Chapter 6

Fully bio-based hydrogels for biomedical applications with controlled

drug release attribute
Highlights

This chapter deals with the fabrication of starch-based synthetic monomer-free hydrogels
for biomedical applications. This chapter is divided into two sub-chapters. The first sub-
section describes a starch/chitosan-based self-cross-linking hydrogel without the
inclusion of any synthetic monomer. To obtain the hydrogel, starch was first oxidized
under mild conditions to prepare its bialdehydic derivative. Subsequently, the amino
group containing polysaccharide, “chitosan” was introduced on the backbone of oxidized
starch via a dynamic Schiff-base reaction. The functionalized starch acts as a macro-
cross-linker to cross-link with chitosan via Schiff base formation to contribute structural
stability and integrity. The introduction of chitosan contributes stimuli-responsive
properties and thus pH-sensitive swelling and drug release behavior was obtained. The
second sub-chapter includes a starch/agar-based swelling induced mechanically tough
hydrogel with controlled drug release ability. The introduction of agar into the hydrogel
resulted in agar dose-dependent swelling-induced mechanical strength. Most importantly
both hydrogels exhibit prominent cell viability which makes them suitable for

biomedical applications.

Parts of this chapter are published as

[1] Sarmah, D., Rather, M. A., Sarkar, A., Mandal, M., Sankaranarayanan, K., and
Karak, N. Self-cross-linked starch/chitosan hydrogel as a biocompatible vehicle for
controlled release of drug. International Journal of Biological Macromolecules,
237:124206, 2023.

[2] Sarmah, D., Borah, M., Mandal, M., and Karak, N. Swelling induced mechanically
tough starch—agar based hydrogel as a control release drug vehicle for wound dressing

applications. Journal of Materials Chemistry B, 11(13):2927-2936, 2023.

Page | 6-1



Chapter 6
|

Chapter 6A: Self-cross-linked starch/chitosan hydrogel as a biocompatible pH

sensitive drug release system
6A.1. Introduction

Chapter 1 gives evidence that hydrogel received immense importance as a potential
candidate for biomedical applications due to their inherent hydrophilicity, adequate
permeability, biocompatibility, as well as biodegradable nature. However, most of the
literature advocates hydrogels are derived using both synthetic and natural starting
materials and thus generate a level of toxicity in biomedical fields. Moreover, the
hydrogels synthesized in the previous chapters of this thesis are also partially synthetic
monomer-based hydrogels. Thus, it is utmost important to develop completely bio-based
hydrogel to make them suitable for biomedical applications. To obtain this hydrogel a
self cross-linking strategy is applied between oxidized starch (OS) and chitosan.
Literature advocates numerous self-cross-linked hydrogel by using various
polysaccharides such as guar gum [1], cellulose [2], starch [3], xanthan gum [4], sodium
alginate [5], etc. Dialdehyde groups are introduced on the backbone of these
polysaccharides and these groups can self-cross-link with nearby hydroxyl groups and
amine groups to form cross-linked network structures. For example, Dai et al.
synthesized an oxidized guar gum-based self-assembled hydrogel, by taking the
advantage of cyclic acetals formed between the periodate oxidized carbonyl groups and
the vicinal hydroxyl groups [1]. The synthesized hydrogel exhibited self-healing ability,
and a very small amount of NalO4 is required for the whole process. Moreover, the
diadehydic groups can also react with amine groups via Schiff base reaction to form a
cross-linked hydrogel. A Schiff base containing hydrogel was prepared by Zhang et al.
using glycol, chitosan, and poly(N-isopropyl acrylamide)-co-poly(acrylic acid) for
biomedical applications [6]. But utilization of synthetic monomers is the main
shortcoming of those hydrogels. In 2020, Li et al. synthesized a hyaluronic acid-based
self-healing hydrogel using a Schiff base reaction [7]. Thus, Schiff base reactions have
wide applicability in hydrogel preparation, but there are limited literature reports
available on the critical investigation of the effect of amine group containing moieties on
the overall performance of the hydrogel. Therefore, in this work, we have synthesized a
tunable drug release system by varying the amine groups containing moiety with respect
to the carbonyl groups containing moiety. The change in molar ratio effect the cross-

linking density and swelling ability of the hydrogel and these properties are directly
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related to the drug release ability. Thus, by varying the amount of reactants, sustained
drug release time can be varied and this would help in further medication of hydrogel for
biomedical application.

The hydrogel was characterized by using various spectroscopic and analytical
techniques, and the antibacterial activity of the entrapped drug for both gram-positive
and gram-negative bacteria was analyzed. A proof-of-concept trial was implemented to
investigate the feasibility of the hydrogel as a control drug release vehicle for biomedical
applications. To achieve this goal the effect of chitosan on the drug release rate was
studied at various pH conditions. The main objective of this work is to study the effect of

chitosan on OS to judge the suitability of hydrogel as a drug release vehicle.
6A.2. Experimental
6A.2.1. Materials

Tapioca starch was used as the same grade and specifications as discussed in the
previous chapters.

Chitosan (low molecular weight) with 90% degree of deacetylation was received from
SRL, India. It was used to prepare the main backbone of the hydrogel with pH-sensitive
ability.

Sodium meta periodate (NalOy4) is an oxidizing agent which is procured from Merck,
India. It is a white solid soluble in water. It was used to introduce dialdehydic groups in
the starch backbone.

Acetic acid was supplied by Merck, India. A 5% dilute solution of it was used to dissolve
chitosan.

Ampicillin sodium salt was purchased from Sigma Aldrich, Germany. It is an
antibacterial drug and is used to investigate the sustained drug release study.
Luria-Bertani (LB) is a nutrient media used in biological study. It was purchased from

Himedia, India and used in the cell viability study.

Bacterial strains such as Staphylococcus aureus (SA) (MTCC 3160), Bacillus subtilis
(BS) (MTCC 121), and Gram-negative bacteria: Yersinia enterocolitica (YE) (MTCC
859) were purchased from Microbial Type Culture Collection, CSIR-Institute of
Microbial Technology, Chandigarh, India. Before analysis, the bacterial strains were
cultured in LB broth for 24 h on a shaker-incubator under 180 rpm stirring rate at 37 °C.

Sodium dodecyl sulfate (SDS) was obtained from Himedia, India. It is an anionic
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e
surfactant and was used in cytotoxicity study.

Crystal violet is a dye obtained from Himedia, India. It was used to produce violet color
of the formazan obtained in cytotoxicity study.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from
Himedia, India. It is used to evaluate cell viability percentage as a function of redox
potential.

Human Embryonic kidney cell (HEK 293) was obtained from Sigma Aldrich. It is
commonly used cell line commonly in biomedical research due to its reliable growth.
Properly grown cells are used to investigate the cytotoxicity study of the synthesized
hydrogel.

Dulbecco’s modified Eagle’s medium, non-essential amino acids, penicillin-
streptomycin solution, L-glutamine, foetal bovine serum, and 4-(2- hydroxyethyl)-1-
piperazineethanesulfonic acid were purchased from Sigma, Germany. These chemicals

are used to determine the cell viability of the hydrogel.
6A.2.2. Methods
6A.2.2.1. Synthesis of the self-cross-linking hydrogel

The OS containing chitosan-based hydrogel was synthesized by following a simple one-
pot procedure. Briefly, a calculated amount of tapioca starch was stirred with distilled
water in a three neck round bottom flask. The temperature of the starch-water mixture
was enhanced up to the formation of a transparent mass and then allowed to cool to 30-
35 °C. Then to commence the oxidation of starch, different amounts of NalO4 (0.05, 0.1,
and 0.2 g for 1 g starch) were added, separately, to the reaction mixture in a dark
environment up to the formation of a gel-like product. Thereafter the OS produced with
the highest amount of NalO4 was reacted with the desired amount of chitosan powder
with a 5 % acetic acid solution. Then the reaction mass was stirred up to the formation of
the OS-chitosan gel. Various compositions of the hydrogel were prepared with 0.1 g, 0.2
g, and 0.3 g chitosan and encoded as OSCI, OSC2, and OSC3, respectively. The
hydrogels, thus, obtained were washed with distilled water to remove the unreacted

substances and subsequently used for encapsulation of the drug for further study.
6A.2.3. Structural analysis

FTIR spectra and XPS analysis were recorded using the same instrument and same
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condition as mentioned in Chapter 2 (Section 2.2.3).
6A.2.4. Thermal analysis

TGA analysis was recorded using the same instrument and same condition as mentioned

in Chapter 2.
6A.2.5. Rheological measurements

The rheological measurements of the hydrogels were done on a Rheometer (Anton Paar,
Austria, MCR 92) using a plate with a cone angle of 1° and 20 mm diameter with a gap

size of 1 mm.
6A.2.6. Swelling test

The swelling study of the synthesized hydrogels was done both in the distilled water and
different pH solutions. Calculated amount of hydrogels were immersed in an aqueous
medium as described in Chapter 2. To determine the swelling ability similar method and

mathematical equation was used as described in Chapter 2.
6A.2.7. Drug loading in hydrogel

Before loading, the drug was dissolved in distilled water. Pre-weighted hydrogels of all
the compositions were taken and the drug solution was added equally to each
composition in such a way that the theoretical drug loaded amount was 30% for each
sample. Thereafter the drug-loaded hydrogels were dried in a vacuum oven at 50-60 °C.
The dry hydrogels were washed with distilled water and the solution was filtered and the
aliquots were analyzed using a UV-Vis spectrophotometer (at 227 nm wavelength). The
concentration of the drug in the washout water was determined using a calibration curve
prepared by using different known concentrations of ampicillin. The encapsulation

efficiency of the hydrogel was determined using the following equation.

