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Abstract

Silver sulfadiazine (AgSD) belongs to the class of sulfonamide, a broad spectrum
antibiotic. It is widely used for treatment of burn, infected and chronic wounds
because of its degradation into Ag™ and sulfadiazine. However, topically AgSD
has limited bioavailability, less solubility and poor penetration. On the other
hand, chitosan (CS) based hydrogels demonstrated lower stabilities and lesser drug
loading efficacies. Consequently, in present work, we have prepared functionalized
sepiolite (F-SEP) incorporated CS and poly(ethylene glycol) (PEG) hydrogels
by solution casting technique for improved AgSD delivery and wound dressing
applications. The fabricated hydrogels were characterized by Fourier transform
infrared spectroscopy, X-ray diffraction, thermal gravimetric analysis and scanning
electron microscopy that confirmed modifications in sepiolite (SEP), development
of hydrogel interfaces and successful AgSD encapsulation. Hydrogels exhibited
swelling capabilities as a function of F-SEP in distilled water that obeyed non-
Fickian diffusion phenomenon. The higher swelling volumes were recorded at
pH 2 and 7. Biodegradation test confirmed their highly degradable nature. F-
SEP not only imparted higher swelling % in hydrogel matrices but also promoted
AgSD encapsulation, antibacterial activity and thermal resilience. In 30 hours,
81.27% of the drug release was observed by using UV-visible spectrophotometer.
AgSD release from DSAR-15 depicted best fit for Korsmeyer-Peppas model with
regression cofficient 0.978. AgSD release from the gel matrix involved swelling as
well as diffusion process. The biodegradable and pH responsive CS/PEG /F-SEP
hydrogel platform could be a valuable choice for sustained delivery of AgSD and
therapeutic payloads for development of efficient dressings for healing wounds.
In future, these hydrogels could also be exploited for tissue engineering, bone

regeneration, and slower release of fertilizers.
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Chapter 1

Introduction

Despite of pharmaceutical advancements in 215 century, preventing deaths from
resistant bacterial infections, maintaining communal belief and low therapeutic
indexes are currently existing challenges. Traditional drug delivery systems have
severe cytotoxic effects on healthy cells. Therefore, pharmaceutical industries are
encountering the concerns related to the product quality, safety, compliance and
cost effectiveness. In the same linking manner, degradation of drug molecules due
to enzymatic actions and hydrolysis are root causes of premature clearance and
poor bioavailability. There are different approaches like enteric coatings, targeted
delivery and pH sensitive release systems that are helpful in providing optimum
bioavailability. In the case of locally administered drugs, more chances are there
for drug molecules to enter into systemic route by diffusion leaving minimal drug
at the affected site for a therapeutic response. In order to achieve the maximum
therapeutic effect at the target sites for optimum results, drug must be admin-
istered in a targeted way which not only improve compliance but also produce

desired therapeutic responses [1].

On the other hand, Ag sulfaidiazine (AgSD) is a broad spectrum, bacteriostatic

antibiotic that belongs to the group of sulfonamides. It is used for the treatment

of burn wounds and bacterial infections in different parts of the body like ears,

brain and urinary tract. The chemical structure of AgSD is depicted in Figure

1.1. Tt is estimated that more than 75% of deaths in burn patients are due to the
1
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multiple infections at wound sites [2]. In addition, according to a report published
by Soedjana et al. 180,000 peoples are died only because of burn wounds annually
[3]. Although, different strategies are opted to prevent infections at burn and
wound sites but death rates are quite high. In this regard, AgSD is an excellent
choice for wound healing and antimicrobial actions because of its degradation into
sulfadiazine and Ag™4 ions. Ag™ ions inhibit synthesis of triphosphates in bacteria
and sulfadiazine prevents formation of folic acid in them. Both these factors not

only disrupt DNA replication but also terminate bacterial reproductive processes

[4].
o 0 N
NN
N R
N N

+
Ag
H,N

FIGURE 1.1: Structural representation of AgSD antibiotic [5].

The poor solubility, inflammation and limited penetration of AgSD are challenges
in the effective delivery of this antibiotic. Consequently, controlled release sys-
tems and CS-based formulations are preferred to promote its solubility /penetra-

tion along with sustained release.

1.1 Hydrogels

Hydrogel-based carriers attracted considerable attention for drug delivery and
wound healing purposes because of their hydrophilic, cross-linked and three - di-
mensional polymeric networks. These are made up of polymers, either natural,
synthetic or semi-synthetic which absorbs and retains lot of water without dissolv-
ing in it [6]. Because of their porous, hydrophilic and water absorbing nature, these

have properties similar to the living tissues and cells [7]. Synthesis of hydrogels
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can be carried out by variety of methods such as co-polymerization, free radical
polymerization, irradiation induced cross-linking, freeze thawing method, solu-
tion casting, graft copolymerization, sol gel method, polyelectrolyte complexation
process, etc. However, initiators are prerequisite to begin polymeric interactions

where monomers contain double bonds [8].

Conventional hydrogels exhibit poor drug loading/release for targeted administra-
tion of pharmaceutical cargos. To broaden the scope of hydrogels, it is imperative
to design non-toxic hydrogel materials for biomedical application having superior
weight bearing capacities and mechanical strengths coupled with improved drug

adsorption/release.

As a wound dressing, hydrogels not only provide a moist environment that gener-
ate soothing and cooling effect at wound site but also absorb wound debris, softens
necrotic tissues, promote cell migrations, accelerate re-epithelialization and pre-

vent dressing stickiness [9-11].

In addition, hydrogel’s swelling effectively respond to environmental stimuli like
pH, ionic strength, electric field, enzyme, temperature, heat, pressure, sound, light,
etc. which could be tuned, tailored and modified to deliver anti-infective agents

at wound site [12].

1.2 Swelling Ability

The swelling action is a unique property of hydrogels in diverse solvents like water,
pH, biological fluids and electrolytes enabling to exploit them in variety of fields
namely biomedicine, soft robotics, agriculture, biology, industry, medical, bio-
separations, environment, etc. [13]. The major steps involved in hydrogel swelling
are depicted in Figure 1.2. Dehydrated and swollen forms of hydrogels are named
as glassy and rubbery states, respectively. When water diffuses into hydrogel
matrix, it relaxes bonds among polymeric moieties. Resultantly, hydrogel expands

and changes from glassy into rubbery state [14].
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1.3 Properties of Hydrogels

Hydrogels have brilliant swelling and elastic properties. Their shapes can be al-
tered easily and are soft in their physical appearance. In addition, these efficiently
respond to temperature, pressures, magnetic field, electric field, ionic strength and
pH. Hydrogels are also biocompatible and immuno-compatible materials because
of their resemblance to living tissues along with no inflammatory responses. Im-
portantly, these are degradable and non-toxic that enable them an agent of choice
for wound dressings, tissue engineering and other medico-biological applications
[15]. Swelling capabilities and porous nature enable hydrogels one of the excellent

medium for the delivery of drugs, therapeutic agents and biological compounds.

Hydrogel Loosning Swelling

FIGURE 1.2: Three steps in hydrogel swelling [16].

1.4 Classification of Hydrogels

Hydrogels can be classified on the basis of their physical properties, composition,
preparatory methods, kind of swelling, origin and type of cross-linking. Hydropho-
bic association, crystallization, chain aggregation, hydrogen bonding and polymer
chain complexion are the physical processes to achieve cross-linking in hydrogel
frameworks. On the other hand, chemical cross-linking is a chemical process that
is exploited to develop covalent linkages to acquire chemical hydrogels. Double-
network hydrogel is another category of physicochemical hydrogel which comprises
the properties of both physical and chemical hydrogels [17]. Likewise, on the basis

of charge hydrogels are divided into cationic, anionic, non-ionic and zwitterionic
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hydrogels. Polymeric origin is another benchmark in order to categorize the hy-
drogels. Hydrogels made up of natural, synthetic and natural-synthetic polymers

are regarded as natural, synthetic and hybrid hydrogels, respectively.

On the basis of response hydrogels are divided into numerous types such as pH sen-
sitive, temperature sensitive, light sensitive, enzyme sensitive, pressure sensitive

hydrogels, etc.

1.5 pH Sensitive Hydrogels

Hydrogels containing polar and charged groups represents swelling regulated by
the pH of medium. This pH dependent swelling actions are dependent on ionic
charge, hydrophilicity, pH of medium and pK, of ionizable groups. pH and poly-
meric functional groups are crucial factors imparting pH responsive behaviors in

hydrogels. Cationic hydrogels swell in acidic pH and vice versa [18].

Hydrogels depicting good swelling performance above pH 7 are exploited to facil-

itate targeted release of medicines in intestine around 7.4 pH [19].

Chitosan (CS), collagen, alginate (Alg), hyaluronic acid, carrageenan, agarose, cel-
lulose, polyphenols, xanthan, pectin, starch, agar, gelatin, chitin, gaur gum and
fibrin are some important biopolymers for fabrication of pH responsive hydrogels
[20]. In the same way, poly(ethylene glycol) (PEG), poly(N-isopropylacrylamide),
poly (N-vinylpyrrolidone) (PVP), poly(ethylene oxide), poly (acrylic acid), poly
(urethane), poly (acrylamide), poly (methyl methacrylate), poly (caprolactone),
and poly (vinyl alcohol) (PVA) are synthetic polymers to make pH receptive hy-
drogels [21].

Thus, pH sensitive swelling capabilities of hydrogels are tuned for targeted and
sustained release of drugs, agro-chemicals and nutrients. Table 1.1 reflects normal

pH of some human organs and fluids.
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1.6 Materials in Hydrogel Synthesis

Hydrogels are unique and versatile materials which can be synthesized by variety
of natural and synthetic polymers. Depending upon type of applications the rein-
forcement materials, nanoparticles, dendrimers, clays and cross-linkers are incor-
porated in hydrogel systems to acquire desired properties. For instance, polyami-
doamine dendrimer, graphene oxide (GO) and sepiolite (SEP) are added to pro-
mote drug release, enhance mechanical properties and improve drug dissolution in

hydrogels, correspondingly.

