mucoadhesive properties, release studies, and studies
to demonstrate anticandidal effect. After evaluating all the formulations, the gels
prepared with medium-molecular weight chitosan were optimized as it showed
suitable mucoadhesive and release properties and effective vaginal retention times
[106].



68 M. D. Kirtania et al.

Film-forming gels have the specific advantage of protecting the skin and to provide
continuous release at the target site. Thus, a chitosan-based film-forming gel encap-
sulating the drug ketoprofen was developed with various skin permeation enhancers
and evaluated for various physicochemical characteristics. Skin permeation study
was conducted in Franz diffusion cell using excised rat skin. In vivo studies in
rheumatoid arthritis-induced animal model were also conducted. The gel was found
to form the film well in the skin permeation study. Oleic acid was found to act as a
useful skin permeation enhancer compared to others. In the in vivo study, significant
anti-inflammatory and analgesic activities were reported [107].

Such film-forming chitosan gels have also been produced containing tyrothricin
and evaluated in various wound types and burns. Once solidified, the chitosan layer
protected the wound and healed it gradually. The wound size was measured periodi-
cally after induction and results compared with negative control where no drug was
applied andpositive controlwhere sodium fusidate ointment andmarketed tyrothricin
gel were applied. The developed gel formulation demonstrated significantly better
results than negative and positive controls for various types of wounds, which may
be due to better occlusion properties of chitosan [108].

Photocytotoxic agents like Toluidine blue O (TBO) have been in use to produce
toxic effects on tumor cells. Thus, TBO was incorporated in 4% chitosan gels
containing Tween 80 as a permeation enhancer for management of oral cancer.
The formulations were characterized with respect to physicochemical properties like
mucoadhesion, viscosity, etc., and in vitro release or mucosal retention and in vivo
penetration studies through mucous layer. The 4% chitosan gels with 5% Tween 80
and 1% TBO had good mucoadhesion properties. The release of TBO was sustained
by Tween 80 and allowed greater mucosal retention times. The formulation also
improved tumor cell death by apoptosis [109].

Nanoemulsions were prepared containing Labrafac PG + Triacetin as the oil
phase, Tween 80 and polyethylene glycol (PEG 400) as surfactant and co-surfactant,
respectively, and characterized with respect to physicochemical properties, ex-vivo
skin permeation and deposition studies. The optimized emulsion was then incorpo-
rated into 1–3% chitosan gel for preparing nanoemulsion gels. Curcumin was used
as the model drug and entrapped within both the nanoemulsion and the nanoemul-
sion gel formulations, and both the formulations were compared with respect to
wound healing characteristics. The permeation of curcumin was higher in case of the
nanoemulsion, whereas the retention of curcumin on skin was significantly higher
in case of the gel formulation [110].

Nanofibers have been found to be beneficial for accelerated wound healing as they
can induce hemostasis, induce cell growth, and absorb the exudates from wound.
Chitosan nanofibers have been prepared for the above purpose with their surface
modified with arginine and electrostatically interacted with sodium alginate under
different pH conditions with an average diameter of 100–150 nm as observed by
scanning electronmicroscope. The release of arginine from the nanofibers took place
at a sustained rate. The formulation was viscous and could spread quite well and
therefore easily applied in the wound area. The wound healing properties observed
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were significantly improved in in vivo rat model when compared to control groups
[111].

Chitosan gel-containing Lysostaphin was developed and evaluated against
multidrug resistant Staphylococcus aureus. The antibacterial activity of the devel-
oped gel formulation was evaluated using agar well diffusion method and ex-vivo
porcine skin model. Both the studies showed significant reductions in bacterial count
[112].

Hydrogel beads of succinyl chitosanwere prepared and stabilizedwith glycopoly-
meric network and loaded with anticancer drug doxorubicin. The drug release was
sustained for more than 15 days with zero-order release profile [113].

Moxifloxacin was loaded on to niosomes and entrapped within chitosan gel for
topical drug delivery. The formulations were evaluated for various physicochemical
characteristics, and activity on the pathogens like Pseudomonas aeruginosa and
Staphylococcus aureus was studied by agar well diffusion methods. The optimized
formulation demonstrated a drug entrapment efficiency of 73%, and sustained drug
release of 47% in 8 h. The gel formulations exhibited improved sustained release
characteristics compared to niosomal formulations. The niosomes showed greater
activity towardP. aeruginosa,while the noisome containing gel formulations showed
greater activity toward S. aureus [114].