Encapsulation efficiency (%) = (Qo-Q,)/Qo*x100 Eq. 6A.1

where Qo = initial amount of the drug, and Q. = concentration of the drug in the filtrated

solution [8].
6A.2.8. Drug release study

To carry out the controlled release study, the ampicillin-loaded hydrogel was immersed
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into 100 mL of different solutions having pH 1.2, 6, and 7.4 under constant stirring. At a
particular interval, the buffer samples were collected and concentrations of released
ampicillin were determined using a UV-Vis spectrophotometer at the maximum
absorption wavelength of the drug. To keep the actual amount of drug release solution
constant, the same volume of the aqueous solution was added at same pH as the amount
of aliquot was taken out. The concentration of the released drug was determined using a
similar method and a calibration curve was used for the determination of the drug release
profile. The analysis was performed in triplicate, and the average results were presented

with the standard deviation. Cumulative release (%) was calculated as follows.

Cumulative release (%) = (Mt/M,) x 100 Eq. 6A.2

where Mt is the amount of drug released from the hydrogel at time t and My is the

amount of drug actually loaded onto the hydrogels [9].
6A.2.9. In vitro antimicrobial analysis

Agar well diffusion method was performed to determine the antibacterial activities of the
drug loaded hydrogel. Various Gram-positive bacteria such as SA, BS, and Gram-
negative bacteria, YE were used to carry out the antibacterial study. An amount of 100
uL each of the overnight bacterial cultures was taken and spread evenly on the surface of
LB agar plates. A 6 mm metallic borer was used to make the wells. The drug-loaded
hydrogel, hydrogel without drug, and ampicillin solution containing a similar amount to
the drug-loaded hydrogel (as positive control) were added to each plate. Subsequently,
the plates were incubated at 37 °C overnight. Thereafter, the plates were screened, and

the diameters of the zone of inhibition (in mm) were determined [10].

6A.2.10. Cytotoxicity analysis of OSC3 on human embryonic kidney cells (HEK
293)

To culture the human embryonic kidney cells (HEK 293), Dulbecco’s Modified Eagle’s
Medium was used supplemented with 1% penicillin streptomycin solution, 10% foetal
bovine serum, 1% non-essential amino acid, 0.05 % L-glutamine, and 0.6 % 4-(2-
hydroxyethyl)-1-piperazineethane sulfonic acid. To evaluate the cytotoxicity of OSC3,
1x10* 220 HEK 293 cells were cultured for 24 h at 37°C and 5% CO; in each well of a
96-well plate. Thereafter two different concentrations (1 mg/mL and 5 mg/mL) of OSC3
hydrogel were added without the addition of the drug. An inverted microscope ZEISS,
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Model Axio Vert. Al) was used to study the morphology and cell viability, after
incubation of 24 h. To determine the cell viability, after incubation the cells were treated
with MTT solution at 37 °C for 4 h in an Eppendorf Galaxy 170 cell culture incubator. In
the case of metabolically active cells, MTT was converted by mitochondrial
dehydrogenases to a dark purple insoluble formazan. Then these formazan samples were
treated with denaturing buffer (HCI, SDS, and isopropanol), and the absorbance was
examined at 570 nm using a 96-well plate reader (Thermo Scientific Multiskan GO)
[11]. The cell viability was evaluated based on the formazan in treated and untreated

wells by following the given equation.

Cell viability (%) = [A]/[Ao] X100 Eq. 6A.3

where [A] is the absorbance of the hydrogel samples and [Ao] is the absorbance of the
control [12]

6A.2.11. Biodegradation

Soil burial method was used to investigate the biodegradation of hydrogel. To carry out
this experiment OSC3 hydrogel without the addition of the drug was put in a paper cup
containing 30 g of soil with 20 mL of water. Then the cups were buried under soil within
a depth of 5-7 cm. After a particular time interval, the hydrogel samples were collected
from the soil and washed carefully to remove the surface-adhering soil. The percentage
weight loss of the hydrogel was determined by using equation described in Chapter 2
(section 2.2.6.)

The degraded hydrogel sample was allowed to dry and surface morphology was studied
before, and after degradation by using a Scanning Electron Microscope SEM (JSM 6390
LV, Japan).

6A.3. Results and discussion
6A.3.1. Synthesis of the hydrogel

Periodate oxidation was utilized to prepare the self-cross-linked biopolymeric hydrogel
as shown in Scheme 6A.1. First, carbonyl groups were introduced via selective oxidation
of vicinal hydroxyl groups at C-2 and C-3 positions producing a ring-opened structure.
This chemical modification technique introduces large numbers of aldehyde groups on

the starch backbone. The aldehyde groups thus generated reacted with the nearby
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hydroxyl groups to form cyclic acetals or hemiacetals which results in gelation [1, 13-
14]. However, the acetic acid solution used to dissolve the chitosan molecule can break
up these cyclic acetals and thus free up the carbonyl groups that react with the amine

groups of chitosan via Schiff base reaction and forming the imine bonds.
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Scheme 6A.1. Possible synthetic route for the preparation of the hydrogel.

Moreover, to certify the oxidation of starch backbone to dialdehydic groups, varying
amounts of NalO, were allowed to react with the starch. It is seen from Figure 6A.1.(a
and b) that the gelatinized starch (0 g NalO4) formed with only distilled water was not
able to retain its integrity with or without the presence of water.

However, the OS, as obtained with only a very small amount of NalO4 can retain its
integrity in the presence of water and no turbidity was observed instantly, as observed in
the case of only gelatinized starch. From the figure, it is clear that the NalO4 can oxidize
starch, and the carbonyl groups thus formed and reacted with the neighboring hydroxyl
groups to form the self-assembled hydrogel. The unreacted carbonyl groups react with
the nearby amine groups of chitosan to form the Schiff base containing hydrogel.
Moreover, in the presence of acetic acid that was used to dissolve chitosan, the cyclic
acetals are broken down to form dialdehydic starch and react with the chitosan
molecules. The formation of OS/chitosan hydrogel could be evident from Figure 6A.1.
c¢. The direct reaction product of the hydrogels also retained their integrity in distilled

water as shown in Figure 6A.1.d. Thus, this figure gives evidence for the formation of
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cross-linking network as the cross-linker is responsible for the retention of the integrity

of hydrogel in water.

m

i
{

Figure 6A.1. Digital photographs of (a) gelation of OS, as obtained with different
amounts of NalOy4, (b) OS in distilled water; (c) hydrogels ‘as prepared’, and (d)
hydrogels in distilled water.

Moreover, to investigate the stability of the synthesized hydrogel we gently put weight
on OSC3 hydrogel, as shown in Figure 6A.2.b. The breakage of the gel network was not
observed under this condition, as shown in Figure 6A.2.c. Moreover, all the studied
compositions of the dried hydrogel were kept in distilled water and no breakage or
turbidity was observed in the water up to 48 h, as shown in Figure 6A.2.d. These two

phenomena provide enough evidence for the stability of the hydrogels.
6A.3.2. Structural analysis

The structures of the synthesized hydrogels were further confirmed by FTIR, and XPS

analyses.
6A.3.2.1. FTIR spectral study

Figure 6A.3.a shows the FTIR spectra of the pristine starch, chitosan, and OS. The FTIR
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spectra of the pristine starch and chitosan showed several characteristics bands at
3173.40-3588.21 cm ' and 2818.82-2961.86 cm ' that are associated with the -OH
stretching, and symmetric and asymmetric stretching vibrations of C-H groups,

respectively [15, 16].

|

0SC1  0SC2 OS(.,S

B
: {!