TABLE 1.1: The pH of human organs/fluids.

Organ/fluid pH Range References

Blood 7.35-7.45
Stomach 2.0

Colon 7.0-7.5 [22]
Duodenum  5.0-8.0

Jejunum 6.0-7.0 [23]
Ileum 7.0

Rectum 4.0-5.0

Vagina 4.0-5.0 [24]
Cecum 6.4 [25]
Saliva 6.7-7.3 [26]

1.6.1 Biopolymers

Biopolymeric hydrogels are prepared from natural polymers only. These poly-
mers are widely available, abundant, affordable, non-toxic, biodegradable, and
have attractive biological features [27]. In Figure 1.3, chemical structures of some
biopolymers are represented which are used in fabrication of hydrogels. Polysac-
charides, nucleic acids, polyamides, polyisoprenoids, polythioesters, polyphenols,
organic and inorganic polyesters are different classes of natural polymers. How-
ever, bio-polysaccharides are unique family of naturally available polymers that
are rich in structural as well as functional diversity [28]. These are also useful as

renewable, modifiable and inexpensive biomaterials because of their exceptional
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bioactive, non-immunogenic, biocompatible, non-carcinogenic and harmless na-

ture.
OH NH;
Q HO
. o o
HO
NH, OH
Cs
0805 0
OH HO
0
COH
0
: OH . HO -
OH e Ho
0
HO o
Carraseenan = -0
OH
OH
HOOC
- ﬂm Guar qum f
I_E.
=S COOCH, L
% i
Pectin Sodium Alg

FIGURE 1.3: Structural depiction of biopolymers along with their pendant
groups [29].

CS is prepared by replacement of acetamido group in chitin with NH2 group as
shown in Figure 1.4. It is nontoxic, biocompatible and biodegradable biopolymer
[30]. Its hydrophilic, adhesive and modifiable nature makes it an excellent choice in
wound healing and drug delivery applications. Although, CS films are poor in their
mechanical properties but, natural-synthetic polymeric combination, modification
of amino and hydroxyl groups and introduction of filler are common approaches
to acquire desired mechanical properties in its films and gels [31]. The key func-
tional groups involved in the synthesis of CS-based hydrogels are hydroxyl and
amino groups that could be modified for desired properties like swelling, gelation,
degradation and hydration [32]. For instance, Islam et al. reported CS/PVA hy-

drogels chemically cross-linked by tetra ethoxy-orthosilicate. The hydrogel blends
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displayed maximum swelling capacity at pH 7. Consequently, the reported sys-
tem was an ideal choice for oral administration of medicines, therapeutic cargos,

nutrients and enzymes [33].

NH.,

=

bH Deacetvlation

CSs

FIGURE 1.4: Chitin de-acetylation to prepare CS [34].

The hydrogels composed of pure CS biopolymer have poor strength which limits
their utilization in drug delivery. Subsequently, hybrid hydrogels are prepared by
mixing synthetic and biopolymers [35].

Synthetic polymers improve strength and modify physicochemical properties in
hydrogel matrices [36]. PVA, PVP, PEG, poly(acrylic acid), etc. are synthetic
polymers extensively exploited for synthesis of hydrogels for wound healing, tissue

engineering, and drug delivery.

1.6.2 Synthetic Polymers

Synthetic polymers are selected in medico-biological industry because of their
economical manufacturing, easier processing, degradation, flexibility in modifica-
tions and higher mechanical performance [37]. Thus, in order to get a collective
advantage and better physicochemical properties, cross-linking biopolymers with

synthetic polymers is useful to acquire desired structural features in hydrogels [38].

PEG, PVA, PVP, poly (urethane), poly (caprlactone), etc. are synthetic polymers
widely utilized for fabrication of hydrogels in variety of biomedical applications
such as wound healing, tissue engineering, wound dressing, regenerative medicines
and drug delivery [39]. Figure 1.5, reflects important synthetic polymers exploited
to produce hybrid hydrogels for drug delivery and medico-biological applications.
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OH N 0
0 H E
- /L w\g P .
n n il
PVA PEG VP
0 0OH
T
|- . P
_ -1 CH- n - -n
poly(acrylic acid) polv(methvlmethacrvlate) palv(acrvlamide)
0

0 . o 0

._\_' “Tr‘ ‘*-\.,f'ﬁo

H 0 n n

polv(urethane) polvicaprolactone)

FIGURE 1.5: Some synthetic polymers exploited to modify hydrogel properties
[40].

PEG is hydrophilic, tasteless, highly water soluble, inert and biocompatible poly-
mer which is exploited in fabrication of three-dimensional hydrogels for carti-
lage regeneration, gene therapy, drug delivery, colonoscopy, bone repair, coat-
ing implants, tissue engineering, nerve regeneration and wound dressing applica-
tions [41-44]. Its inherent two hydroxyl groups could be transformed into azide,
methoxyl, carboxyl, acrylate, amine, thiol and sulfane functionalities. On other
hand, it is already used in surgical scrubs, tablets, medical equipment and eye
ointments [45]. Rasool et al. inspected the impact of mutable PEG molecular
mass on carrageenan/Alg-based hybrid hydrogel cross-linked by 3 - aminopropyl
(triethoxy) silane (APTS) for controlled lidocaine release. The increase in PEG

molecular mass inversely effected antibacterial performances [46].
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1.6.3 Role of Filler

In drug delivery, hydrogel exhibit poor drug loading/release [47]. Therefore, fillers
are used which enhance stability, induce mechanical strength and improve drug
loading/release by providing high surface area. In addition, fillers also impart new
physical and chemical properties in hydrogel systems [48]. Recently, researchers
reported that addition of SEP clay in hydrogel matrix not only improves drug

loading/release but also remarkably enhance mechanical properties [49].

SEP is a soft, porous, white, fibrous, needle-like, hydrous and lightweight clay
of magnesium silicate with chemical formula Mg,SiO;5(OH),.6H,0. Stabilization
of SEP can be improved by using poly electrolytes and mechanical dispersion
technique [50]. It is incorporated as filler in hydrogels not only to enhance surface
area but also to improve drug loading and release. SEP is expected to improve

dissolution of poorly soluble drugs in order to enhance their bioavailability [51].

1.6.4 Cross-linkers

Cross-linkers are used to chemically bind the different components of hydrogels. In
previous studies, hydrogels were mostly made by using cytotoxic cross-linkers like
glutaraldehyde, genipin, borate, epichlorohydrin, etc. [52]. Food and drug admin-
istration approved silane-based cross-linkers which demonstrated better results in
human systems owing to their non-toxic, and biodegradable nature. Silane-based
cross-linkers generate binding among natural/synthetic polymers and fillers by

their amine, amide, carboxyl and hydroxyl functional groups [53].

1.7 Problem Statement

Much attention has been given to develop hydrogels for drug delivery systems.
However, traditional hydrogels are prepared by toxic cross-linkers and also demon-

strated lower drug loading/release ability. Therefore, it is imperious to design pH
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sensitive, biocompatible and inexpensive hybrid hydrogels by using functionalized

SEP (F-SEP) and silane-based cross-linkers for drug delivery applications.

1.8 Scope of Study

Conventional drug delivery systems have shown complete and rapid release of
drugs that has severe physicochemical effects on normal cells. Consequently, re-
searchers have shown great interest to design biopolymeric hybrid hydrogels for

drug delivery and wound dressings.

However, development of more efficient and non- toxic hydrogel dressing capable

for controlled release of drug is a major challenge.

In present work, the fabricated hydrogels will inherit biocompatibility and hydro-

gel formation capability from CS biopolymer.

On the other hand, PEG breeds mechanical strength in hydrogels. SEP is modi-
fied /functionalized with APTS cross-linker and denoted as F-SEP.

The F-SEP not only cross-links CS and PEG but also improve AgSD loading/re-
lease by providing higher surface area to volume ratio and greater dissolution /pen-
etration. Moreover, it is a novel, easy, cost effective and non-toxic hydrogel plat-
form as compared to previously reported methods incorporated with toxic cross-

linking agents like glutaraldehyde, borate, epichlorhydrine, etc.

1.9 Hypothesis

Functionalized sepiolite integrated chitosan/poly(ethylene glycol) hydrogels will
demonstrate pH sensitive, cytocompatible, biodegradable and sustained release of

therapeutics for drug delivery applications.
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1.10 Aim

Development of functionalized sepiolite reinforced inexpensive, cytocompatible,
biodegradable and pH responsive chitosan/poly(ethylene glycol) hydrogel platform

for sustained drug release applications.

1.11 Objectives

1. To synthesize efficient hydrogels for drug delivery system by combining chi-
tosan biopolymer and poly(ethylene glycol) synthetic polymer using func-

tionalized sepiolite.

2. To determine swelling capabilities of the hydrogels in distilled water, buffer

and non-buffer solutions to confirm their pH sensitive behaviors.

3. To investigate in-vitro drug release from drug loaded hydrogels through UV-

visible spectroscopy.

4. To determine biodegradation, cell viability and encapsulation efficacy in
order to exploit hydrogels for in-vivo drug delivery and wound dressings

systems.



Chapter 2

Literature Review

This section spotlights review of literature related to the CS-based hydrogels, their

applications and recent developments.

2.1 CS-based Hydrogels

The blends of CS with other natural/synthetic polymers expanded its utilization
in numerous fields. The hydrogel forming capability of CS is an important devel-
opment. This advancement led researcher working in polymeric and biomedical
sector to realize hydrogel significance in biological systems. CS contains amino
and hydroxyl groups which can be modified and converted into other groups in
order to mend hydrogel properties [54]. The blends of CS with other natural and
synthetic polymers have attained considerable attention in recent years for dif-
ferent medico-biological applications [55]. In hydrogel fabrication, the terminal
hydroxyl groups existent in PEG allow its cross-linking. This is how, it modifies

hydrogel architecture and upgrades their tensile properties.