Acrylic-based nanocapsules with cationic and anionic characteristics were loaded
onto chitosan gels for vaginal deliverywhich is a challenging route. Nile redwas used
as the model drug which is lipophilic in nature. The formulations were characterized
with respect to pH and viscosity and evaluated in porcine vaginal mucosa. The
formulations were found to be retained for prolonged periods of time and penetrate
the vaginal membrane better. The gels were found to be sufficiently viscous and had
an acidic pH of about 4.5 in both the formulations containing cationic and anionic
nanocapsules. The mucoadhesion on the vaginal mucosa was found to be better than
control without any nanocapsules. The penetration of gelswith cationic nanocapsules
was better than anionic ones [115].

Biocompatible chitosan gel along with cationic protamine sulfate, an arginine-
rich protein was used for controlled delivery of DNA. Protamine has been known
to be beneficial for effective cell penetration and localization in the nucleus. The
formulations were characterized with respect to DNA entrapment efficiency, release,
release kinetics, and swelling studies. The hydrophilic nature of the gel particles
was assayed by Rose Bengal partition assay method. Further, the formulations were
found to be non-hemolytic and therefore can be used in devices that stay in contact
with blood [116].

3.6 Inulin

Inulin plasma clearance data were determined and compared for inulin solution given
through i.v and i.m routes and an inulin/poloxamer gel formulation administered
through i.m route. It was found that the clearance values of inulin in case of the gel
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formulations were significantly reduced compared to inulin solutions given through
i.v and i.m routes [117].

3.7 Cellulose

Cellulose gels were produced with tetramethylguanidine as the cross-linking agent
in ratios of 1:1, 1:2, and 1:3 which gave stable formulations. Such gels would be
beneficial for drug delivery [118].

Aerogels were prepared with cellulose and polyethoxydisiloxane resulting in
polymer networks, and they were characterized using two different methods like
molecular diffusion and pressure difference induced forced flow. The latter method
resulted in significantly reduced impregnation times. The specific surface area of the
gel network was evaluated using nitrogen adsorption analysis method and was found
to increase by threefold compared to organic–inorganic composites [119].

A mucoadhesive cellulose polymer gel formulation encapsulating the antifungal
agent miconazole was prepared and characterized for drug delivery in the buccal
cavity. The gel was cross-linked with triethanolamine and evaluated with respect to
ex-vivo permeation study. The texture of the formulations was found to be consistent
over a period of 90days.Greater diameters of zones of inhibitions of the antifungal gel
were observed when compared to marketed formulations. Thus, stable formulations
with improved residence times in the oral mucosa were developed [120].

Sodiumcarboxymethylcellulosewas used alongwithmicrocrystalline cellulose to
formulate a mucoadhesive nanogel formulation. Few nanofillers were also incorpo-
rated in the nanogels likeMMT-clayor porous starch for a stable structure. The formu-
lations were able to achieve better controlled release compared to other nanogels
[121].

One of the recent promising methods for gastric emptying tests is the alternate
current biosusceptometry (ACB). It is sensitive, easy to perform, non-invasive, and
economic. In a study, formulations with magnetic properties such as Mn-Zn ferrite
nanoparticles, nanoparticles modified with dextrose, and cellulose gel-containing
ferrite nanoparticles were developed to function as tracers in gastric emptying tests.
When evaluated in rats, the ferrite nanoparticles were pH-sensitive along the length
of the gastrointestinal tract, while nanoparticles modified with dextrose were found
suitable for rapid gastric emptying tests. The cellulose gel formulation on the other
hand was found to be sufficiently bioadhesive and retained in stomach and easily
detected by ACB analysis [122].

Ibuprofen was loaded onto oxidized cellulose gels containing nanofibrils and
compared with marketed products for topical delivery. The gels were evaluated using
silicone membrane and pig skin by in vitro tests and in human volunteers by in vivo
tests. The permeation of the drug from the gels was similar to that of the marketed
products as observed from the in vitro or in vivo tests [123].