®,

Figure 6A.2. (a) OSC3 hydrogel, (b) OSC3 hydrogel loaded with a weight of 2000 g, (¢)
OSC3 hydrogel after loading with the given weight, and (d) three hydrogels after
keeping for 48 h in water.

In addition to this, the absorption band observed at 1646.94 cm™' and 1599.68 cm ™' can
be assigned to the stretching vibration of amide I of and NH, groups of chitosan,
respectively [17]. Moreover, both starch and chitosan contain -C-O-C- stretching
vibration at around 1109.15-920 cm'. After oxidation, the OS displayed a weaker -OH
stretching frequency than the pristine one. This signifies the oxidation of starch as well
as hemiacetals formation between the carbonyl groups and some of the remaining
hydroxyl groups (Figure 6A.3.a) [6]. The adsorption band at 1735 cm ™' can be attributed
to the carbonyl groups formed via the oxidation of starch [18]. But this band is very
weak due to the formation of a hemiacetal ring between the carbonyl groups and the free
hydroxyl groups [13]. Moreover, the increment of the intensity at 790 cm™ successfully
verifies the formation of aldehydic or hemiacetal groups after periodate oxidation.
However, in the FTIR spectra of OS-chitosan hydrogels, the new absorption bands at

1641.04 cm ™' and 1570.33 cm™' were observed which can be assigned to the stretching
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frequency of amide I and NH; of the chitosan side chain (Figure 6A.3.b). In addition to
this, the band appeared at 1156.48 cm™ due to the —CN stretching frequency of imine
groups that are formed by the reaction between the NH, groups of chitosan and carbonyl
groups of OS [19]. However, the adsorption band at 1735 cm™ observed for OS was not
found after the introduction of chitosan. All these facts support the successful formation

of imine groups i.e., the Schiff base formation in the hydrogel.
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Figure 6A.3. FTIR spectra of (a) starch, chitosan, and OS, and (b) OSC1, OSC2, and
OSC3.

6A.3.2.2. XPS analysis

XPS analysis was carried out on OSC3 hydrogel to identify the chemical composition
and structure of the hydrogel (Figure 6A.4.a). It is found from the analysis that OSC3
contains 59.66% C, 2.16% N, and 38.18% O. The presence of C, O, and N provides
evidence of both starch and chitosan in the structure. Further, to understand the chemical
state of each atom, a high-resolution XPS analysis was carried out on C 1s, O Is, and N
1s (Figure 6A.4.b-d).

The high-resolution XPS spectrum of C 1s deconvoluted into three peaks at binding
energies 320 284.31 eV, 285.57 eV, and 286.26 eV. The peak found at 284.31 eV can be
addressed to the C—H and C—C, which constitutes the backbone of both polysaccharides.
The second peak observed at slightly higher binding energy represents the C—N carbon
atom of chitosan. Moreover, this peak also represents the ether linkage (C—O—C) in the
six-member cyclic ring of both starch and chitosan. The third peak found at around
286.26 eV represents the C—O and O—C—O linkages of starch and chitosan backbones.
Further, the O s spectrum contains one broad peak at around 532.63 eV which can be

assigned to C—O and C—-O—C groups [20]. Thus, the deconvolution of O 1s also provides
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a similar kind of information as found in C 1s. The deconvoluted N 1s peak revealed two
different peaks (Figure 6A.4.d). The peak at 399.2 eV is attributed to the C—N groups of
the nitrogen atom. This can also be attributed to the formation of imine groups in the
resulting hydrogel [21]. The second peak at 400.91 eV represents the presence of —NH;

groups and also provides evidence for the presence of chitosan in the hydrogel.
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Figure 6A.4. (a) XPS spectra of OSC3, (b) C 1s, (c) O 1s, and (d) N 1s.

6A.3.3. TGA analysis

The thermograms and the first derivatives (DTGs) of pristine starch and chitosan are
shown in Figure 6A.5.(a and b). The initial degradation around 70-165 °C is due to the
evaporation of water. Polysaccharides usually have a great affinity towards water, and
hence they can be easily hydrated [21]. The second weight loss between 312.92 and
344.89 °C is due to the decomposition of both starch and chitosan backbone [22, 23].
This is a quite complex process that includes the decomposition and depolymerization of
monosaccharide rings, and units belonging to starch and chitosan. In the case of OS, the
degradation temperature decreases from 337.39 to 317.71 °C indicating their loss in
thermal stability. The thermal stability of OS is decreased due to the presence of
carbonyl groups and the opening of the six-member ring. The carbonyl groups produced
after oxidation is more prone to produce CO, CO,, and H,O through thermal degradation

[24]. Moreover, after the reaction with chitosan degradation at 282.44 °C was observed.
|
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However, in the case of OSC3 hydrogel also the degradation of both starch and chitosan
backbones were observed, as found for the pristine one. From the TGA analysis, it can
be concluded that the resulting hydrogel possesses a lower degradation temperature than

the pristine starch.
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Figure 6A.5. (a) TGA thermograms of starch, OS, chitosan, and OSC3, and (b) first
derivative of TG (DTG) of starch, OS, chitosan, and OSC3.

6A.3.4. Rheological study of the hydrogel

The rheological behavior of the synthesized hydrogel was also investigated in all the
studied compositions of the hydrogel. To study the influence of cross-linking density i.e.,
the variation of OS starch and chitosan ratio, a dynamic frequency sweep experiment
was carried out. The variations of storage modulus (G') and loss modulus (G") as a
function of angular frequency (w) were carried out for the hydrogels (Figure 6A.6.a and
b). Higher G' compared to G" over the entire frequency range indicates the solid-like
elastic properties of the hydrogels and this gives evidence for the retention of the
network structure of the hydrogel during the testing [25]. It is seen that OSC3 hydrogel
possesses the highest G’ value compared to the others, followed by OSC2 and OSC1
(Figure 6A.a). The hydrogel with the highest chitosan amount is assumed to be
exhibited the highest cross-linking density due to the possibility of the highest Schiff
base formation. The rheological study provides evidence for this observation and OSC3
hydrogel having the highest chitosan amount, exhibited the highest G' value. This
observation was also found by Su et al. in the Schiff base hydrogel formed by using
dextran hydrogel containing disulfide bonds [26]. However, in the case of rheological
study of G" vs. angular frequency, the order has slightly deviated after a higher angular
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frequency value as shown in Figure 6A.6.b.
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Figure 6A.6. (a) Variation of G' value with angular frequency, (b) variation of G" value
with angular frequency, (c) variation of G' with shear rate, and (d) variation of G" with

shear rate

The viscoelastic behaviors of the synthesized hydrogels were also investigated by strain
amplitude sweep method at constant frequency and at 25 °C. The variation of storage
modulus (G') and loss modulus (G") with shear strain (%) is shown in Figure 6A.6.(c
and d). In all three compositions of the hydrogel, a higher G' value than G" value
indicates that the elastic properties prevailed over the viscous properties of the hydrogels.
The G' value decreased with the increase in shear strain value which revealed that there
was not any chain entanglement with an increase in shear rate. Moreover, the decrement
indicates that there might be the possibility of breaking the gel structure with higher
strain. In addition to this, there was not any cross-over between G' and G" values indicate
that the solid-like property of the hydrogel retains intake during the experiment [27].
Moreover, OSC3 exhibited the highest G' and G" values followed by OSC2 and OSCI.
This observation provides evidence for the highest cross-linking density of OSC3
compared to the others. Thus, from this rheological study, it is also confirmed that an
increase in the chitosan amount enhanced the possibility of cross-linking inside the

hydrogel [27].
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6A.3.5. Swelling ability

Swelling is one of the most vital properties for drug release ability and other biomedical
applications. The swelling ability of hydrogel depends upon the ionizable or protonated
functional groups, the presence of hydrophilic groups, and the relaxation of the
polymeric chains [28]. Figure 6A.7.a depicts the swelling ability of the hydrogels. The
swelling ability was studied in distilled water and at different pH conditions. It is seen
that with the increase in the chitosan to starch ratio, a gradual decrease in swelling ability
was observed. This phenomenon can be attributed to the cross-linked structure
formation, which is related to the amount of Schiff-base generation [29]. The swelling
results of the hydrogels under different pH conditions are shown in Figure 6A.7.b. The
highest swelling was observed in pH 1.2 medium for all the studied compositions and
swelling ability decreased with the increase in pH of the solution. This distinctive
swelling ability is due to the unique chemical structure of chitosan that possesses one
amine group in most of the repeating structural units. In an acidic environment, these
amino groups are protonated and generate a higher proton concentration within the
hydrogel network than in the surrounding environment. Due to this concentration
gradient, there is an osmotic pressure difference inside and outside the gel resulting in
higher water flow inside the hydrogel. In addition to this, the protonated amine (NH3")
groups act as cationic repulsive forces inside the polymeric membrane leading to a
higher swelling ability [29,30]. Moreover, among the three hydrogels, OSC3 exhibited
the highest swelling ability at pH 1.2. This is due to a higher amount of chitosan that is
present in the hydrogel network which leads to higher repulsion resulting in higher space
for the accommodation of a large amount of water molecules inside the three-
dimensional network of the gel.