Biocompatible, biodegradable hydrogels have been designed by using biopolymers
that are susceptible to enzymatic degradation or using synthetic polymers that
possess hydrolysable moieties. Of these, hydrogels CS have received a great deal of
attention due to its well reported biocompatibility, low toxicity and degradability

13
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by human enzymes [56]. When CS aqueous solutions are combined with other
components like polyol salts and polyhydroxy polymers then, temperature sensi-
tive CS hydrogels are obtained. These hydrogels are fluid at room temperature
and become a transparent gel at temperatures above 35 °C. Therefore, these can

be opted as injectable materials for drug delivery applications [57].

Rasool et al. reported CS/PVP hydrogels cross-linked by APTS that exhibited
maximum swelling activity at pH 2. The hydrogel blends also demonstrated con-
trolled cefixime release (81.6%) up to 12 hours. Author concluded that, this could
be useful model platform for delivery of drugs in acidic environment. The same
research group also fabricated the CS/PVP /poly(acrylic acid) formulation loaded
with AgSD for wound healing applications. Poassium persulfate initiator was used
to chemically bound hydrogel ingredients. Hydrogels demonstrated maximum
swelling actions at pH 8. Moreover, 91.2% sulfafiazine was released in phosphate

buffer saline solution (PBS) in 1 hour [58].

In the same liking manner, Qureshi et al. investigated effect of variable quan-
tity of GO on CS/PVP /polyamidoamine (PAMA) dendrimeric hydrogels. It was
inferred that increase in GO decreased the swelling capacities and upgraded the
thermal resilience and degradation behaviors of CS/PVP/PAMA /GO hydrogels.
In 4 hours, 83.7% of cephradine was released in sustained manner. This plat-
form represented maximum swelling and release of cephradine antibiotic at basic
pH (8.0). Therefore, this could be useful for delivery of drugs in intestine [59].
Further, the research group also prepared similar composition of CS/PVA /GO by
mutable amount of PAMA. The highest swelling performances were recorded at
pH 4. The resulting hydrogels reflected 85% of cefixime release in 8.5 hours in
simulated gastric fluid. The reported platform seems to be promising and reliable
for medico-biological applications [60]. Likewise, Naz et al. reported CS-based

nanofibers that reflected 90% of cephradine release in 2 hours and 40 minutes [61].

Sorasitthiyanukarn et al. synthesized CS/Alg hydrogels system loaded with cur-
cumin diglutaric acid nanoparticles for oral delivery. The fabricated hydrogel
system displayed good stability in gastrointestinal environment coupled with ex-

cellent cellular uptake of curcumin diglutaric acid as compared to its direct use.
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The release of curcumin diglutaric acid from hydrogels followed Weibull kinetics.
Authors stated that CS/Alg loaded with curcumin diglutaric acid nanoparticles

could be a model platform which can improve its anticancer efficiency [62].

Lejardi et al. modified PVA with glycolic acid and then blended it with CS to
produce hydrogels. The pH of blending mixture was maintained at 6.8 at ambient
temperature. It was deduced that plasticity and flexibility of hydrogel material was
considerably improved by the increase in the amount of afore-mentioned modified
PVA. Author claimed these hydrogel composites could be useful as injectable for
biomedical engineering [63]. Laura et al. formed semi-interpenetrating hydrogel
materials made of CS/agarose cross-linked by dextrin. Author also examined
the role of hydrogel composition and extent of dextrin oxidation on development
of hydrogel frameworks. The development of networks in hydrogel is governed by
dextrin degree of oxidation. Moreover, slight amount of agarose directly effects the
formation of frameworks. The reported hydrogels are seemed to be appropriate for
three-dimensional printing, tissue engineering and wound dressing purposes [64].
In the same liking manner, Zhang et al. formulated pH and thermal responsive
carboxymethyl CS /poly (N - isopropylacrylamide) - glycidyl methacrylate hybrid

injectable materials by ultraviolet radiations for local administration of drugs [65].

Islam et al. fabricated CS/PVA hydrogels chemical cross-linked by silane cross-
linker namely tetra-ethoxy ortho-silicate. The changes in the PVA content in
CS/PVA hydrogels inversely influenced the swelling in hydrogel. CS/PVA hydro-
gels have also demonstrated pH dependent swelling. Hydrogels showed highest
swelling volumes at pH 7, while lower swelling volumes were calculated in acidic
and basic media. This characteristic pH sensitive swelling could be explored for

oral administration of therapeutic payloads [66].

Fujun et al. developed bactericidal CS/starch hydrogel membranes. The flexibil-
ity in the membranes was established by the addition of glycerin as plasticizing
agent. In this way, the elongation at break were enhanced that might be due to
the association of -OH group of starch and -NH2 moiety of CS. These hydrogel

materials represented excellent antibacterial action against Escherichia coli (E.
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coli) [67]. Archana et al. synthesized wound dressing by loading TiOy nanoparti-
cles on CS/pectin to determine wound healing, antimicrobial and biocompatible
property. The photo sensitive responses of TiO, enable its use as biosensors for
medical uses. CS can be simply processed into gels, membranes, films, scaffolds,

nanofibers, beads and nanoparticles which can be used for wound healing purposes

68].

2.2 Applications of Hydrogels

Hydrogels are useful, diverse and flexible in their applications in different fields
like biomedicine, water purification, dyes adsorption, controlled release of agro-
chemicals, food preservation, water proofing, diaper industry, permeable mem-
branes, biosensors, soil improvement, wastewater treatment, growth in nurseries,
hygiene products, etc. [69-71]. In biomedical industry these are extensively used
in wound care, contact lens, cancer treatments, ocular ointments, dental care and
regenerative medicines. In tissue engineering, hydrogels are employed as drug car-
rier, filler, cell support materials and also aid in ideal tissue development [72]. In

Figure 2.1, applications of hydrogels in biomedical sector are summarized.

However, majority applications of hydrogels are focused on drug delivery. Intelli-
gent hydrogels in the drug delivery systems smartly respond to the physiological
needs, sense changes and then adjust the drug release pattern accordingly. Smart
hydrogels also adjust the drug delivery profiles by self-regulated or pulsed mech-
anisms [73]. Researchers have extensively concentrated on preparation and inves-
tigation of hydrogels built by various polymers for drug delivery purposes [74].
Hydrogels that swell and contract in response to external pH possess potential
application in the site-specific delivery of drugs to specific regions of gastrointesti-
nal tract [75]. In Table 2.1, advatages and disadvantages of CS-based hydrgels are
vetted.
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FIGURE 2.1: Hydrogels applications in biomedical engineering.

TABLE 2.1: CS in hydrogel applications

Advantages

Disadvantage

Antimicrobial
Antibacterial
Anti-oxidant
Non-toxic
Porous in structure
Biocompatible
Softens the skin
Biodegradable
Modifiable
Bioactive
Abundant

Inexpensive

Cross-linking in CS may affect its intrinsic

properties

Transplantation is not feasible for organ replacement because of limited donors.

Therefore, tissue engineering and three-dimensional bioprinting are the modern

techniques that are used to repair and regenerate damaged and even lost tissues.

The structural similarity of CS with glucosaminoglycans enable it an excellent
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choice for tissue engineering [76]. The major problem with CS is its poor strength
and brittle films. Consequently, its scaffolds are prepared by the combination of
natural and synthetic polymers with aid of chemical cross-linker. In addition, the
flexibility of scaffolds is achieved by the addition of plasticizer like glycerin [77]. For
example, Wang and his coworkers incorporated cellulose acetate, poly(acronitrile)
nanofibers and SiO2 nanofibers in CS matrix that resulted in enhanced mechanical

performance [78].

Recently, Qureshi et al. reported poly(amididoamine)/carrageenan/Na-Alg/PVA
hydrogels cross-linked by changing the concentration of 3 - aminopropyl (diethoxy)
methyl silane. Hydrogels revealed excellent cell viabilities against DF-1 fibroblasts
cells and proven their biodegradable and biocompatible nature. In 13.5 hours,
81.25 and 77.23% of methotrexate was released at pH 7.4 (blood pH) and 5.3
(tumor pH) in PBS by super case II mechanism and best fitted to Zero order
and Korsmeyer-Peppas model. The synthesized Alg-based dendrimeric hydrogel

platform could be effective for delivery of anti-cancerous compounds [79].

Diabetes and diabetic wounds are most burning challenge in present world in
which not only blood glucose level rises from optimum level but also causes vari-
ety of microbial infections and inflammations on wound site. Currently, in practice
anti-diabetic treatments have several limitations related to the bioavailability, side
effects, dosage and prolonged action. Thus, Na-Alg and CS are promising can-
didates to solve these problems by efficient transport of anti-diabetic medicines
[80]. Similarly, Mor and coworkers reported Alg modified guanidine derivative fol-
lowed by coating of ZnO for bactericidal activity and precise release of curcumin.
The reported platform demonstrated excellent antibacterial activity against both
gram-positive and gram-negative bacteria. Author concluded that this platform
could be ideal for development of wound dressings for diabetic wounds using Na-

Alg/guanidine/Zn0O nanoparticles [81].

There are numerous research reports for development of oral and gastrointestinal
delivery platforms by exploring bio-adhesive, biocompatible, muco-adhesive and
non-hazardous nature of Alg and CS to make tablets. Glycoproteins in gastroin-

testinal tract interact with CS which increases the time period of the CS-based
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compounds in alimentary canal. Resultantly, the bioavailability of the loaded
drug is enhanced [82]. Overall biomedical applications of CS-based hydrogels are

summarized in Figure 2.2.

Hydogels
for

Biomedicines “-.'_:;

Immuno-
modulation

FIGURE 2.2: CS-based hydrogels for biomedical applications.

Adsorption is a cost-effective method for treatment of polluted waters. Now days,
a cost effective and environment friendly hydrogel adsorbents are used. Hydrogels
are capable to remove the pollutants and metal ions from the contaminated water
[83]. CS-based hydrogels beads also provide more active binding sites for metal
ions. Modified and cross-linked CS and its composites were also investigated as
sorbents for removing copper (Cu®") and lead (Pb?") from aqueous solutions.
These hydrogels have a high affinity for pollutants, such as heavy metals, organic
contaminants and microorganisms, allowing them to effectively remove these sub-

stances from water sources [84].
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2.3 CS-based Wound Dressings

CS-based wound dressings are reliable choice for curing wounds because, it effec-
tively prevent entry of pathogens in the body. It also promotes RBC aggregation
and platelets adhesion. Consequently, CS-based hydrogel dressings are preferred
in burn, infection, diabetic and surgical wounds owing to their soft texture, safety,

degradation and bio-adhesion.

