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Abstract

Biodegradable pH-responsive hydrogels have become a powerful tool in medicine for synthesizing wound
dressings and drug delivery applications. The current study focuses on the development of crosslinked
semi-interpenetrating polymer networks of chitosan/poly(ethylene glycol)/3-glycidyloxypropyltrimethoxy
silane (GPTMS) blends containing honey and aloe vera gel. All hydrogels were prepared by physica
blending and solution casting methods. Fourier transform infrared (FTIR) spectroscopy was performed to
analyse the developed interactions among the polymers and crosslinker. To check the thermal behaviour
and crosslinking density of all hydrogel matrixes, thermogravimetric analysis (TGA) was done. The effects
of the crosslinker concentration on the swelling trend of all hydrogels were investigated against distilled
water and buffers of varying pH. The hydrogel was found thermally stable with enhanced swelling rate,
good moisture capability, and pH responsiveness. These properties and the material’'s cost-effectiveness
suggest that the fabricated blend hydrogels can be suitable for wound dressing and other biomedical
applications.

Keywords: Hydrogel, chitosan, wound dressing, polyethylene glycol, thermogravimetric analysis,
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1. Introduction

The wound-healing phenomenon comprises complicated biochemical processes at the cellular level, which
can be accelerated with the help of suitable wound dressings'>:2l. The conventional wound dressing is dry-
like pledget, which may not have a better effect as the eschar can be formed on renewed skin during
healing(34l. This problem can be removed using wet wound dressings such as hydrogel, made of 1ow-cost
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material with good biocompatibility, water retention capacity, absorption, and ventilating ability. The
hydrogel-based wound dressing can be applied and removed easily without causing any injury to the
tissuesd™> 71, Hydrogels are three-dimensional semi-interpenetrating polymer networks of natural or synthetic
polymers with good swelling propertiesl®101. Currently, numerous wound dressing polymers are available,
including chitosan(CS), gelatine, polyethylene glycol (PEG), polyvinyl pyrrolidone, and xanthan gum[11.12],
Chitosan is comprised of a repeating monomer unit known as N-acetyl-D-glucosamine, linked through (1-4)-
linkages to form elongated chains. Within the monomer structure are functional groups. primary amines,
hydroxyl groups, and secondary hydroxyl groups (OH)[1%l. These functional groups provide sites for
potential chemical modifications without altering the degree of polymerization. These reactive groups within
the chitosan backbone alow for convenient customization, either through physical or chemica means,
facilitating the fabrication of scaffolds with tailored properties suitable for various healthcare and other
biomedical applicationd 3. It has been used in the composition of drug delivery systems and wound
dressings due to low toxicity, biodegradability, anti-microbial properties, biocompatibility, and formation of
epidermal scaffoldd12.14-171,

Chitosan-based hydrogels exhibit a great degree of swelling and show changes in swelling behaviour when
they come in contact with any stimulus, such as pH[18:1°]. These hydrogels can induce the deposition of
regular collagen, proliferation of fibroblasts, and synthesis of hyaluronic acid at wound sites, leading to
faster healing and prevention of scarsl?%:21. Chitosan-based fully swollen hydrogels have low interfacial
tension between body cells and hydrogel surface, which can reduce cell adhesion and absorption process?2l.
A synthetic polymer like PEG can be blended with chitosan to improve the properties of hydrogel[23.24],

PEG is a hydrophilic and biocompatible ethylene oxide polymer formed by the polymerization of ethylene
glycol oligomers or when ethylene oxide reacts with ethylene glycol[23]. It is a synthetic polymer composed
of repeating ethylene oxide units with a molecular weight of 44 Daltons 26, PEG has been proven to be an
effective material for biomedical applications, including the formation of drug and cell delivery vehicles and
the promotion of tissue regeneration, as it does not show any immune responsel27-2%1. PEG-based hydrogels
can direct cell proliferation, secretion, and differentiation[30:31,