In the basic condition, deprotonation occurs leading to lower swelling ability. Thus, at
pH 6 and 7.4 much lower swelling ability was observed compared to pH 1.2. Moreover,
the swelling ability of the hydrogel at higher pH followed a similar trend as found in
normal distilled water. Thus, OSC1 exhibited the highest swelling ability followed by
OSC2 and OSC3. At pH 7.4 due to the absence of protonated groups, cross-linking
density dominates the swelling ability, and hence OSC3 having the highest cross-linking
density exhibited the lowest swelling degree. Moreover, at pH 6, due to the presence of
insufficient amount of H' ions, a lower amount of protonation occurs and hence, the

cross-linking density predominated the swelling capacity leading to the highest swelling
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in the case of OSCI1 as shown in Figure 6A.7.b.
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Figure 6A.7. (a) Swelling capacities of the hydrogels in distilled water, and (b) swelling
capacities of the hydrogels at different pH conditions.

6A.3.6. Encapsulation efficiency

Encapsulation efficiency is the actual fraction or percentage of drug loaded in the drug
encapsulated hydrogel. It is one of the most important parameters for the formation of
hydrogel for a sustained drug release system [31]. The percentage encapsulation
efficiency of the hydrogel varied from 85.22+0.99% to 90.66+0.85%, as shown in
Figure 6A.8.a, with the increase in the amount of chitosan in the hydrogel network. The
lower encapsulation efficiency with a lower amount of chitosan can be explained due to
the formation of a comparatively loose hydrogel structure. The amount of chitosan
affects the cross-linking density of the hydrogel and thus, the drug loading amount. A
higher cross-linking density was achieved with the increase in chitosan amount which
was also observed in the swelling ability of the hydrogels. A hydrogel with higher cross-
linking density formed a more rigid structure reducing the possibility of leaching of the

drug molecules from the matrix [32].

6A.3.7. In vitro drug release

When a drug containing hydrogel comes in contact with an aqueous medium or body
fluid, water penetrates in the system and dissolves the drug molecules. Then the drug
molecules come out from the delivery system due to Brownian motions and the
concentration gradient of drug molecules [33]. Usually, from a swellable system drug
molecules release through diffusion or degradation or sometimes via both the
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mechanisms, depending on the swelling degree, the solubility of the drug, and the
strength of the gel network [33]. However, in the case of a water-soluble drug, diffusion
is the primary mechanism for drug release. Moreover, drug release is greatly affected by
the stimuli-responsive property of the delivery system and this property can be used for
tuning the release rate at the targeted site. As the hydrogel obtained from this work
exhibited pH-sensitive swelling ability, this property was utilized to evaluate the drug
release profile, and the optimum release rate was observed under the suitable

environmental conditions.

6A.3.7.1. Effect of pH on drug release

To investigate the effect of pH on the drug release rate, we considered different pH
conditions (1.2, 6, and 7.4) to release the ampicillin drug from all the hydrogels. The
hydrogels exhibited different release rates and release percentages, which depend on the
swelling ability of the hydrogel in that particular aqueous solution. The cumulative
release profiles of the drug from the hydrogels at different pH conditions are shown in
Figure 6A.8.b-d. The results indicate that pH plays a key role in the release profile and
at pH 1.2, a high amount of drug was released from all the hydrogels. The highest release
rate in this pH condition can be attributed to the highest swelling ability of the hydrogel.
A hydrogel with high swelling ability can highly expand its three-dimensional network
resulting in a comparatively loose network. These phenomena facilitate the diffusion of
large numbers of entrapped molecules from the hydrogel network. However, all the
studied compositions exhibited the almost same amount of drug at this pH condition, as
shown in Figure 6A.8.b-d.

However, with an increase in pH from acidic to alkaline, the percentage of drug released
was decreased and the release time was increased. Prolonged release time was observed
in the case of alkaline medium and follows the order of pH 7.4 > pH 6 > pH 1.2. Shi et
al. also investigated the effect of pH on drug release and found a much higher release
percentage at pH 6 compared to pH 7.4. However, in our studied system at pH 6, 84.23+
2.19% drug was released from OSCI, within 20 h and thereafter remains almost
constant. In the case of OSC2 and OSC3, the release percentage was found to be
decreased with the increase in release time, as shown in Figure 6A.8.b-d.

At pH 7.4, the hydrogels exhibited similar trends, and OSC3 exhibited a more extended-
release profile than OSC2 and OSCI1. Thus, these results showed that at high pH, the
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release performance is greatly affected by the amount of chitosan i.e., the cross-linking
density of the hydrogel. With the increase in chitosan amount, the cross-linking density
was increased which affect the swelling ability and thus the drug release rate. At pH 7.4,
the drug release performance is controlled by the cross-linking density of the hydrogel,
and thus, OSC3 having a highly cross-linked network exhibited the highest sustained
release time compared to the others. A similar effect was also observed by Gull et al. in
their drug delivery system where hydrogel with higher cross-linking density showed

lower drug release ability [31].
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Figure 6A.8. (a) Drug encapsulation efficiency of the hydrogels, and cumulative drug
release profile at different pH conditions of (b) OSC1, (c) OSC2, and (d) OSC3.

While, in the case of highly acidic pH, the swelling ability of OSC3 is higher than the
other two hydrogels due to the presence of pH-sensitive groups in the chitosan network,
which affects the swelling rate and thus the release performance. Hence, in the case of
OSC3 hydrogel, almost the same release percentage was observed. While at pH 7.4,
OSC3 exhibited the lowest swelling value among the three hydrogels, hence it showed
the lowest drug release ability. These results indicate that the release performance is

controlled by swelling. Thus, with the altering amount of the starch to chitosan ratio, the
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drug release performance can be varied, and hence a tunable release system can be

achieved for the targeted site.
6A.3.7.2. Drug release kinetics

Kinetics models play a vital role to investigate the drug release mechanism and
intermolecular interaction between drug molecules and the delivery system. Usually,
Korsmeyer and Peppas equation is used to analyze the drug release from a swellable

system. The mathematical expression of this model is as follows.

M/M, =K?" Eq. 6A.4

where M; and M. are the drug release at time t and at equilibrium conditions,
respectively. K is a constant and n is the diffusion exponent which determines the
diffusion mechanism [34]. The plots obtained from In (My/M,) versus In t are shown in
Figure 6A.9.(a-c) for all the compositions at different pH conditions and the values are
tabulated in Table 6A.1. The value of n obtained from this is used to determine the
release mechanism. If n<0.45, then drug release occurs through Fickian diffusion, and
the diffusion process plays a predominant role. The value of n between 0.45 to 0.85
indicates non-Fickian diffusion when both diffusion and swelling processes control the
overall release rate of the drug [53]. In this study, all the values of n are between 0.45 to
0.85 indicating that the drug release from the hydrogel network occurs through both
swelling and diffusion. During swelling, water molecules dissolve the drug and hence
easily come out from the pores and outer surface of the gel to the surrounding liquid
medium through diffusion.

Moreover, zero order (Eq. 6A.5) [35], pseudo first order (Eq. 6A.6) [36], and Higuchi
square root law (Eq. 6A.7) [35, 37] are also used to investigate the drug release

mechanism as given below.

Mt =M, + Kot Eq. 6A.5
log (M.—My) = —ky/2.303t + log M, Eq. 6A.6
M, = kjt'? Eq. 6A.7

where “M;” and “M.” are the drug release at different times (t) and at equilibrium
conditions, respectively, and ko, kj, k, are the rate constants.