2.3.1 Stages in Wound Healing Process

Wound management is a major clinical concern because of the complex process in-
volved in healing process. Wound healing is a very complex, overlapped, regulated,
multi-step and highly coordinated process. In this process variety of hormones,
metallic ions, cytokines and cells are involved for repairmen of injured tissue.
There are four steps involved in healing wounds namely, hemostasis, inflamma-

tion, proliferation and remodeling.

In hemostasis, blood vessels are damaged therefore, thrombin stops bleeding.
Moreover, tissue factor initiate platelets activation followed by aggregation [85].
In the second inflammatory step, damaged cells release chemokines in order to
appeal neutrophils and macrophages at the site of injury. The major role of neu-
trophil at injury site is to treat wound by their phagocytic and bactericidal actions
that ultimately remove necrotic tissues as well as bacteria [86]. Macrophages also
provide variety of growth factors necessary for the regulation of angiogenesis and
remodeling [87]. In proliferation, critical events of wound repair take place includ-
ing formation of granulated tissues, collagen formation, angiogenesis, epithelial-
ization and transformation of fibroblasts into myofibroblasts [88]. The final step
of wound repair process is remodeling in which collagen type-III is replaced by

collagen type-I that breed toughness in the tissues to acquire pre-wound shape.
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2.3.2 CS-based Hydrogels for Healing Skin Wounds

CS stands out as a promising biopolymer for the fabrication of dressings to cure
skin wounds. This is because of its inherited extraordinary properties. For in-
stance, CS hydrogels possess well reported antimicrobial activity to rupture the
bacterial and fungal membranes [89]. In the same way, these hydrogels displayed
self-healing capabilities along with stimuli responsive nature dependent upon pH,
temperature, ionic strength, light, etc. Likewise, anti-oxidant property of CS hy-
drogels is effective to reduce reactive oxygen species (ROS) which is the main

reason in chronic wounds.

In addition, positive charge in CS binds to the negative groups of cell membrane
that enable CS- based hydrogels a highly effective hemostatic agent to stop bleed-
ing, enhance aggregation and platelet adhesion. The above-mentioned properties

of CS hydrogels motivated researchers to exploit them in skin wound dressings.

The high ROS in burn wound accompanied with pain, infections and fluid losses
are the major factors leads to the chronic inflammation. Therefore, carboxymethly
CS loaded with curcumin is reported by the Yang et al. for burn wounds to reduce

ROS. Authors used ROS sensitive cross-linker during the synthesis.

Carboxymethly CS and curcumin accelerate burn wound healing. Moreover, by
the passage of time curcumin also released from hydrogel dressing and provide
further therapeutic effect by its anti-oxidant and anti-inflammatory activity [90].
Table 2.2 provides a brief summary of applications of CS-based hydrogel dressing

for healing skin wounds.

Post-surgical infection and bleeding are the major causes of deaths. Therefore,
biocompatible materials with multiple, antimicrobial, anti-oxidant, hemostatic ac-
tivities are ideal. In this regard, CS hydrogels are hemo-compatible, cell friendly,

inexpensive and flexible for the treatment of surgical wounds.

Geng et al. reported CS-based hydrogel incorporated with cynomolgus extract

that demonstrated exceptional hemostatic ability in hemorrhagic liver in-vivo
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model [91]. Tan et al. also used quaternized CS dressing with exceptional ad-
hesion, water absorption, RBCs and platelet adhesion coupled with antimicrobial

action [92].

In order to cure infected wounds, Bai et al. designed quaternary CS/hyaluronic
acid/galic acid dressing. The resulting dressing demonstrated the excellent ad-
hesion, drug release, degradation and hemostatic behavior. When the dressing
was loaded with mupirocin, it aided in cell migration and enhanced anti-oxidant
actions. In addition, this dressing effectively inhibited the factors causing inflam-

matory responses in wounds [93].

TABLE 2.2: CS-based hydrogels for the treatment of different kinds of wounds.

Hydrogel Dressings Application Reference
CS/poloxamer /hyaluronic acid Burn wound [94]
Collagen/CS Burn wound grade I1T  [95]
CS/poly(urethane) /minocycline Burn wound [96]
CS/honey/gelatin Burn wound grade IT  [97]
CS/gelatin/sponge Surgical wound [98]
CS/sulphonamide Surgical wound [99]
CS/Ag nanoparticles Surgical wound [100]
Lipoic acid modified CS Infected wound [101]
Cefuroxime/CS Infected wound [102]
CS/PVA /mupirocin/CeOs nanoparticles Infected wound [103]
CS acetate Infected wound [104]
CS/PEG /methacrylate/ciprofloxacin Infected wound [105]
CS/acrylic acid/Ag nanoparticles Diabetic wound [106]
CS/PVA nanofiber Diabetic wound [107]
CS/streptozotocin Diabetic wound [108]
CS/microsphere/activated carbon Chronic wound [109]
CS/Ce02/vancomycin Chronic wound [110]
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Material and Methods

3.1 Chemicals and Reagents

CS (Mw: 190-310 kDa, viscosity > 200 cP, 75% deacetylation and bulk density
0.15-0.30 g/cm?®). PEG (Mw: 8000 g/mol, powder, 99% pure), SEP clay powder
(Magnesium13%), APTS (Mw: 221.37 g/mol, faint yellow, 98% pure), sodium
hydroxide (Mw: 40 g/mol) and calcium chloride (Mw: 110.99 g/mol, anhydrous),
hydrochloric acid (Mw: 36.46 g/mol) and proteinase-K (Mw: 29kDa were pro-
cured from Sigma Aldrich. AgSD drug (357.14 g/mol, 99% pure) was purchased
from a local company Henzils Pharma, Lahore, Pakistan. Finally, ethanol (Mw:
46.06 g/mol), Acetic acid (Mw: 60.5 g/mol, 99%), sodium chloride (Mw: 58.5
g/mol) and potassium chloride (Mw: 74.55 g/mol) were brought into use from
Daejung. Beside afore-mentioned chemicals distilled water was used for solution

preparations.

3.2 SEP Clay Modification

In 50 mL ethyl alcohol, 5g of SEP clay was added followed by the stirring for 2
hours at 80 °C. In subsequent step, 5 mL of APTS was poured in afore-mentioned

23
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mixture and agitated for 24 hours. After that, the F-SEP (functionalized SEP)

was thoroughly washed with deionized water

3.3 Hydrogel Preparation

Solution casting technique was used for synthesis of F-SEP incorporated CS/PEG
hydrogels because of low temperature synthesis and flexibility in addition of filler
[111]. In the first step CS (0.5g) was dissolved in 50 mL of 2% acetic acid. On
the other hand, PEG (0.5g) was dissolved in 30 mL distilled water. In the second
step, both above-prepared solutions were assorted under constant agitation at 70
°C for 2 hours to acquire a homogenous solution. In the third step, F-SEP (5, 10,
15 and 20 mg) was sonicated in 10 mL of deionized water up to 30 minutes and
then transferred to blending mixture followed by incessant stirring for 3 hours.
Finally, solutions were transferred in polystyrene petri plates to dry at room tem-
perature to acquire dry hydrogels. The entire procedure for hydrogel fabrication
was performed at 70 °C under persistent agitation. Hydrogel formulations were
coded as SAR(cont), SAR-5, SAR-10, SAR-15 and SAR-20. The composition of
each hydrogel film is provided in the Table 3.1.

TABLE 3.1: The composition of CS/PEG/F-SEP hydrogels.

Hydrogels CS (g) PEG (g) F-SEP (mg) AgSD (mg)

SAR(cont) 0.5 0.5 0 -
SAR-5 0.5 0.5 5 -
SAR-10 0.5 0.5 10 -
SAR-15 0.5 0.5 15 -
SAR-20 0.5 0.5 20 -
DSAR-15 0.5 0.5 15 100

3.4 Hydrogel Characterization

Following material characterization techniques were used for the characterization

of hydrogels reported in present study;
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3.4.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR provides information about presence of different functional group in organic,
inorganic and polymeric samples. It also identifies chemical bonding in molecules
and produces infrared absorption spectrum. The spectrum creates a sketch re-
garding sample, a characteristic molecular fingerprint which can be utilized to
screen and scan samples of numerous constituents. The development of hydro-
gel interfaces, binding/cross-linking, drug loading and existence of corresponding
functional groups was confirmed by FTIR [112]. The dried hydrogels were sub-

jected to the instrument under vacuum at a scan range of 400-4000 cm™?.

3.4.2 Thermo Gravimetric Analysis (TGA)

In TGA physicochemical changes in mass of the sample can be determined un-
der controlled temperature program in presence of nitrogen, air, vacuum or any
other inert gas. Measurements that represent a loss in mass indicate sample’s
degradation while gain of mass shows reaction of a sample with air [113]. This
method could be used to evaluate and compare stabilities, binding capabilities of
different components blended to acquire hydrogels. In present work, development
of binding forces among hydrogel components were assessed via TGA Q50 built
in USA by Thermal Analysis Instrument. The 4.0 mg of dried sample was placed
in platinum pan in inert atmosphere maintained by continuous purging of Ny gas

at flow rate of 10 mL/minute. The heating rate 10°C/minute was maintained.

3.4.3 X-ray Diffraction (XRD)

XRD is an analytical technique frequently used for characterization of crystalline
materials. It provides information about crystallinity, phases, particle sizes and
grain sizes. It is also used to determine crystallinity in hydrogels to assess their
strength and mechanical characteristics. Braggs equation is used for qualitative
control over structure [114]. Constructive interference can be described by using

Bragg’s law, depicted in Equation 3.1.
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2dSin® = nA\ (3.1)

XRD analyses of fabricated hydrogels were performed by PANalytical diffractome-
ter attached with Cu Ka radiations at wavelength of 1.544 A. The 26 range of

working is 5-80°.