CS and PEG blends can be crosslinked using various silane-based coupling agents like aminopropyl
triethoxysilane, 3-Glycidyloxypropyltrimethoxy silane (GPTMS), and methoxy-terminated polydimethyl
siloxane to increase the durability of hydrogell32]. The GPTMS s of paramount importance due to its multi-
functionality. It belongs to the family of organo-silanes, which has an epoxy group and three methoxy groups
at opposite terminals of the chain. Both epoxy and methoxy rings are reactive: epoxy towards acids, a cohals,
thiols, and amides, and methoxy towards glass33-39]. Li et al. fabricated self-healing injectable hydrogels
composed of chitosan, PEG, and octa-functionalized crosslinker for wound healing application. The resulting
hydrogels had great mechanical strength, reasonable cytocompatibility, and high healing efficiency. Cell
proliferation and migration acceleration were observed in diabetic mice with minimum inflammatory cells
using these hydrogeld“3l. Chen et al. reported the development of chitosan/PEG-based hydrogels with
improved mechanical properties and suitable degradation rates for wound healing applications. These
hydrogels increased the fibroblast proliferation rate and supported epithelial migration[44l. In another study,
Hasan et al. prepared CS-PEG-based hydrogels and evaluated them in rat skin wound model/49).

Traditionally, aloe vera, with medicinal properties, has been utilized to address skin ailments like burns,
wounds, and inflammation. Additionally, aloe vera exhibits a range of therapeutic attributes, including anti-
cancer, antioxidant, anti-diabetic, and anti-hyperlipidemic properties. It comprises over 75 diverse
compounds, encompassing vitamins (such as A, C, E, and B12), enzymes (like amylase, catalase, and
peroxidase), minerals (including zinc, copper, selenium, and calcium), sugars (e.g., monosaccharides like
mannose-6-phosphate and polysaccharides such as glucomannans), anthraquinones (such as aloin and
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emodin), fatty acids (like lupeol and campesterol), hormones (such as auxins and gibberellins), and other
constituents (including salicylic acid, lignin, and saponins)[“941l. Honey, on the other hand, a natural
substance rich in sugars, serves as a food sweetener, whole food, and medicina aid. Epidemiological
research has highlighted its potential protective and therapeutic effects on health, enhancing immune
function, antibacterial properties, and antioxidant responses, with potential benefits extending to
cardiovascular health. Comprising primarily glucose and fructose, honey contains over 180 additional
components, such as proteins, amino acids, essentiad minerals, vitamins, enzymes, and phenolic
phytochemicalsl42l. Honey and aloe vera can be added to the hydrogel to enhance its antimicrobial and
antioxidant potential for wound healing. Aloe vera is reported to increase the drug absorption level, while
honey can enhance the antimicrobial effect36-39,

In this study, we have synthesized a range of novel hydrogels for future biomedical applications using
chitosan, polyethylene glycol, honey, and aloe vera. The incorporation of GPTMS crosslinker into these
hydrogels has been meticulously executed to crosslink the polymer material. The prepared hydrogels were
analysed using FTIR and TGA, while the important swelling studies were performed against distilled water,
buffer solutions of varying pH to elucidate the pH responsiveness of these hydrogels. Thiswork has not been
reported previougly.

2. Experimental Section

2.1 Chemicals

CS was bought from Germany with 406,039 g/mol with 75% DDA. PEG (600 g/mol polyethylene glycal),
CH30H (absolute methanol), CH3COOH (100 % pure acetic acid), HCl (37% pure hydrochloric acid), and
HCOOH (95% pure formic acid) were purchased from Merck, Germany. NaOH (98.0% pure sodium
hydroxide), GPTMS (silane-based crosslinker), CH3COONa (99.995% pure sodium acetate), KHoPO4 (99%
pure potassium dihydrogen phosphate), and KCl (99% pure potassium chloride) were obtained from Sigma
Aldrich [Milwaukee, WI]. All chemicals were pure and brought from Sigma Aldrich and of analytical grade,
while aoe vera and honey were of food grade. Aloe vera and honey were bought from a local vendor. All
chemicals were used without any processing.

2.2 Fabrication of hydrogel

All hydrogels were prepared by physical blending and solution casting methods #6471, A PEG solution was
prepared by dissolving 0.1 g of PEG in 15 mL of distilled water and stirring for 1 hour at 60 °C. A CS
solution was formed by adding 1 g of chitosan to 70 mL of 2% formic acid and stirring at 60 °C until the
polymer was completely dissolved. The PEG and CS solutions were mixed and blended for an additional
hour at the same temperature. To crosslink the hydrogel, 100 pl of GPTMS was mixed with 10 mL of
methanol and then added dropwise into the above blend. This blend was named as PCG (control sample).