The data obtained from these kinetics models are shown in Figure 6A.9.d-6A.10.f and
the correlation factors obtained are given in Table 6A.1. All the drug release systems

followed Higuchi law with higher correlation factors compared to the other two.
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Figure 6A.9. Korsmeyer and Peppas power law for (a) OSC1, (b) OSC2, (c) OSC3; and
zero order kinetics for (d) OSCI1, (e) OSC2, and (f) OSC3.
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Figure 6A.10. Pseudo first order kinetics for (a) OSCI1, (b) OSC2, (¢) OSC3; and
Higuchi square root law for (d) OSCI, (e) OSC2, and (f) OSC3.
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Table 6A.1. Kinetics parameters for drug release systems

Drug release Korsmeyer and Peppas Zero- Pseudo- Higuchi
system/pH power law order first order  square root
R’ n value R?) (R*) law (R?)
OSC1/pH 1.2 0.9990 0.687 0.9812 0.9098 0.9959
OSCl1/pH 6 0. 9986 0.64 0.8470 0.9486 0.9477
OSC1/pH 7.4 0.9998 0.71 0.8541 0.9541 0.9528
OSC2/pH 1.2 0.9989 0.67 0.9458 0.8694 0.9862
OSC2/pH 6 0.9635 0.56 0.8292 0.9889 0.9356
OSC2/pH 7.4 0.9844 0.49 0.9113 0.9516 0.9795
OSC3/pH 1.2 0.9922 0.69 0.9304 0.9388 0.9816
OSC3/pH 6 0.9545 0.58 0.8020 0.9785 0.9188
OSC3/pH 7.4 0.9591 0.59 0.9030 0.9361 0.9746

6A.3.8. Antibacterial study

Agar well diffusion method was performed on drug encapsulated OSC3 hydrogel to
investigate the antibacterial activity and the results are shown in Figure 6A.11.(a-c). For
better understanding each plate is divided into three segments containing ampicillin
solution as the standard, OSC3 without drug, and OSC3 loaded with ampicillin. It is
clearly evident from the diameter of the inhibition zone that the plain hydrogel was
unable to show any inhibition effect against the tested gram positive and gram-negative
bacterial strains. However, the ampicillin-loaded hydrogel exhibited noteworthy
antimicrobial activity against the tested bacterial strains. These obtained data confirmed
that the drug was successfully loaded on the prepared hydrogel and can release the same.
The released ampicillin from the hydrogel can makes the inhibition effect on gram-
positive and gram-negative bacterial strains and thus, a noticeable amount of inhibition
zone was observed in each case. The diameters of the inhibition zones obtained after
exposure to the prepared hydrogel and the control for the gram-positive bacteria (SA,
and BS) and the gram-negative bacteria (YE) are provided in Table 6A.2. These results
indicate that the drug-loaded hydrogel can exhibit its inhibition effect for the bacterial

strain and can be used as an antibacterial drug release vehicle.
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Figure 6A.11. Antimicrobial activity of (1) hydrogel without drug, (2) drug-loaded
hydrogel, and (3) control, against (a) SA, (b) BS, and (c) YE.

Table 6A.2. Diameter of inhibition zone of the antibacterial test.

Bacterial Inhibition diameter of Inhibition diameter of Inhibition

strain hydrogel without drug  hydrogel with drug diameter of drug

(mm) (mm) (mm)
SA 0 35.33+1.53 39+0
BS 0 30.67+0.58 34.67+0.58
YE 0 22.33+0.58 29.33+1.15

6A.3.9. Cytotoxicity (cell compatibility) assay

Toxicity of polymeric materials is one of the shortcomings in creating a vehicle for a
drug delivery system. To define as a safe drug carrier, the matrix must possess low or no
toxicity [38]. The cytotoxicity of OSC3 hydrogel without any drug was tested against
Human Embryonic kidney cells (HEK 293) by cell morphology study and MTT assay.
The cell was cultured with different concentrations of the tested hydrogel. After 24 h, the
cell viability percentage was determined and plotted against the concentration of OSC3
hydrogel (Figure 6A.12.a). The numbers of viable cells are directly proportional to the
absorbance of MTT at 570 nm [21]. The results revealed that the hydrogel possesses an
excellent cell viability percentage at the concentration of 1 mg/mL and 5 mg/mL (Figure
6A.12.a). Moreover, the changes in cell morphology were studied by using an inverted
microscope, as shown in Figure 6A.12.(b-d). It is seen that there were no visible
morphological changes after the treatment with OSC3 hydrogel for 24 h. These results
reveal that the prepared hydrogel possesses noteworthy biocompatibility and hence can

be considered as a nontoxic controlled drug delivery system.
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Figure 6A.12. (a) Cell viability of Human Embryonic Kidney cells (HEK 293) upon
treatment with OSC3; microscopic images of the cells (b) control, (c) treated withl

mg/mL OSC3, and (d) treated with 5 mg/mL OSC3.

6A.3.10. Biodegradation

Biodegradation of polymeric products is one of the most important qualities to judge
them as environmentally friendly materials. The oven dried OSC3 hydrogel without any
drug was completely biodegraded in the soil after 15 days and no residue was observed
under the soil. The weight loss of the hydrogel after biodegradation under the soil is
shown in Figure 6A.13.a. Due to the absence of any cross-linker and synthetic
monomer, the hydrogels were degraded easily by the microorganism present in the soil
[39]. Moreover, to provide evidence for the biodegradation of the hydrogel, SEM images
of the non-biodegraded and the biodegraded OSC3 hydrogels were taken as shown in
Figure 6A.13.(b-d). For this purpose, the hydrogel before complete degradation was
removed from the soil. It is seen that after degradation the surface morphology is
completely changed. The surface of the oven dried OSC3 was smooth, and no pore was

observed because of the drying process as chain entanglement occurs due to heating.
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However, after biodegradation, surface erosion occurred, and the smoothness completely
vanished, as shown in Figure 6A.13.(c-d). Thus, SEM analysis gives evidence for the

biodegradation of the hydrogel under soil-buried conditions.
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Figure 6A.13. (a) Weight loss with time of the hydrogel upon biodegradation, (b) oven
dried OSC3 before biodegradation, and (c-d) OSC3 after biodegradation.

6A.4. Conclusion

In conclusion, this study provides a facile, cross-linker-free, one-pot procedure for the
preparation of a polysaccharides-based hydrogel. The hydrogel was characterized by
using FTIR, XPS, and TGA analyses and applied as a sustained drug delivery vehicle.
The drug entrapment efficiency enhances with the increase in the amount of chitosan in
the hydrogel network, and the maximum encapsulation efficiency of 90.66% was
observed. The hydrogel showed pH-dependent swelling ability, and the controlled
release ability was also affected by the pH of the medium. From the study it is clearly
evident that the pH-dependent response of the hydrogel is due to the presence of chitosan
in the matrix and varied with the varying amount of chitosan. In vitro study showed that
the higher release percentage was observed at pH 1.2. However, the hydrogel exhibited
the highest sustained release ability of 29 h at pH 7.4. The kinetics study proved that the
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drug release from the hydrogel followed the non-Fickian diffusion model. The
ampicillin-loaded hydrogel was effective for various bacterial strains, and a noticeable
amount of inhibition zone was achieved. MTT assay of the synthesized hydrogel showed
more than 93% cell viability even at concentration of 5 mg/mL. Thus, the prepared

hydrogel has great potential as a promising controlled drug delivery vehicle.