3.4.4 Scanning Electron Microscopy (SEM)

SEM is a powerful technique that provides information about particle size, shape
of powder and surface morphologies over a wide range of magnification. It requires
very small volume of sample’s spot focused by electron’s beam. In SEM primary
electrons are bombarded on the sample to eject secondary electrons from it. These
secondary electrons are then attracted towards positive grid and detector receives
signals in result which are amplified. It can be utilized to study surface topography,
elemental analysis and porosity of hydrogels [115]. The surface morphology of
SAR-15 and AgSD loaded SAR-15 (coded as DSAR-15) was determined by FE-
SEM (JSM-6490A JEOL, Japan). Hydrogels were subjected to a process of gold-
palladium sputter coating using a sputter coating instrument (JEOL JFC-1500,

Japan) to impart the conductivity prior to analysis.

3.5 In-vitro Biodegradation

For biomedical applications, biodegradability of hydrogel is a fundamental pre-
condition. Hence, biodegradability of hydrogels was investigated in proteinase-K
solution. 0.2 mg/mL solution of proteinase-K was prepared in PBS [116]. Subse-
quently, 50 mg of each hydrogel was placed in 30 mL of above-mentioned enzyme
solution. After 1, 3 and 7 days the gel was taken out from the solution. The surface
water was removed with the aid of a filter paper and weight loss was computed

by deduction of initial and final weights using Equation 3.2.
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Biodegradation(%) = 2% % 100 (3.2)
Wo

Whereas, Wy and W are the weights of hydrogels before and after biodegradation,

accordingly.

3.6 Swelling Analysis

Swelling is an important test not only to confirm hydrogel synthesis but also
important for pH responsive release of therapeutic cargos. Thus swelling % of
hydrogels were determined by placing 10 mg of each gel in distilled water, buffer
solution and non-buffer solutions. After every 10 minutes the hydrogel was taken
out from the aqueous solution and their surface water was removed by filter paper
followed by weight measurement via sensitive balance [117]. The swollen hydrogel
was again placed in the same solvent and the process was repeated till the estab-
lishment of swelling equilibrium. Following Equation 3.3 was used to compute the

swelling %;

Swelling(%) = ws; L 100 (3.3)
d

W, and W, symbolize the swollen and dry weights of hydrogel, correspondingly.

Non-buffer solutions of pH 2, 4, 6, 7, 8 and 10 were prepared by using 0.01M
HCI and 0.01M NaOH. Likewise, buffer solutions of pH 2, 4, 6, 7, 8 and 10 were
prepared from the buffer tablets marketed by BDH Laboratories London.

3.7 Cytocompatibility Assay

An examination of cytotoxicity of hydrogel samples were conducted using (3 -
(4, 5-dimethylthiazol-2-yl) - 2,5-diphenyltet-razolium bromide (MTT) assay and

human embryonic kidney (HEK-293) cell line. The cell cultures were cultivated in
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dulbecco’s modified eagle medium containing 10% fetal bovine serum [118]. The

cultivation was done at 37 °C in CO, incubator.

Each individual well of a micro plate was occupied with a volume of 10,000 cells and
0.2 mL of dulbecco’s modified eagle medium seeded on each hydrogel formulation

followed by incubation for 24 hours.

Subsequently, each well poured with supplementary volume of 0.02 mL of MTT
reagent to instigate the cellular reaction and engender formazan salts via the
functioning of cellular mitochondrial dehydrogenases. After a reaction period of 2
hours at a temperature of 37 °C, the quantity of formazan salts was assessed at a

wavelength of 450 nm employing a microplate reader [119].

The metabolic activities were then compared to those of HEK-293 cells that were
employed as a growth reference in the absence of hydrogels. The cell viability was

computed by using Equation 3.4;

Absorb test
Cell viability = SOTOANEC T 100 (3.4)

Absorbance control

3.8 Antibacterial Assay

Agar-disc diffusion method against gram negative E. coli was brought into use
for determining antibacterial activities of SAR-5, SAR-10, SAR-15 and SAR-20.
Lysogeny broth (5 mL) was prepared at pH 7.4 followed by overnight incubation
at 37 °C. On the other hand, hydrogel samples were placed in Whatman filter
paper disc. In the next step, 15 mL of melted lysogeny agar was located on sterile
petri plates for solidification and 50 uL of bacterial culture (E. coli) was poured
and uniformly spread followed by incubation at 37 °C for 24 hours. Afterward,

the zones of inhibition were calculated using micrometer [120].
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3.9 In-vitro Encapsulation Efficiency (EE)

For EE, AgSD (100 mg) loaded hydrogel submerged in 50 mL of PBS solution at
pH 7.4 at room temperature. After 24 hours, the solution was stirred for 10 min-
utes, filtered and the absorbance values were recorded by UV-visible spectropho-
tometer at 254 nm [121]. Percentage encapsulation was determined by equation

3.5 given below;

Actual drug concentration
EFE = x 100 3.5
(%) Theoretical drug concentration (35)

3.10 Drug Loading and Release

AgSD was loaded on SAR-15 hydrogel. For AgSD loading, CS/PEG homogenous
blend was prepared as described in the section 3.3. Afterwards, 100 mg of AgSD
was dissolved in 10 mL of methanol and added to the CS/PEG blend followed by
agitation for additional 1 hour. After that, F-SEP (15 mg) was taken in 10 mL
deionized water and sonicated up to 30 minutes followed by addition in blending

mixture. The blend was agitated for 3 hours and followed the same procedure

stated in section 3.3 to acquire DSAR-15 (AgSD loaded SAR-15).

For drug release experiment, 1M PBS solution was prepared and its pH was ad-
justed to 7.4 followed by autoclave sterilization. Subsequently, DSAR-15 was
placed in 200 mL of PBS and after every 30 minutes the solution was drawn and
subjected to the UV-visible spectrophotometer at wavelength of 254 nm. The
quantity of AgSD release from the hydrogel was calculated from standard calibra-

tion curve.

3.11 AgSD Release Kinetics

The AgSD release kinetics with respect to time was studied by First order, Zero

order, Higuchi and Korsmeyer-Peppas empirical models and their mathematical
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forms are stated from Equation 3.6-3.9, respectively [122]. These models provide
us mechanistic understanding and process involved in drug (AgSD) release from

DSAR-15 hydrogel.

kt
First ord del logM; = logM, — ——— 3.6
irst order mode ogM; = log 5303 (3.6)
Zero order model M, = M, + Kt (3.7)
Higuchi model ft =QKpy x t'/? (3.8)
M,
Korsmeyer-Peppas model In Mt = nint + Ink (3.9)

o

In above-mentioned mathematical equations, K, K, and Ky are rate constants.
On the other hand, M, and M, are the total loaded AgSD and AgSD released from

hydrogel in time ‘t’, correspondingly.

3.12 Statistical Analysis

The Origin Lab Corporation (Northampton, USA) produced Origin Pro 8.51 soft-
ware, which was utilized for the statistical analysis of the numerical datasets and
results. Statistical variances were calculated by Tukey test and one-way ANOVA.
A p < 0.05 was considered significant and data is represented in mean + standard

deviation.
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Results

4.1 Scheme

The process of SEP modification, hydrogel fabrication and AgSD loading is briefly

summarized in Figure 4.1 along with anticipated scheme.

Sepiolite modified APTES X . Drug loaded Hydrogel
Solution Casting

I »
e uw -y + MpdiSi, XL ‘ b 5 el -

o Thdh
(3-Aminopropyi) rriethaxysilaie (APTES) Sepinfite powder Sepiotite modified APTES

FIGURE 4.1: Graphical depiction of gel synthesis, SEP functionalization and
proposed scheme.
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4.2 Hydrogel Synthesis

In Figure 4.2, the pictures of F-SEP reinforced CS/PEG hydrogels are displayed

using solution

FIGURE 4.2: The images of prepared CS/PEG/F-SEP hydrogels.

4.3 FTIR

The successful SEP functionalization to acquire F-SEP is confirmed by the FTIR.
The comparison of FT-IR spectrum recorded for F-SEP and non-functionalized
SEP is displayed in Figure 4.3. On other hand, development of hydrogel interfaces
by the interactions of functional groups among CS, PEG, and F-SEP are also
established in FTIR analysis. Figure 4.4 reflects the FTIR spectrums for the
fabricated hydrogels coded as SAR(cont), SAR-5, SAR-10, SAR-15 and SAR-20.
In addition, establishment of siloxane linkages at 1021 cm™! confirm the effective
synthesis of hydrogels by mutable amount of F-SEP. However, this peak is absent
in SAR(cont) due to the absence of F-SEP. The loading of AgSD on SAR-15
specimen is also verified by FTIR and represented in the Figure 4.5.
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4.4 Thermal Analysis

Thermal resilience of the fabricated hydrogels is analyzed by using TGA Q50.
This test attests development of binding forces among hydrogel components by
the variation in F-SEP quantity. In addition, it also confirms the claimed de-
velopment of binding forces which are proportional to the quantity of F-SEP. In
Figure 4.6, thermogram of SAR(cont), SAR-5, SAR-10, SAR-15 and SAR-20 are
demonstrated which revealed that increase in SEP quantity directly influence the
thermal stability. Weight losses (%) of synthesized hydrogels are appended in
Table 4.1.

4.5 XRD Analysis

The pure CS, PEG and SEP reflect semi crystalline XRD patterns. CS shows two
XRD peaks at 2, 10° and 20°. However, XRD peaks of fabricated hydrogels are
uniform and amorphous in nature where, the peak at 2 =12° is negligible. The

XRD spectrographs are represented in Figure 4.7.
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TABLE 4.1: Weight loss % of hydrogels in different temperature regions.

Temperature Zone (°C) SAR(cont) SAR-5 SAR-10 SAR-15 SAR-20
30-100 9.62 9.23 8.98 8.64 9.62
101-400 50.06 43.95 42.20 38.18 36.38
401-650 37.57 30.24 34.02 26.84 28.58
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4.6 Morphological Studies

The shiny and bright surfaces of SAR-15 and DSAR-15 are subjected to FE-SEM
in order to acquire micrographs. As indicated in Figure 4.8, SEM micrographs of

SAR-15 showcased highly porous, rough and heterogeneous surface.