For honey-based hydrogels, 10 mL of 0.5% and 1% honey solutions (in distilled water) were blended with
the PEG-CS mixture by stirring for 2 hours. To crosslink the hydrogel, 100 mL of GPTMS was mixed with
10 mL of methanol and then added dropwise into the above blend. The solution was stirred for an additional
hour at 60 °C to ensure complete crosslinking. The honey-containing gels were labelled HPCG1 and
HPCG?2, respectively (Table 1). A similar procedure was followed for aloe vera-based hydrogels by varying
the concentration to 1 g and 0.5 g, labelled APCG1 and APCG2, respectively.A similar procedure was
followed for aoe vera-based hydrogels by varying the concentration to 1 g and 0.5 g, labelled APCGL1 and
APCG2, respectively.



Table 1. Composition of prepared hydrogels.

Sample CS(g) PEG (g) Crosslinker (ML) Honey (%) |Aloevera(g)
PCG 1 0.1 100 - -

APCG1 1 0.1 100 -

APCG2 1 0.1 100 - 0.5

HPCG1 1 0.1 100 0.5 -

HPCG2 1 0.1 100 1 -

CS: chitosan; PEG: polyethylene glycol.

All prepared polymeric blends were cast into petri dishes and dried at 55 °C. The resulting hydrogel films
were then peeled off and stored in a moisture-free environment for further use.

2.3 FTIR characterization

The hydrogel FTIR spectra were obtained using Bruker Alph-P FTIR Spectrophotometer with transmittance
mode to characterize the presence of functional groups of incorporated material and their possible cross-
linking. The spectra were recorded in the range of 4,000-480 cm™ wavenumber in 64 scans with 2 cm™t
resolution. The average of all scans for each sample was taken for analysis, and the spectra were normalized.

24 TGA analysis

Thermogravimetric examination of all crosslinked polymer networks was done using SDT build 95 module
DSC-TGA standard. The nitrogen flow rate was maintained at 15 mL per minute. The temperature increment
rate was set as 20 °C per minute from room temperature to 600 °C.

2.5 Swelling studies against distilled water and varying pH

The previously described procedure was followed to check the response of al hydrogels in distilled water
and buffer solutions of varying pH[“€l. All hydrogel samples were cut into round pieces weighing 30 mg
each in dry form. These pieces were immersed in solvent (20 mL) in different containers. After equal
intervals of 10 min, the solvent was removed, and the surplus amount was gently soaked out of hydrogel
using tissue paper. The swollen pieces were weighed after every interval. To check hydrogel response to the
change in pH, buffer solutions with varying pH (2, 4, 6, 7 and 8) were prepared by following the standard
procedure using a pH meter (pH-870 model, Tecpel). A similar procedure was followed to check the
swelling rate of all hydrogels against pH.

The process for each experiment was continued until there was no further change in the weight of the
swollen hydrogel (equilibrium point). The experiment was performed thrice, and the mean value was
determined. Using equation 2.1, the degree of swelling was calculated.

degree of swelling (g / g) = WVS;,‘Q/D (2.1)

While,
Wp = mass (g) of hydrogel in dry form.

W; = mass (g) of the swollen hydrogel at atimeinterval 't'.