Page | 6-25



Chapter 6
|

Chapter 6B: Swelling induced mechanically tough starch/agar-based hydrogel

for wound dressing applications
6B.1. Introduction

Chapter 6A demonstrated pH sensitive oral drug delivery system using a self-cross-
linking strategey. However, some of the biomedical applications demand mechanical
stability of the biomaterials. Thus, this chapter introduce a mechanically tough
starch/agar based hydrogel for wound dressing application. However, over the last few
decades, a number of studies have reported mechanically tough hydrogels for dressing
applications. For example, in 2017, a pH responsive tough hydrogel was synthesized as a
smart dressing material by Liu et al. The hydrogel was synthesized by using sodium
alginate, and acryl amide was used as a synthetic monomer [40]. In 2020, a highly
stretchable mechanically tough poly(sulfobetaine methacrylate) hydrogel was
synthesized by Fang et al [41]. The mechanoresponsive hydrogel showed good adhesive
properties, exhibiting 1.41 MPa compressive stress. Recently, a highly stretchable
hydrogel was also synthesized using acrylamide as a monomer and N, N-
bis(acryloyl)cysteamine as the cross-linking agent [42]. Although all these hydrogels
have shown potential as effective mechanically tough dressing materials, the use of
synthetic monomers limits their applicability. Thus, in this work we aimed to synthesize
a polysaccharide-based synthetic monomer-free hydrogel by using starch and agar.
However, literature advocates the preparation of different polysaccharide-based
mechanically tough hydrogels. Each of these possesses a definite amount of swelling
ability. During swelling, hydrogels expand their 3D network, and thus, most of them
suffer from a swelling-induced decline in mechanical properties [43]. Moreover, several
hydrogels after equilibrium absorption are unable to retain their structural integrity, and
this leads to serious performance issues. Although extensive studies have reported
various hydrogels with different swelling abilities, only a few of them have reported a
retention of mechanical properties both before and after swelling. This may be due to the
fact that most of them are too weak after swelling. However, a few studies have reported
that hydrogels show noticeable mechanical strength after swelling, for example, Itagaki
et al. reported a poly(2-acrylamido-2-methylpropanesulfonic)/polyacrylamide-based
hydrogel with retention of mechanical strength after swelling [44]. Similarly, Wang et al.
synthesized a poly(N-isopropylacrylamide) and a LAPONITEs-based nanocomposite
with noticeable mechanical strength after swelling [45]. Although these hydrogels can
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retain the mechanical strength after swelling, their applicability is limited due to the use
of synthetic monomers. Thus, designing a bio-based hydrogel with strong mechanical
attributes, both in the dry and swollen states, is still a big challenge. Hence, in this study,
we aimed to produce a mechanically tough polysaccharide-based hydrogel with retention
of its swelling-induced mechanical properties. To cross-link the polysaccharides starch
and agar, epichlorohydrin (ECH) was used as a cross-linker and different compositions
of the hydrogels with varying mechanical performances were prepared. The antibacterial
drug ciprofloxacin was encapsulated within the hydrogel and the antibacterial efficiency
of the drug-loaded hydrogel was tested against Gram-positive bacteria. Moreover, the
controlled release attributes of the hydrogel were investigated in vitro to understand the
release profile for the sustained release of drug. Most importantly, to examine the
toxicity of the hydrogel towards mammalian cells, cell viability tests were also

conducted.
6B.2. Experimental
6B.2.1. Materials

Chemicals such as starch, Luria-Bertani broth, bacterial strains (SA, BS), SDS, LB,
crystal violet, and MTT were procured from Himedia, India. Dulbecco’s modified
Eagle’s medium, non-essential amino acids, penicillin-streptomycin solution, L-
glutamine, foetal bovine serum, and 4-(2- hydroxyethyl)-1-piperazineethanesulfonic acid
were same specifications as described in the sub-chapter 6A in section 6A.2.1.

Agar powder was obtained from Himedia and used to prepare the main backbone of the
hydrogel. It is a pale-yellow color polysaccharide with unique gel forming ability.

ECH and sodium hydroxide (NaOH) were used as same specification and same grade as
described in Chapter 3 in 3A.2.1.

Pohsphosphate-buffered saline (PBS) was purchased from Himedia, India. Before the

analysis it was dissolved in distilled water and used in drug release study.
6B.2.2. Methods
6B.2.2.1. Synthesis of the starch-agar-based hydrogel

The starch/agar-based mechanically tough hydrogel was synthesized via a facile one-pot
procedure. Calculated amounts of starch and agar powder were placed in a round-bottom

flask with distilled water. The reaction temperature was gradually increased under
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stirring up to 70—80 °C to dissolve both the polysaccharides. Thereafter, the temperature
of the reaction mass was lowered to 60 °C and at that temperature, the desired amount
(0.7185 g) of ECH was added drop wise with the subsequent addition of 3N NaOH
solution. The reaction mixture was stirred until all the NaOH had reacted with the ECH
as indicated by the increase in the viscosity of the reaction mixture. The viscous gel was
then poured onto a Teflon sheet and dried in an oven at 50 °C until a touch-free film of
the hydrogel formed. Materials with different molar ratios of starch and agar were

prepared and encoded as SAC1, SAC2, and SAC3, as tabulated in Table 6B.1.

Table 6B.1. Amount of reactants used in formation of the hydrogel

Sample Starch Agar ECH

code content (g) content (g) content (g)
SACI1 1.4 0.1 0.7185 g
SAC2 1.2 0.3 0.7185 g
SAC3 1 0.5 0.7185 g

6B.2.3. Structural analysis

The structure of the synthesized starch/agar hydrogel was analyzed by using the same

FTIR instrument under similar conditions as described in Chapter 2.

6B.2.4. Thermal study

The thermal study of the synthesized hydrogels was done in the same instrument under

similar conditions as described in Chapter 2.

6B.2.5. Mechanical study

The tensile measurements of the prepared hydrogels were performed using the same
Universal Testing Machine (UTM), as described in Chapter 4, at a crosshead speed of 5

mm min .
6B.2.6. Swelling study

The swelling study of the synthesized hydrogels was done in PBS solution. To determine
the swelling ability similar method and mathematical equation were used as described

Chapter 2.
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6B.2.7. Water vapor transmission rate (WVTR)

The WVTR of the SAC3 hydrogel was evaluated following ASTM standard E96-00 with
slight modification [46]. A salt solution of calcium chloride and sodium chloride with 2.5
mmol L' calcium ions and 142 mmol L sodium ions (equivalent to the chemical
composition of wound fluid and serum) was taken up in a glass vial. The mouth of the
vial was covered with hydrogel film, ensuring contact with the water present inside the
vial. The mouth of the vial was closed using a Teflon tap so that the vapor could escape
only through the hydrogel film. Thereafter, the vial was sealed with the test sample
incubated at 37 °C temperature, and the weight of the container was measured at regular
time intervals (6, 12, 18, 24 h) and an average of three consecutive test results was taken.

The equation used to evaluate the WVTR of SAC3 was as follows:

WVTR = (m/t) 24/A (g m?d™") Eq. 6B.1

where m = the mass of water loss after a particular time interval (g), t = time interval (h),

and A = the effective transfer area of the hydrogel (rn2 ) [47].
6B.2.8. Drug loading

Before encapsulation, different amounts of drug were dissolved in distilled water and
mixed with the produced gel after the completion of the reaction. Thereafter, the drug-
loaded gel was dried in an oven at 50 °C until the formation of a touch-free film. To
determine the encapsulation efficiency similar method and mathematical equations are

used as discussed in Chapter 6A.

The percent of drug loading was determined with the help of the following equation [9].

Ciprofloxacin loading (%) = (weight of drug in the hydrogel/ weight of the
hydrogel) x 100 Eq. 6B.2

6B.2.9. In vitro drug release study

For in vitro release study, the ciprofloxacin loaded hydrogel films were placed in a
definite amount of PBS solution at 37 °C. After predetermined time intervals, 1 mL of
drug release buffer was collected. After diluting the drug release buffer by an appropriate
amount, the absorbance of the released drug was evaluated by using a UV-vis
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spectrophotometer at the Amax (270 nm) of ciprofloxacin. To determine the cumulative

release similar mathematical equations are used as described in Chapter 6A.
6B.2.10. Antimicrobial testing of the drug loaded hydrogel

The antibacterial study of the drug loaded SAC3 was conducted by using similar method

and experimental condition as described in Chapter 6A.

6B.2.11. Cytotoxicity studies of the hydrogel on human embryonic kidney cells
(HEK 293)

The cytotoxicity studies of the hydrogel of the hydrogels were conducted by using
human embryonic kidney cells (HEK 293). This experiment was also conducted

similarly as described in Chapter 6A.
6B.2.12. Biodegradation via the soil burial

To investigate biodegradation of the synthesized hydrogel soil burial method was used as

described in sub-Chapter 6A.
6B.3. Results and discussion
6B.3.1. Synthesis of the hydrogel

The possible synthetic pathway for the starch/agar-based mechanically tough hydrogel is
demonstrated in Scheme 6B.1. In a basic environment, the epoxy rings of ECH were
opened and reacted with one of the primary hydroxyl groups of the starch molecules.
Consequently, another primary hydroxyl group of starch reacted with the other side of
the opened-up epoxy ring of ECH. Moreover, the opened epoxy ring can also react with
the primary hydroxyl groups of agar and starch simultaneously, and, thus, the starch/agar

cross-linked hydrogel was formed, as depicted in Scheme 6B.1.
6B.3.2. FTIR study

The characterization of the synthesized hydrogel was done using FTIR spectroscopy.
The FTIR spectra of starch, agar, and all the hydrogels are shown in Figure 6B.1.(a and
b). The spectra clearly provide evidence for the ECH cross-linking with the
polysaccharides. The absence of an epoxy peak at around 853.88 cm™ and the C—CI peak

at 758.83 cm’' in the spectra of the resulting hydrogels provides evidence for the opening
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of the epoxy ring of ECH [48, 15].
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Scheme 6B.1. Possible reaction mechanism for the preparation of the hydrogel.
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Figure 6B.1. FTIR spectra of (a) agar and starch; (b) SAC1, SAC2, and SAC3.