In a study based on preparation of cellulose aerogels, zinc chloride tetrahydrate
was used which was later removed from the gel by using solvents such as alcohol,
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acetone, water, or isopropanol. It was further observed that aerogels washed with
acetone had a significant increase in surface specific area compared to those washed
with water [124].

Novel topical cellulose-based gel formulations were developed in order to mini-
mize the loss of viscosity after sterilization in autoclave. Initially, viscous gels were
produced with methylcellulose and hypromellose entrapping a protein molecule;
however, they lost their viscosity after autoclaving. When edetate disodium was
added into the formulations, the loss of viscosity was minimized in the presence of
0–100 ppm of hydrogen peroxide. However, when methionine was added, the loss
of viscosity could be completely prevented in the presence of 0–50 ppm of hydrogen
peroxide [125].

Aqueous NaIO4 was used to partially oxidize cellulose gel and then reacted with
polyallylamine for formation of Schiff’s base. Three different gel formulations were
prepared by the method with a content of amino groups such as 0.35, 0.59, and
0.96 mmol/g cellulose, and protein retentions were evaluated and compared with
DEAE-cellulose gel-containing amino groups in the ratio of 1.07 mmol/g cellulose.
It was observed that the protein retention was much higher in case of the devel-
oped gel formulations. Further pairs of proteins such as human and bovine serum
albumins which have similar isoelectric points andmolecular weights could be effec-
tively separated using the developed gels, which may be due to the high density of
polyallylamine [126].

In a novel study, cellulose polymer was modified with different concentrations
of HMDI and this modified polymer was then added to castor oil to form oleogels
due to the reaction of the polymer with the ricinoleic fatty acid chain hydroxyl
groups. When characterized, the oleogels were found to possess suitable viscosity
and thermal-resistant properties [127].

Lysine-based surfactants were added to ethyl (hydroxyethyl) cellulose gels which
reduced their cytotoxicty which was tested on HeLa cells. The polymer interacted
with the surfactant molecules to form mixed micelles due to which they became
more biocompatible. The biocompatibility of the gels was improved with the most
hydrophilic or longest chain surfactant molecule [128].

Cellulose sulfate vaginal gel formulation was tested in a clinical study on 1398
women of sub-Saharan Africa in order to test their efficacy to prevent HIV infection.
The studies indicated that the cellulose sulfate was not able to prevent HIV infection
in the tested women and was in no way better than placebo [129].

3.8 Pectin

In a novel study, the efficacy of preactivated thiolated pectin for buccal delivery of
lidocaine was evaluated in a gel formulation and compared with other pectin and
thiolated pectin formulations with respect to drug release and other physicochemical
properties like viscosity, swelling, and mucoadhesive properties. Thiolated pectin
was cross-linked resulting in gel formation due to the presence of thiol groups and



72 M. D. Kirtania et al.

did not require any excipient for the cross-linking reaction, whereas pectin could not
do so. Viscosity of the gels formed with thiolated pectin was increased by 92 times
and that of preactivated thiolated pectin increased by 4958 times than pectin gels.
Gels swelled inwater butwould not dissolve for several hours. Further,mucoadhesive
properties improved significantly. Higher retention of drug in the buccal mucosa and
sustained release properties of the novel gel indicated that the gel formulation would
be promising for buccal delivery [130].

Beads were prepared from calcium pectin-silica gel using the ionotropic gelation
method entrapping mesalazine for controlled release in colon. Increasing the amount
of sodium silicate led to higher gel strength and a decrease in swelling of the beads.
Further, when the reaction time with calcium chloride was increased up to 1 h,
sustained release properties were improved [131].

Pectin-calcium gels have the property of adhesion on gram positive bacterial cells
like Bacillus subtilis. Pectins obtained from various sources were used in the study.
The adhesion was attributed to the high molecular mass, length of carbohydrate
chain, and low degree of methyl esterification [132].