3. Results and Discussion



3.1 Structural analysis

FTIR study was performed to investigate the incorporation of chemica groups and possible crosslinking in
the hydrogels. Figure 1 represents the spectral information of all hydrogel films. The appearance of broad
band in the 3,509-3,116 cm! range indicates -OH stretching of intra- and inter-molecular hydrogen bonds in
the prepared hydrogeld49l. A definite peak at 2,877 cml can be noticed, associated with the stretching
vibrations of -CH groups/®l. Chitosan incorporation is proved by the C=0 stretching vibration and N-H
bending vibration. C=0O stretching vibration of amide | appeared at 1,649 cm™ and is consistent in all
hydrogels, while the N-H bending vibration of amide |1 has a characteristic peak at 1,576 cm® [51.52], The
stretching bands at wavenumbers 1,110 cm! and 1,230 cm™® could be associated with the acyclic -C-O-C
group (PEG) and cyclic -C-O-C group (CS)[>354. A peak was observed around 892 cm, which could be
due to the pyranose ring of CS®°l. The incorporation of GPTMS can be confirmed via the vibrational
activity of -Si-O-Si-, which showed absorption at 1,280 cm™® and 1,070 cm™ [55.56]. A peak at 1,028 cmlis
noticed in all samples, confirming the covalent bond formation (Figure 2) between CS and PEGI®3.
Moreover, apeak at 3,410 cmL indicates the hydrogen bond between NH, of CS and OH of GPTMS[>7],
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Figure 1. FTIR spectraof al hydrogels. FTIR: Fourier transform infrared.
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Figure 2. Proposed crosslinked CS-PEG-GPTMS hydrogel matrix. CS: chitosan; PEG:polyethylene glycol;
GPTMS: 3-Glycidyloxypropyltrimethoxy silane.

A broad band of absorption at wavenumber 3,424 cm and 1,743 cm can be seen in all APCG hydrogels
that could be referred to as stretching of hydroxyl and carbonyl groups, respectively. Meanwhile, peaks at
1,643 cm™1 and 1,418 cm! showed symmetric /asymmetric stretching of the uronic acid -COO present in
aloe vera. The absorption at 1,256 cm™! indicated the presence of acetyl -C-O-C- bonds, which are present in
mannose sugar, confirming the integration of aloe vera gel[>8.

In the FTIR spectra of honey-based hydrogels, prominent peaks are observed at 3,700 cm™® and 3,000 cm1,
corresponding to stretch vibrations attributed to carbohydrates, water, and organic acids, respectively. The
2,900-2,800 cml absorption band indicates C-H stretching vibrations within the sugar molecules.
Additionally, a peak at 1,640 cml signifies the presence of bending vibrations of OH and stretching
vibrations of the ketone functional group in fructose and glucose, respectively. Carbohydrates exhibit
stretching vibrations and bending of the C-H group in the fingerprint region from 1,450 to 700 cm™L, owing
to their chemical skeleton comprising C-O, C-C, and C-H bonds%:69].

3.2 TGA analysis

TGA analysis was performed to investigate the temperature-dependent weight loss profile and the influence
of varying concentrations of incorporated ingredients on the therma stability of fabricated crosslinked
hydrogels. The data was plotted between % weight loss (at the Y-axis) and the increase in temperature in
centigrade (at the X-axis)[46l. Figure 3 represents the thermal degradation of all hydrogels. The initial phase
involves the loss of weight due to the evaporation of moisture and bound water, occurring between 24 °C



and 240 °Cl®1. In hydrophilic polymers, three distinct types of absorbed water are recognized: freezing
bound water, free water, and bound/non-freezing water. Free water, without any significant interactions,
evaporates completely by 100 °C. Meanwhile, freezing water forms weak bonds with polymer chains, and
bound/non-freezing water forms hydrogen bonds with the polymer chains. Consequently, these two types of
water are liberated from the polymer structure above 100 °CI62-641. During this phase, any remaining formic
acid may also be removed. The second stage hinges on the breakdown of the primary structure of the
hydrogel matrix, known as the initiation of degradation, commencing approximately at 240 °C, with
degradation ceasing around 400 °CI®5]. During this phase, the dissolution of the feeble connections between
the polymer chains within the hydrogels occursl®6l. In the third and ultimate stage, from 350 to 600 °C, the
entire hydrogel structure breaks down into smaller fragments67]. During the first onset, HPCG2 lost 30% at
120 °C. HPCG1 showed a 26% weight reduction at 114 °C. On the other hand, the weight loss in APCG2
and APCG1 was noticed as 26% at 123 °C and 20% at 115 °C respectively. The honey-containing hydrogels
represented lesser weight loss than the aloe vera-containing hydrogels. The control film showed the lowest
rate of degradation among al hydrogels. All hydrogels displayed complete degradation around 520 °C and
exhibited good thermal stability.
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Figure 3. Thermogram of crosslinked hydrogels.