FIGURE 4.8: SEM micrographs of SAR-15.

FIGURE 4.9: SEM micrographs of DSAR-15.

Loading AgSD in SAR-15 (coded as DSAR-15) displayed relatively even surfaces
along with a considerable decrease in the pores displayed in Figure 4.9. Moreover,
the drug molecules are also visible on the surface which endorsed AgSD loading

in DSAR-15.
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4.7 In-vitro Biodegradation

Biodegradation is prerequisite for any material to exploit it for medico-biological
applications. Therefore, every hydrogel is immersed in proteinase-K enzyme so-
lution prepared in PBS in order to observe their degradation capabilities. Re-
sultantly, SAR(cont), SAR-5, SAR-10, SAR-15 and SAR-20 are biodegraded as
85, 86.2, 86.3, 87.5 and 92%, respectively in seven days. It is evident from Fig-
ure 4.10 that hydrogels are biodegradable and can be tainted by in-vivo enzymes.
Moreover, degradation of hydrogels increased by the increase in the amount of

F-SEP.
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FIGURE 4.10: In-vitro biodegradation of hydrogels in enzymatic solution.

4.8 Swelling Analyses

Swelling ability is a unique characteristic of hydrogels in the presence of appro-
priate solvents. Hydrogels are capable to swell in aqueous solutions without dis-
solving in it which enables them to carry therapeutic cargos for their targeted and
sustained release in drug delivery [123]. Thus, swelling profile of hydrogels are

observed in distilled water, buffer /non-buffers and electrolytic solutions.
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4.8.1 Swelling in Distilled Water

When hydrogels are subjected to pure distilled water, their swelling are increased
as a function of time as shown in Figure 4.11. The swelling equilibrium is es-
tablished at 140 minutes. Thereafter, no rapid increase in swelling volumes is
observed. It is observed that swelling is proportional to the amount of F-SEP
added in the gel. The reason why, SAR-20 reflected highest swelling (2544%) and
SAP(cont) displayed lowest swelling (644%).
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FIGURE 4.11: Swelling responses of hydrogels in distilled water.

The entry of water by inside hydrogels is governed by diffusion. The actual mech-
anism involved in the diffusion of water in hydrogels is determined by plotting
calibration curves (shown in Figure 4.12) from swelling data using Equation 4.1.
Where, F, k, t and n corresponds to the swelling, swelling rate constant, time taken
by gel to swell and swelling exponent, respectively. The computed swelling fac-
tors are tabulated in Table 4.2. The value of “n” specifies the nature of diffusion
process for captivation and release of water molecules. The prepared hydrogels

followed quasi-Fickian diffusion model for entry/exit of water molecules because
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the value of “n” is greater than 0.5 as provided in Table 4.2.
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FIGURE 4.12: Calibration curves used to calculate diffusion factors.

4.8.2 Swelling in Non-buffers and Buffers

The swelling ability of hydrogels is influenced by different stimuli such as pH,

temperature, osmotic pressure, electric and magnetic field. In drug delivery ap-

plications, usually pH targeting is preferred [124]. The reason why swelling %

at different pH (2, 4, 6, 7, 8 and 10) are investigated in non-buffer and buffer

solutions.

TABLE 4.2: Different diffusion factors calculated from swelling data.

Parameters SAR(cont) SAR-5 SAR-10 SAR-15 SAR-20
Adj. R-Square 0.107 0.986 0.982 0.995 0.991
R-Square (COD) 0.156 0.987 0.983 0.991 0.993
Pearson’s r 0.399 0.993 0.991 0.995 0.996
Slope (n) 0.123 0.524 0.521 0.509 0.511
Intercept 5.655 4.712 4.951 5.191 5.295

k 285.716 111.274  141.316 179.648 199.338
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In non-buffer solutions, hydrogels illustrated a pH responsive swelling behavior. In
extreme acidic environment (pH 2) the swelling % are maximum. Apart from pH 2,
increase in pH decreased the swelling volumes up to pH 6. At pH 7, the swelling
volumes of hydrogels are better. In basic medium, swelling volumes are very
limited as represented in Figure 4.13. All hydrogels reflected higher swelling at pH
2 and 7 which can be exploited for pH targeted release of drugs and development
of drug loaded wound dressings [125]. In buffer solutions, the swelling profile
of hydrogels is similar to that in non-buffer solutions as shown in Figure 4.14.
However, in buffer solution swelling volumes are considerably lower as compared
to the swelling % in non-buffer solutions at corresponding pH. For instance, the
highest swelling % of SAR-20 in non-buffers and buffers at pH 2 is 4006 and 2950%,

correspondingly.

4.8.3 Swelling in Ionic Media

Hydrogel’s swelling is highly dependent upon nature, kind, charges and concen-

tration of ions.
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FIGURE 4.13: Swelling responses of hydrogels in non-buffers.
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In addition, these ions can also be encountered in in-vivo applications.

Thus,

swelling capacities of hydrogels are evaluated in variable strength of NaCl and

CaCly solutions. Both compounds have different cations and same anion which

means their charge to size ratio is different (Ca*" and Na'™).

The recorded swelling responses of hydrogels are presented in Figure 4.15 and

Figure 4.16. It is inferred from the comparison of Figure 4.15 and Figure 4.16

that swellings of CS/PEG /F-SEP hydrogels are inversely proportional to the molar

concentration of NaCl and CaCls,.

However, swelling responses in NaCl are relatively greater as compared to the

CaCly at any specific concentration. For example, swelling volumes of SAR-10 at

0.2M strength of NaCl and CaCl, are 1378 and 1120%, respectively.
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4.9 Cell Viability Assay
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Cell viability is very important for a hydrogels to further exploit them for in-

vivo biomedical applications. Therefore, viability of F-SEP reinforced CS/PEG

hydrogels are evaluated against HEK-293 cells using MTT assay.
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FIGURE 4.17: Viability of hydrogels against HEK-293 cell lines in MTT assay.

As a result 98.17, 119.0, 114.34, 121.94, 169.84 and 157.41% viabilities are ob-
served for control (HEK-293 cells only), SAR(cont), SAR-5, SAR-10, SAR-15 and
SAR-20, correspondingly. The results represented in Figure 4.17 confirmed cy-
tocompatible, viable and non-toxic hydrogel platforms for drug delivery, wound

dressing and other medico-biological applications.

4.10 EE%

100 mg of AgSD encapsulated SAR(cont), SAR-5, SAR-10, SAR-15 and SAR-20
are placed in 50 mL of PBS for 24 hours at pH 7.4. After that, the solution is
stirred for 10 minutes and absorbance values are recorded by UV-visible spec-
trophotometer at 254 nm. The results of AgSD encapsulation are demonstrated

in Figure 4.18. The maximum EE% is exhibited by SAR-15.
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4.11 Antibacterial Activity

Disc diffusion method is used to evaluate antibacterial activities of hydrogel sam-
ples against F. coli. The inhibition zones of SAR-5, SAR-10, SAR-15 and SAR-20
are 5.1 mm + 0.1, 9.3 mm + 0.2, 11.1 mm =+ 0.1 and 15.2 mm =+ 0.3, respectively

(displayed in Figure 4.19).

FIGURE 4.19: Antibacterial activity of hydrogels against E. coli.
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4.12 AgSD Release

SAR-15 hydrogel is selected for release experiments because of its excellent swelling,
higher EE%, good viability against HEK-293 cell lines and optimum degradation.
DSAR-15 is taken in 200 mL of fresh and sterilized PBS (pH 7.4).

After every 30 minutes, 4 mL of the solution is drawn from beaker and recorded its
absorbance value at 254 nm in UV-visible spectrophotometer (UV-1800, Shimadzu
corporation Japan). By using standard calibration curve (shown in Figure 4.20),

absorbance values are converted into concentration.

The release experiments are conducted three times and their average results are
reflected in Figure 4.21 using error bars. In 30 hours, 81.27% of AgSD is released

which confirmed its controlled release.
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FIGURE 4.20: AgSD calibration curve used to convert absorbance date into
concentration.
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FIGURE 4.21: AgSD release % from DSAR-15 in PBS solution.

4.13 AgSD Release Kinetics

The data of AgSD release is applied to different kinetic models. The obtained

fitting curves for First order, Zero order, Higuchi and Korsmeyer-Peppas models

are depicted from Figure 4.22 - 4.25, correspondingly.

It is cleared from numerical values of regression coefficient (R?) that Korsmeyer-

Peppas model is obeyed by AgSD for release from DSAR-15 with highest value of

R? (0.978). On the other hand, lowest R? value (0.694) is reflected for First order

kinetic model.
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Chapter 5

Discussion

5.1 Scheme

It is anticipated that amino-propyl groups present in APTS interacted with SEP
to transform it into F-SEP. After that, this F-SEP is used for the fabrication of
CS/PEG hydrogels. Amine groups (-NHsy) present in the CS and F-SEP played
a key role in development of hydrogel matrices which is reflected with red dotted

lines in the scheme represented in Fi gure 4.1.

5.2 FTIR

First of all, FTIR spectrum of SEP and F-SEP are compared in order to confirm
SEP functionalization (displayed in Figure 4.3). Pure SEP clay is characterized by
the bands ranged from 3000-3700 cm ™! due to the presence of Mg-OH (3690 cm™1),
zeolite water (3422 cm™!) and coordinated H-O-H (3570 cm™'). Further, the peak
at 978 cm™! are because of Si-O vibrations [126]. On other hand, the FTIR of F-
SEP reflected more prominent peaks with relatively higher intensities. The peaks
at 3691 cm™!, 3565 cm~! and 3290 cm ™! correspond to the Mg-OH, bound water
and N-H stretching, correspondingly. In addition, N-H stretching peak at 3290
cm ! and N-H bending vibrations due to the presence of primary amine at 1660

49
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cm ™! are absent in pure SEP. Moreover, the bands due to C-N stretch (1206 cm™!)
and Si-O (972 cm™!) stretch reflected decrease in wave number that confirms the
increase in the mass of vibrating groups as compared with non-functionalized SEP.
The emergence of new peaks, higher intensities of the FTIR spectrums and shift

in peaks from 1209 cm~! and 978 cm™! confirms the synthesis of F-SEP using
APTS.