This observation was also found in our previous work (Chapter 3 and 4). In addition to
this, the decrease in the broadness of the —OH stretching frequency at 3300-3525 cm™ in
the spectra of the synthesized hydrogels revealed the decrease in the degree of free
hydroxyl groups in the polysaccharides after ECH cross-linking [49]. All three
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compositions of the hydrogels exhibited an —OH stretching frequency at this wavelength

range. The characteristic bands for the —CH symmetric and asymmetric stretching
frequencies in the range of 2848.15-2976.05 cm™ were present in both the bare
polysaccharides and the resulting hydrogel [22]. Moreover, the characteristic band in the
range of 1015.42 cm™'-1166.65 cm™ represents the —-C—O—C— stretching frequency of
both the starch and agar of the resulting hydrogel.

6B.3.3. Thermal study

The TGA thermograms and their first derivatives obtained from the thermal studies of
the pristine agar and all three compositions of the hydrogels are shown in Figure 6B.2.(a

and b).
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Figure 6B.2. (a) TGA thermograms of agar, SAC1, SAC2, and SAC3; and (b) first
derivative TG (DTG) of agar, SACI1, SAC2, and SAC3.

Both the pristine agar and starch—agar films exhibited multistep degradation patterns
during thermal decomposition. The first weight loss is due to the loss of moisture
entrapped within the agar powder and the hydrogel matrices. In the case of bare agar, in
addition to the weight loss due to water vapor, two weight losses were observed at
around 248 °C and 316 °C. These two weight losses were also observed for the
synthesized hydrogels. However, the degradation pattern observed at 248 °C for the agar
backbone was slightly shifted to 219 °C. However, the intensity of this degradation
pattern was much lower for SAC1 compared to SAC3, reflecting the lower agar content
in the structure. In addition to this, the degradation pattern observed at around 316.23 °C
is due to the decomposition of both the bare starch and bare agar backbones, which were
also observed for all three hydrogels with some shifting towards lower temperatures [22,
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50]. Thus, from this study, it was found that, compared with the bare polysaccharides;

the hydrogel films show slightly lower thermal stability.
6B.3.4. Swelling study

Swelling is one of the most important properties of hydrogel for wound dressing, as it
provides a moist environment for the wounded tissue. A hydrogel with a balanced
swelling ability can cool down the wounded area and provide a comparatively
comfortable environment to the host. Moreover, the hydrogel can absorb the exudates
from the wound site, which is one of the most important properties for successful wound
healing. The effluence from the wound enhanced the probability of bacterial colonization
and thus delayed the healing process [51]. The developed hydrogel exhibited a swelling
ratio of 2.53+0.45 g g¢'-6.167+0.40 gg' in PBS, as shown in Figure 6B.3.a.The
hydrogel with a higher starch amount exhibited higher swelling ability. Moreover, an
increase in the amount of agar effectively decreased the water absorption capacity. This
phenomenon occurs due to the lower hydrophilicity of agar compared to starch as a

result of the presence of fewer hydroxyl groups.
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Figure 6B.3. (a) Swelling of the hydrogels and (b) the water transmission rate of SAC3.
6B.3.5. Water vapor transmission rate (WVTR)

Wound healing is a complicated pathophysiological process that requires a suitable moist
environment for effective healing. The injured cell exhibits around twenty times higher
water loss than normal skin. It has been reported that healing under suitable moist
conditions is faster than under dry conditions. Thus, a suitable dressing material is

essential for controlling the water evaporation from the wounded area. The WVTR of the
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SAC3 hydrogel film over 24 h is shown in Figure 6B.3.b. It can be observed that, even
if the liquid is in contact with the hydrogel, less water is evaporated, which confirms the

synthesized hydrogel to be an effective dressing material.
6B.3.6. Mechanical properties

In the biomedical field, acute wounds on body parts such as knees, fingers, feet, and
wrists are difficult to treat due to their frequent movements. Therefore, it is highly
recommended that the dressing materials to be used for such specific sites should have
adequate mechanical strength. Thus, in this work, a mechanically tough hydrogel was
prepared to achieve the required mechanical properties for dressing applications. Taking
advantage of the cross-linking of both starch and agar moieties by ECH, the synthesized
hydrogel films attained excellent mechanical strength. The typical stress—strain profiles
for all three compositions of the hydrogel are shown in Figure 6B.4.a. The tensile
strength of SAC1 was measured as 9.49+1.29 MPa. In contrast, the stresses of SAC2 and
SAC3 were measured as 6.99+0.29 MPa and 6.16+0.37 MPa. Thus, compared to SACI,
the difference between SAC2 and SAC3 is small. These results suggest that the
incorporation of agar into the ECH cross-linked starch network affects the mechanical
strength of the gels. This may be due to the incorporation of agar resulting in less cross-
linking, which may lead to the lower mechanical strength of the hydrogels. Moreover,
there are possibilities of starch—starch, and agar—starch cross-linking with the opened-up
epoxy ring of ECH. Thus, the penetration of both networks together reduced the tensile
strength of the resulting hydrogel. However, the difference was not very pronounced in
the case of SAC2 and SAC3 in the dry state.

Further, to provide supportive information for the mechanical strength of the gel, various
digital photographs were taken, as shown in Figure 6B.4.(b and ¢). It can be observed
from Figure 6B.4.b that the SAC3 hydrogel can be easily bent without any deformation,
which provides support for the prominent mechanical strength of the gel. Further, the
mechanical strength of the hydrogel was also evaluated by lifting a plastic bottle filled
with water with a weight of 135 g using a strip of the hydrogel. It can be seen from
Figure 6B.4.c that only 0.1 g of hydrogel can lift almost 135 g of weight without any
breakage.

Thus, all these results provide supportive information for the mechanical toughness of

the synthesized hydrogel. Moreover, the synthesized hydrogel is also transparent enough
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for visual inspection of the wound through the hydrogel film without removing it, as

shown in Figure 6B.4.d.

(a)

Stress (MPa)

0 10 20 30 40 50 60
Strain (%)

Figure 6B.4. (a) Stress—strain curves of the hydrogels, (b) bending of the hydrogel, (c)
weight lifting, and (d) visual inspection of the skin through the hydrogel film.

6B.3.6.1. Mechanical strength after swelling

Along with the high mechanical strength under dry conditions, the synthesized hydrogel
can retain its integrity in the swollen state and possess a noticeable amount of tensile
strength both in the fully swollen state and with around 70% absorbed water. However,
the SAC1 hydrogel possessing the lowest agar content was not suitable for carrying out
the mechanical strength testing by the UTM machine. The stress—strain curves for the
swollen hydrogels are shown in Figure 6B.5.(a and b). From this figure, it can be clearly
observed that SAC3 exhibited a higher tensile strength than SAC2 in both cases. Thus,
the noticeable amount of mechanical stability is due to the presence of agar and this
property makes the hydrogel suitable for use in dressing applications. To support this
fact, gelatinized agar was dried in an oven to a constant weight and kept in water. It can
be observed that the dried agar retains its integrity even after 7 days in water, as shown
in Figure 6B.5.(c and d). Thus, the presence of agar is responsible for the retention of
mechanical strength after swelling, which is also predicted from the tensile strength of
the swollen gel. However, in the case of the fully swollen state, much lower tensile
strength was observed than in the 70% swollen state, as expected.

The digital photographs of all three compositions of the hydrogels after water absorption
are shown in Figure 6B.5.e. Moreover, the SAC3 hydrogel in the swollen state can also

bend or twist or form a knot, as shown in Figure 6B.5.(f and g).
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Thus, all these results prove that the hydrogels have a considerable amount of
mechanical strength in the swollen state and that this property arises due to the presence
of agar in the network. However, a significant decline in mechanical strength was
observed after the absorption of water. This may be due to enhancement in the volume of
the hydrogel network by the absorbed water resulting in a lowering of the gel strength. In
addition, the hydrophilic groups combined with the water molecules result in decrease of

the interactions between the molecular chains present in the hydrogel [52].
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Figure 6B.5. Mechanical strength of the three compositions of the hydrogel after
swelling (a) at 70% water absorption and (b) in the fully swollen state; (c) dried agar gel,
(d) swollen agar gel after 7 days swelling in water, (e) digital photographs of the three
compositions of the gel after swelling, (f) knot formation of the swollen gel, and (g)

bending of the swollen gel.