3.3 Swelling in distilled water

Depending upon the hydrogel material, they show different swelling behaviours towards moisture. The
hydrogels tend to absorb solvents like water and increase the volume. The swelling response of prepared



hydrogels was checked against distilled water in terms of "change in weight as a function of time." Figure 4
represents an increasing trend in the swelling of the hydrogels with time. HPCG2 (50 min equilibrium time)
showed more swelling than HPCG1 (60 min equilibrium time). The APCG1 (60 min equilibrium time)
expressed a higher swelling rate than APCG2 (60 min equilibrium time). The APCG gels exhibited a higher
rate of swelling than the swelling degree of HPCG gels. The reason is that aloe vera possesses
polysaccharides like acemannan ([3-1,4 acetylated mannan), glucomannan, and pectic acid, which enhance its
hydrophilic nature and capacity to retain water. Consequently, this results in greater swelling ratios in
hydrogel compositions. Additionally, aloe vera helps to relax the polymer network, thus enabling fluid
penetration between polymeric chains, thereby enhancing swelling capacityl58.691. On the contrary,
hydrogels made with honey demonstrate lower swelling ratios because they are predominantly composed of
sugars, namely glucose, and fructose, which have lower hydrophilicity when compared to the
polysaccharides present in aoe vera. Furthermore, the viscosity of honey aso plays a significant role in
influencing the swelling process.’%71]. The control film PCG (0% aloe vera and honey) showed a 50 min
equilibrium time and reported maximum swelling capacity compared to HPCG and APCG hydrogels.

)]
1

i

H
1

v— L v—¥"—V——v APCG1

- ~
| A

0

Swelling (g/g)
W

® HPCG1

0 10 20 30 40 50 60 70 80 90
Time (min)
Figure 4. Swelling trend of all hydrogels against water.

3.4 Swelling response to varying pH

The swelling response of al hydrogels was examined against buffer solutions of pH 2, 4, 6, 7 and 8. The pre-
weighed samples of hydrogels were immersed into each buffer solution for equilibrium time, and swelling



was determined using equation 2.1.

The data from the swelling analysis is presented in Figure 5. The equilibrium time of PCG and HPCG2 was
50 min, while HPCG1, APCG1, and APCG2 showed 60 min as the equilibrium time for maximum swelling.
Both the variables, pH and swelling, exhibited an inverse relation. With an increase in the pH of the buffer
solution, a clear decrease in the swelling of all crosdinked hydrogels was noted. The APCG hydrogels

displayed a higher degree of swelling in an acidic medium (pH = 2-2.2), while the swelling rate of HPCG
hydrogels was comparatively low.
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Figure 5. Swelling behaviour of all crosslinked hydrogel in buffers of varying pH.

At acidic pH, al the hydrogels were reported to have maximum swelling compared to neutral and basic pH.
All hydrogels are composed of chitosan with hydroxyl and amino groups with specific pKa values. At a pH
value lower than the pKa value, the hydroxyl and amino groups remain protonated, allowing the solvent to
penetrate the polymer network, which causes increased swelling. At acidic pH, the amino groups get
additional protons and become ammonium ions (-NH3*), which causes charge repulsion and a decrease in
osmotic pressure, leading to the movement of solvent from the solution into the polymer matrix. However, at
pH equal to or higher than the pKa value of pendent groups, more than haf of the hydroxyl and amino
groups get deprotonated, causing decreased swelling due to reduced polymer chain interactions 72

4. Conclusions

Polymer-based crossiinked hydrogels were prepared by physical blending and solution casting methods
using CS, PEG, GPTMS, honey, and aoe vera gel. The concentration of honey and aloe vera was varied to



develop two series of films. FTIR analysis verified the presence of characteristic functional groups in all
materials. The emergence of peaks at 1,576, 1,110, 1,230, 1,280, and 1,070 cm™ showed successful
incorporation of CS, PEG, and GPTMS in all samples. All hydrogels were found thermally stable. APCG2
possessed the highest stability among all. The fabricated hydrogels showed considerable swelling in distilled
water and exhibited pH responsiveness. The PCG showed maximum swelling in water in 60 minutes, while
APCG hydrogels displayed higher swelling in the acidic pH. Although the study is constrained by the
absence of biological or medical tests, the outcomes from various characterizations and analyses suggest that
chitosan/PEG/GPTM S-based hydrogels with honey or aloe vera could be suitable for wound dressing and
other biomedical applications.
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