The IR spectrum of SAR(cont), SAR-5, SAR-10, SAR-15 and SAR-20 is shown
in Figure 4.4. The broad band in the region from 3000-3700 cm™lis because of
—~OH stretching originated from the CS (-OH), SEP (Mg-OH) and PEG (-OH)
[127]. Polymer linked —~CH stretching is also evident at 2879 cm ™! which confirms
the presence of PEG and CS in the fabricated hydrogels [128]. The presence of
pyronose ring, saccharine and amide groups are the characteristic IR peaks of CS.
The IR region from 1487-1593 is because of amide groups present in the CS-based
hydrogels [129]. The presence of pyranose and saccharine are confirmed by peaks

at 839 cm~! and 1151 ecm™!, correspondingly. The peak at 1021 cm™!

is present
in each hydrogel sample except SAR(cont). This peak is due to the development
of siloxane linkage (Si- - -O- - -Si) developed due to the presence of F-SEP. The Si-
groups present in F-SEP (inherited from APTS) are accountable for development
of this linkage. However, this peak is absent in SAR(cont) because control sample
lacks F-SEP in it. Furthermore, the Si-O peak at 974 cm™! present in pure SEP is
shifted to the lower intensity 955 cm™!. The peak at 1627 is attributed to the N-H
bending vibration due to primary amine group. On the basis of afore-mentioned

discussion, it is inferred that all components of the CS/PEG/F-SEP hydrogels are

present and also interacted productively to produce hydrogels.

In the same liking manner, the IR spectrum of DSAR-15 (AgSD loaded SAR-
15) and SAR-15 are compared in Figure 4.5 to confirm presence of AgSD drug in
hydrogel specimen prior to the release studies. The DSAR-15 demonstrated similar
peaks as shown by SAR-15. However, the presence of amine (-NH2 stretch) group,
pyrimidine ring and sulfonamide stretch (S=0) are established by the additional
peaks at 3720-3600 cm ™, 1560 cm ™! (phenyl stretch) and 1350 cm ™!, respectively.

Similarly, some other peaks related to the AgSD are also emerged and highlighted
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in the IR spectrum of DSAR-15 that confirmed AgSD loading in SAR-15 to acquire
DSAR-15.

5.3 Thermal Behavior

TG curves of hydrogels are demonstrated in Figure 4.6. It is observed that in-
crease in F-SEP quantity directly influenced the thermal resilience. This may
be explained by the development of Vander Walls forces, hydrogen bonding and
siloxane interactions among CS, PEG and F-SEP. SAR(cont), SAR-5, SAR-10,
SAR-15 and SAR-20 revealed three phase decomposition which is characteristic of
CS [130]. First decomposition phase range from 20-100 °C which mainly involves
evaporation of gel bound water. The second phase 101-400 °C corresponds to the
primary CS decomposition along with loss of acetyl functionalities. It is the major
degradation zone [131]. Generally, the pure CS displays two decomposition zones
up to 450 °C. However, development of hydrogel interfaces may have enhanced
stability of CS skeleton. In consequence, third decomposition zone of polymeric
residue containing CS/PEG/F-SEP is recorded at 401-650 °C. It is important to
note that pure CS represent second degradation phase in the regions of 102-275
°C [132]. However, incorporation of F-SEP and PEG significantly enhanced the
thermal stability as the second stage degradation shifted from 102-275 °C to 102-
400 °C [133]. The weight loss % of F-SEP cross-linked CS/PEG hydrogels are
provided in Table 4.1.

5.4 XRD Analyses

XRD pattern of pure CS and PEG are semi-crystalline. CS represents two major
peaks at 260, 10° and 20° [134]. Likewise, two XRD peaks at 19° and 23° appear for
PEG. In contrast, SEP demonstrates crystalline XRD peaks with higher structural
order showing diffraction peaks at 7.9°, 28.4° and 34.9° [135]. However, diffraction
peaks recorded for hydrogels (displayed in Figure 4.7) are uniform and amorphous.

This endorsed efficient blending and compatibility of ingredients used to synthesize
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hydrogel (CS, PEG and F-SEP). In SAR(cont) which lacks F-SEP, two peaks
are evident at 12° and 23.5°. Conversely, in F-SEP containing specimens, the
diffraction maxima at 12° is negligible while, the peak at 23.5° is shifted to 23°
corresponds to the (102) plane. This might be explained by the increase in binding
in CS/PEG in hydrogel due to the addition of F-SEP [136].

5.5 SEM Analyses

The shiny surface of SAR-15 and DSAR-15 are analyzed by using FE-SEM. Figure
4.8 corresponds to the SAR-15 hydrogel which indicated diverse and highly porous
surface. The average diameter of the pore is 64-116 nm. These pores are very
critical in the entry exit of water and also for sorption/desorption of drugs. In
comparison to the SAR-15, the DSAR-15 surface appeared to be heterogeneous,
rough and bumpy as depicted in Figure 4.9. It also contains multi-faceted spots
and pores. But, the pores are few in number and relatively greater in diameter.

The average diameters of the pores are 320-500 nm.

The AgSD probably adsorbed on the entire surface by occupying pores in the
gel matrix. Accordingly, numbers of pores in the DSAR-15 are rare with greater
diameter. The difference in the morphological appearance and porosity is mainly
because of the presence of AgSD which is uniformly adsorbed on the entire surface.
The larger and less numbers of pores are critical in the entry of solvent molecule
in DSAR-15. Resultantly, the intermolecular forces among hydrogel and drug are

tainted to offer controlled and sustained release.

5.6 In-vitro Biodegradation

Degradation test is a prerequisite for employment of materials in medico-biological
systems. F-SEP incorporated CS/PEG hydrogels reflected excellent degradation
in proteinase-K solution made in prepared in PBS (displayed in Figure 4.10).
As a result, maximum degradation is shown by SAR-20 (92%) in seven days.
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The results indicated that incorporation of F-SEP in CS/PEG gel enhanced the
degradation %. F-SEP introduction into CS/PEG matrix significantly improved
hydrophilic and water absorbing capability due to the increase in number of amine
(-NH2) and hydroxyl (-OH) groups. For that reason, dissolution or solublization
is the operating phenomenon for biodegradation behavior of hydrogels. In other
words, greater water loving environment promotes absorption of water inside hy-
drogel which eventually stimulated degradation. This effect is further pronounced
in the presence of enzyme. CS is naturally biodegradable polymer which offers
acetyl moieties to bind with proteinase-K enzyme. Consequently, it is broken into

smaller polysaccharides which are useful in metabolic reactions.

5.7 Swelling Analyses

In this section swelling responses of F-SEP reinforced CS/PEG hydrogels are dis-

cussed in detail.

5.7.1 Swelling in Distilled Water

The swelling responses in Figure 4.11 are increased by the increase in F-SEP
quantity which endorsed the enhancement of hydrophilic nature among hydrogel
elements (CS, PEG, F-SEP) [137]. The maximum swelling (2594%) is exhibited by
SAR-20 comprised 20 mg of F-SEP while minimum swelling (351%) volumes are
observed for SAR(cont) which lacks F-SEP. It is evident that swelling responses are
function of F-SEP. This might be due to the increase in the hydrophilic behavior
of hydrogels inherited from amine, hydroxyl and zeolitic water found in F-SEP
also corroborated from FTIR. The diffusion is the process responsible for entry
and exit of solvent molecules from hydrogels. The diffusion factors computed by
using calibration curves for each specimen (depicted in Figure 4.12) are provided
in Table 4.2 which confirmed that the value of “n” in accordance with 0.5 < n
< 1 for SAR-5, SAR-10, SAR-15 and SAR-20. Therefore, non-Fickian diffusion
mechanism is obeyed [138]. In contrast, SAR(cont) that lacks F-SEP, has the
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n > 0.5. Hence, quasi-Fickian diffusion process is conformed. In conclusion,
SAR(cont) followed quasi-Fickian diffusion but addition of F-SEP in CS/PEG
altered the diffusion mechanism into non-Fickian process. In order to compare
kind of diffusion mechanism involved on the basis of swelling exponent (n), Table

5.1 is provided below;

TABLE 5.1: Swelling exponents “n” and diffusion mechanism.

Type of Diffusion Swelling Exponent (n)
Quasi-Fickian diffusion n <0.5
Fickian diffusion 0.5

Anomalous (non-Fickian) diffusion 0.5 <n <1.0
Non-Fickian case-II zero order 1

Non-Fickian super case-11 n >1.0

5.7.2 Swelling in Non-buffer and Buffers

In non-buffer and buffer solution the swelling responses of hydrogels are very
high at pH 2 as demonstrated in Figure 4.13 and 4.14, correspondingly. This
is attributed to the protonation of amine and hydroxyl groups (present in CS,
PEG and F-SEP) at pH 2 and similar charges repel each other and create room
for inward movement of water. Resultantly, higher swelling volumes are recorded
at lower pH [139]. Further, increase in pH deceased protonation of amine and
hydroxyl functional groups and swelling volumes are reduced. Again at pH 7,
swellings of hydrogels are higher due to the presence of uncharged groups which
perhaps relaxed polymeric chains and inward flow of water improved their swelling.
In basic medium, recorded swelling capacities of hydrogels are even very low.
This is attributed to the de-protonation of the group that inculcated stronger
interactions among hydrogel components which minimized inside diffusion of water

[140).

It is important to note that, higher swelling responses are detected in non-buffer
solution as compared to buffer solution because buffer solution hold greater ionic
concentration and charge imbalance. For instance, SAR-20 exhibited highest

swelling 4006% and 2950% at pH 2 in non-buffer and buffer solutions, respectively.
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Hydrogels reflected different swelling volumes as function of pH. Therefore, it is
confirmed from the Figure 4.13 and Figure 4.14 that prepared F-SEP cross-linked
CS/PEG hydrogels are pH responsive. F-SEP clay influenced the swelling, thermal
and degradation capabilities [141].