6B.3.7. Drug loading and encapsulation efficiency

In a controlled drug delivery system, drug loading and encapsulation efficiencies are the
most important parameters. Figure 6B.6.a shows the drug loading and encapsulation

efficiencies of the SAC3 hydrogel with different weight percentages of ciprofloxacin.
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The loading amount of the drug significantly affected the encapsulation efficiency of the
hydrogel, and the highest encapsulation efficiency was observed in the case of 10%
loading. However, the encapsulation efficiency of the hydrogel decreased upon an
increase in the amount of the loaded drug. This result indicates that, with an increase in
the amount of drug loaded in the hydrogel, a greater percentage of the drug was lost

during encapsulation [53].
6B.3.8. Drug release

The drug loading efficiency also affected the controlled release ability of the hydrogel, as
shown in Figure 6B.6.(b and c).
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Figure 6B.6. (a) Drug encapsulation and loading efficiency; cumulative drug release
profile over (b) 120 h and (c) 20 h.

It was examined that the percentage releasing ability of hydrogel increased with the
increase in loading amount and SAC3 with 30% loading showed the highest percentage
of release, followed by 20% and 10% loading. This increase in the release amount is
mainly due to a diffusion-controlled phenomenon, as the extent of swelling in all the

cases was the same. Thus, with the increase in the drug loading, the rate of diffusion

Page | 6-37



Chapter 6
|

enhanced with the increase in the concentration gradient [54]. In the case of a swellable
system, liquid molecules penetrate inside the hydrogel matrix and the drug molecules
encapsulated inside the network come out due to Brownian movement. The encapsulated
ciprofloxacin exhibited sustained release in all the three cases; a property that is one of
the most important characteristics for the successful healing of any affected wound.
Initially, the drug release rate from the hydrogel was much higher, but the release rate
decreased gradually with time, and after 28 h the drug release rate almost reached
equilibrium, as shown in Figure 6B.6.b. Moreover, we also studied the drug release rate
over 1 h interval to investigate the effect of loading amount, as shown in Figure 6B.6.c.
To investigate the drug release mechanism various mathematical models are used as
shown in Figure 6B.7.

Similar to sub-Chapter 6A, non-Fickian drug release was obtained from Korsmeyer and
Peppas power law models. Moreover, the kinetics data obtained from the various models
such as zero order, pseudo first order, and Higuchi square root law are shown in Table

6B.2.
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Figure 6B.7. (a) Korsmeyer and Peppas power law, (b) zero order kinetics, (c) pseudo

first-order kinetics, and (d) Higuchi square root law at different loadings.
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Table 6B.2. Kinetics parameters for drug release systems

Drug release Korsmeyer and Zero-  Pseudo- Higuchi
systems Peppas power law  order first- square root
(R order (R% law (R
(RY) n value
SAC3 30% 0.9940 0.59 0.7068  0.9720 0.8523
SAC3 20% 0.9923 0.55 0.6594  0.8935 0.8134
SAC3 10% 0.9944 0.51 0.6476  0.9539 0.8066

6B.3.9. Antibacterial activity

After injuries, bacterial infections of the wounded skin are very common and these lead
to a delayed healing process and serious tissue damage. Thus, dressing materials should
possess a definite amount of antibacterial activity. To investigate the antibacterial
activity of the drug-loaded SAC3, the hydrogel without the drug, ciprofloxacin-loaded
hydrogel, and ciprofloxacin solution as a control were placed in separate segments of
agar plates. After 24 h, the drug-loaded hydrogel effectively exhibited an inhibition
effect against the tested bacterial strains. However, the hydrogel samples without drug
encapsulation did not show any antibacterial activity. The zones of inhibition for each
bacterial strain are shown in Figure 6B.8.(a and b) and the diameters of the inhibition

zones are given in Table 6B.3.

Figure 6B.8. Antibacterial activity of (1) SAC3 with drug, (2) control, and (3) SAC3
without drug: against (a) SA and (b) BS.

These results provide supportive information that the drug was successfully loaded with

SAC3 and that after encapsulation the hydrogel exhibits antibacterial activity. Thus, the
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in vitro antibacterial studies demonstrated that drug-loaded SAC3 exhibits sustained
antibacterial activity against bacterial starins. Hence, the hydrogel can be efficiently used
as an antibacterial dressing material for infected wounds.

Table 6B.3. Inhibition zone diameter of the hydrogel

Bacterial Hydrogel with Drug loaded Control

strain out drug hydrogel system
BS 0 24+1 33.67+0.58
SA 0 32.67+1.15 40+0

6B.3.10. Biocompatibility testing

Biocompatibility is the most essential property of biomaterials. Favorable cell
compatibility is a prerequisite in the design of a biomaterial for wound dressing
applications. In this study, to assess biocompatibility, human embryonic kidney cells
(HEK 293) were employed against the SAC3 hydrogel without the loading of any drug.
Different concentrations of hydrogel samples with this cell type were cultured for 24 h

and the results were plotted as shown in Figure 6B.9.a.

Cell viability (%)
2

Control 1 mg/mL Smg/mL

Concentration

Figure 6B.9. (a) Cell viability of human embryonic kidney cells (HEK 293) with SAC3

L]
Page | 6-40



Chapter 6
|

hydrogel; microscopy images of the cells (b) without treatment, and treated with (¢) 1 mg

mL" SAC3 and (d) 5 mg mL" SAC3.

The cell viability slightly decreased with the increase in the concentration of the
hydrogel, but a minimum 89.46+ 0.38% cell viability was obtained. Thus, the hydrogel
exhibited an acceptable range of cell viability, suggesting that the synthesized hydrogel
is non-toxic and can be safely employed as a dressing material for wound healing.
Moreover, after treatment with different concentrations of SAC3, the change in cell
morphology was also studied with the help of an inverted microscope, as shown in
Figure 6B.9.b-d. The cell morphology remained intact after treatment and only a slight
difference was observed, indicating the biocompatible nature of the synthesized

hydrogel.
6B.3.11. Biodegradation

Biodegradation of a polymeric material is an essential property from an environmental
point of view. In most of the cases, dressing materials are removed regularly after certain
time intervals and the non-degradability of these can cause serious environmental
pollution. Thus, we studied the biodegradation of the synthesized hydrogel. It was seen
that the hydrogel was easily degraded by up to 92.33+2.52% within one month when it

was buried under the soil (Figure 6B.10.a) at our university campus.

Figure 6B.10. (a) Weight loss of SAC3 after degradation at various time intervals, (b

Page | 6-41



Chapter 6
|

and ¢) SEM images of the SAC3 before biodegradation, and (d—f) SEM images of SAC3

after degradation.

The micro-organisms present in the soil are responsible for this degradation [39] and the
degradation was enhanced due to the absence of synthetic monomers. The SEM images
of the oven-dried hydrogel films before and after degradation are shown in Figure
6B.10.b-f. It is seen that the smooth surface of the hydrogel became rough due to the
erosion caused by the degradation. Thus, the SEM images provide the supportive

information for the biodegradation of the synthesized hydrogels.
6B.4. Conclusion

In summary, a mechanically tough polysaccharide-based hydrogel was developed
without the inclusion of any synthetic monomers. The synthesized hydrogel possesses
outstanding mechanical strength (9.49+1.29-6.16+0.37 MPa), making it suitable for
wound dressing applications. Moreover, the hydrogel can retain its integrity in the
swollen state too, and incredible tensile strength was obtained under such conditions.
This property aids the easy removal of the dressing material, meaning that it might be
less painful to the host. In addition, the hydrogel exhibits a controlled water transmission
rate, which is one of the most important properties of a dressing material. Moreover, the
drug-loaded hydrogel exhibited efficient antibacterial activity against the tested bacterial
strains. The hydrogels without any drugs also showed good biocompatibility with human
embryonic kidney cells (HEK 293) and minimum 89.46+0.38% cell viability was
observed. Above all, the hydrogels exhibit a minimum 86.87+0.95% encapsulation
efficiency of the drug with maximum 85.28+1.58% sustained release ability. Thus, this
work details the preparation of a mechanically strong, bio-based, biocompatible
hydrogel, which exhibits antibacterial drug release ability upon drug loading and hence
can be used as a wound dressing. In conclusion, this work shows promise for the

development of polysaccharide-based dressing materials.
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