A pulsatile capsule was developed for colon-targeted delivery. The capsule was
impermeable and filled with an immediate release tablet containing the drug 5-
aminosalicylic acid and had a plug at the capsule opening which was prepared with
high-methoxy pectin and lactose or low-methoxy pectin and hydroxypropylmethyl-
cellulose. In vitro release profile showed rapid release after a lag time and adding
pectinase or rat cecal contents to the medium shortened the lag time for drug release.
In the in vivo studies, it was observed that the plasma concentration for the drug
could be detected after a lag time of 6 h which showed that it would be suitable for
colon-targeted drug delivery [133].

In a novel study, spherical aerogel particles were produced via the jet cutting
method using chitosan, amidated pectin, and sodium alginate. Gels were produced
by diffusionmethod in calcium chloride solution and by internal settingmethod using
calcium carbonate as the cross-linking agent; citric and acetic acids were used for
adjusting pH. The aerogel particles thus produced had a size range of 400–1500 μm
and a specific area of 500m2/g [134].

In a study, ketoprofen-loaded tablet formulations were prepared by adding
pectin/dextrin mixtures to microparticles of zinc pectinate for controlled drug
delivery in the colon. The formulations were characterized and optimized using
factorial design. It was observed that the release was sustained when the microparti-
cles were added in the formulations. The in vitro release studies were conducted by
mimicking the pH and gastric retention times throughout the gastrointestinal tract.
Lag times ranging from 4.125 to 4.85 h were observed, whereas the time taken for
50% drug release was in the range of 7.45–8.70 h. The formulations were able to
achieve controlled release andwere better by 5.28–37.82 folds than calciumpectinate
beads [135].

Pectin gel had been used for adsorption and removal of methylene blue, but the
adsorption rate was low. Therefore, particles of pectin microgel were prepared and
used for the adsorption of methylene blue. It was found that the microgel particles
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had a high adsorption rate and therefore would be beneficial for methylene blue
removal from samples [136].

Aerogel microspheres were prepared with biopolymers like alginate and pectin
and cross-linked with calcium ion and dried by lyophilization. It was observed that
on increasing the pectin amount the porosity and solubility of the microspheres
increased and on increasing the alginate concentration, the microspheres were stiffer.
The microspheres were able to achieve controlled release of the encapsulated agent
proanthocyanidins and those with higher pectin contents showed higher antioxidant
activity [137].

Modified pectins were obtained from callus cultures and when cross-linked with
higher concentrations of calcium chloride resulted in gels with higher degree of
rhamnogalacturonan I branching of pectin. Such a cross-linked pectin structure
could achieve retarded release of encapsulated prednisolone in simulated gastric and
intestinal media, whereas a rapid release pattern was observed in simulated colonic
medium from which it may be concluded that the resulting gel would be suitable for
colonic delivery [138].

Gels with double network were prepared with sugar beet pectin and isolates from
soy protein by laccase catalysis and application of heat. It was observed that the gels
had improved water holding capacities and mechanical strength, and therefore, such
gels could be effectively used for delivery of various components [139].

Floating emulsion gel beads were prepared by emulsion gelation methods with
pectin and wax, where the wax added in mixtures of pectin and olive oil was melted,
homogenized, added to the cross-linking solution of calcium chloride and the formed
beads afterwashingwere dried.Metronidazolewas used as themodel drug and loaded
onto the beads. When the amount of oil used was sufficient, the beads floated on the
simulated gastric fluid. Various types of waxes were used in the study. When water-
soluble waxes were used, the drug release increased, but when water insoluble waxes
were used, the drug release was reduced significantly. However, the incorporation of
waxes in the formulation resulted in sustained drug release from the gel beads, while
they floated for prolonged periods of time [140].

4 Conclusion

From the above chapter, it was observed that there are innumerable natural polymers
with significant benefits which are used for preparation of different biopolymeric gel
formulations entrapping active agents and used for drug delivery or other biological
applications. Such biopolymeric gel formulations have immense opportunities for
further research for targeting different disease models. Further research on discovery
and development of new biopolymers is also the call of the day. However, a further
research should be focused on proper in vivo studies, clinical, and toxicological
study to ensure the safety and efficacy of biopolymeric formulations. Overall, it can
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be concluded that biopolymers hold significant potential with respect to targeting
new disease models, development of novel formulations, and medical device and
ensure safety and efficacy for the benefit of the common man.
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