5.7.3 Swelling in Ionic Solutions

It is observed that CS/PEG /F-SEP hydrogels displayed inverse relation of swelling
volumes to the molar concentration of ions (Na™ and Ca™). This is because
increase in active masses of ions strongly interacted with polymeric chains and
promoted inter-molecular forces. Hence, water captivation is reduced as function
of NaCl strength as shown in Figure 4.15. This is in strong agreement to the

studies reported in literature [142].

In Figure 4.16, this effect is more pronounced in the CaCly solution which re-
sulted in more decrease in swelling % as compared to NaCl. Moreover, Ca™2
ions are bivalent and generate polymeric chelating. Thus, inferior swelling vol-
umes are recorded [143]. The swelling % recorded for SAR-20 and SAR-15 in
NaCl at 0.2M concentration are 2650% and 1660%, respectively. While in CaCl,
at 0.2M concentration, 1600% and 1411% are observed for SAR-20 and SAR-15,

correspondingly.

5.8 Cell Viability Assay

Cell viability assay (In Figure 4.17) reflected higher values of viability % for each
hydrogel relative to the control group (HEK-293 cell lines) after 24 hours in MTT
assay. The increase in F-SEP quantity provided more productive environment for
the cells to replicate, the reason why viability (%) are increased. The maximum
viability % is noticed for SAR-15 (169.84% =+ 2.02) sample which is comprised
of 15 mg of F-SEP clay. However, further increase in F-SEP decreased viability
% in SAR-20 up to (157.41% =+ 2.39). Based upon the results, it is inferred
that formulated CS/PEG/F-SEP hydrogels do not produce any cytotoxic response
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in HEK-293 cells which also encourage their utilization in drug delivery, wound

dressing, tissue engineering and sustained release applications.

5.9 EE%

The outcomes of EE % are reflected in Figure 4.18. SAR(cont) specimen has
lowest EE of 73.87% =+ 2.86. In contrast, SAR-5, SAR-10, SAR-15 and SAR-20
shown higher EE% 77.34% + 1.48, 79.56 + 2.66, 82.17 + 1.99 and 82.13 + 2.57
for AgSD encapsulation, accordingly. SAR-15 and SAR-20 exhibited highest EE%
among all samples. The results indicated that by the increase in the amount of
F-SEP clay, the amount of encapsulated drug is increased probably due to the
interaction among polar functionalities present in AgSD, CS, PEG and F-SEP.

5.10 Antibacterial Action

The results of bactericidal actions of hydrogels against F. coli are stated in Fig-
ure 4.19. SAR-20 exhibited maximum antibacterial activity against E. coli with
inhibition zones 15 mm =4 0.3. The antibacterial activity of F-SEP incorporated
CS/PEG hydrogels is credited to the amine group present in CS. This group is also
present in F-SEP (APTS functionalized SEP) which is the probable reason behind
increase in the antibacterial action from SAR-5 to SAR-20 against F. coli. An-
tibacterial action of CS-based hydrogels is explained in two ways in the literature.
Firstly, CS and bacterial DNA binding occurs that might prevent transcription
and translation [144]. Secondly, a gram negative bacterium consists of phospho-
lipids and lipopolysaccharides; as a consequence, these impart negative charge on
the surface of bacteria [145]. Therefore, interactions among gram negative bac-
terial membrane and NH3+ moieties found in CS takes place that may result in

significant alterations in cell membrane and restrict bacterial growth [146].
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5.11 AgSD Release

The calibration curve used to compute amount of drug release is stated in Fig-
ure 4.20. The release profile of AgSD from DSAR-15 is reflected in Figure 4.21.
In the beginning, faster AgSD release is observed because of swelling. Almost
28.35% and 50% of AgSD is released in 2 hours and 6.5 hours, correspondingly.
The initial and relatively faster release of AgSD is credited to the swelling process.
Later on drug release is slower and controlled by the diffusion process. Altogether,
81.27% AgSD is released in 30 hours which in strong agreement to US pharma-
copeia standards. The DSAR-15 exhibited better sustained release profile of drug
as compared to previously reported studies. The cumulative release % reflected
more sustained release at physiological pH relative to the already reported studies
in literature represented in Table 5.2. Henceforth, F-SEP cross-linked CS/PEG
hydrogels could be an efficient platform for drug loaded wound dressings for wound

healing applications.

TABLE 5.2: Comparison of AgSD cumulative release profile from CS-based
hydrogel films.

Hydrogel Technique Release  Time Application Ref
(%) (h)

CS/Alg scaffold 3D printing 100 5 Wound healing ~ [147]

CS/PVA Freeze-thawing 75 12 Burn dressing [148]

CS/PVA /Dextran Cryogelefication 90 < 2 Transdermal de-  [149]
livery

CS/pectin Polyelectrolyte 99 24 Wound dressing  [150]

CS/gelatin Solvent casting 77 12 Wound  treat- [151]
ment

CS/PEG/F- Solvent casting  81.27 30 Drug delivery Present

SEP and wound  work

dressings
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5.12 AgSD Release Kinetics

It is evident from the regression coefficients from the Figures (4.22 - 4.25), that
drug release data best fitted to Korsmeyer-Peppas model (R* 0.978). For that
reason, it is only discussed in this section. The numerical value of slope “n” is
0.415 which is in accordance to the n < 0.5 which means Fickian diffusion process
is involved in AgSD release from F-SEP cross-linked CS/PEG hydrogels [152]. For
that reason, AgSD release from the reported hydrogels is governed by both dif-
fusion and swelling. The swelling is imparted by the polymeric chain relaxations
in aqueous media. Moreover, the AgSD diffusion from hydrogel surface increased
because of higher hydrophilic nature of hydrogel during the release process of
hydrophobic drug. Consequently, the resistance to AgSD transport in hydrogel
lessened. This is in the strong agreement to the previously reported AgSD release
studies [153-155]. In conclusion, AgSD release from afore-mentioned CS-based
gels obeyed Fickian release mechanism. Initially, the drug is released due to the

swelling which is relatively faster. Later on, AgSD concentration gradient regu-

lated drug release governed by the diffusion process.
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Conclusion and Future Work

In present work, F-SEP incorporated CS/PEG hydrogels are successfully pre-
pared by using solvent casting method. SEP functionalization is confirmed by the
FTIR. Moreover, development of siloxane associations and interactions of F-SEP
clay with polymeric matrix are established. Developments of interactive forces
are directly governed by F-SEP amount which is inferred from TG analysis. In
addition, hydrogels are highly biodegradable in proteinase-K solution governed
by dissolution process. XRD endorsed fabrication of non-crystalline and uniform

nature of hydrogel. SEM examination certified effective blending and successful

AgSD loading in DSAR-15.

The swelling capabilities of the synthesized hydrogels in distilled water are in-
creased by the increase in F-SEP from 5-20 mg. Water transport in hydrogels is
obeyed by non-Fickian diffusion process (n > 0.5 < 1). The maximum swelling
responses in distilled water are calculated for SAR-20 (2594%). In addition, hy-
drogels demonstrated pH sensitive swelling and the excellent swelling volumes are
observed at pH 2 and 7. Hydrogels reflected higher swelling responses in non-buffer
solution as compared to the buffer solution which is attributed to the greater ionic

concentration.

Except SAR(cont), each hydrogel formulation displayed EE% > 75%. There-

fore, F-SEP directly affected the EE%. Antibacterial action of F-SEP integrated

CS/PEG hydrogels is directly influenced by F-SEP amount and SAR-20 revealed
59
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15 mm =+ 0.3 of Iz against E. coli. On the other hand, SAR-15 sample revealed
excellent cell viability (169.84% =+ 2.02) against HEK-293 cells. DSAR-15 exhib-
ited 81.27% of AgSD release in PBS solution in 30 hours which is in accordance to
the US pharmacopeia standards. The sustained release of AgSD from gel matrix
is superior to numerous studies reported in the literature. The release of AgSD
from DSAR-15 reflected best fit to Korsmeyer-Peppas model. Moreover, the drug
release from hydrogel is in accordance with n < 0.5 which means Fickian process
is observed for AgSD release from F-SEP reinforced CS/PEG hydrogel. Kinetic
data confirmed that swelling and diffusion both are accountable for AgSD release.
The reported CS/PEG/F-SEP hydrogels could be exploited for development of
antimicrobial drug delivery platforms and wound dressings in modern biomedical

engineering after laborious in-vivo testing.

6.1 Future Perspectives

The present work provided a deep insight of CS/PEG/F-SEP hydrogels for deliv-
ery of AgSD. However, further exploration is imperative to use them in variety of

fields to understand their therapeutic potential.

Evaluation of mechanical properties: Testing mechanical features of CS/PEG/F-
SEP hydrogels is very important in order to use them as wound patch and scaffolds

for biomedical applications.

Determination of antifungal activity: CS is natural antifungal material. In this
study, antibacterial activities of F-SEP reinforced CS/PEG hydrogels are assessed.
However, it is anticipated that the fabricated hydrogels may also be antifungal

which needs to be inspected experimentally.

Drug delivery platform: F-SEP cross-linked CS/PEG hydrogels can also offer an
indigenous, non-toxic, cost effective and biocompatible platform for slow and tar-
geted release of therapeutic drugs by loading some other drugs with poor bioavail-

ability and therapeutic indexes.
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Environmental applications: CS/PEG/F-SEP hydrogels could be exploited for

removal toxic dyes and heavy metals from water matrices.

Agronomic applications: The reported hydrogels can be useful for controlled fer-
tilizer release, delivery of micronutrients for crops, enhancement of water retention

and water holding capacities of soils.

6.2 Recommendations

The present thesis describes the synthesis and characterization of pH sensitive
hydrogels comprised of F-SEP, CS and PEG for drug delivery and wound dressing
applications. Current work could be further extended by in-vivo investigations,
clinical trials for drug release. Moreover, rheological analyses and determination
of Shore A hardness is imperative to exploit them for a practical wound dressing

material.
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