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Introduction

Introduction: This research introduces a novel comparative study of maleic acid (MA) and
succinic acid (SA) as alternative eco-friendly dicarboxylic acid crosslinkers to the frequently
utilized citric acid (CA) for carboxymethyl tamarind gum (CMTQG) hydrogel films, specifically for
wound healing purposes. The study aimed to enhance the mechanical strength and structural
integrity of CMTG hydrogel films while maintaining sustained drug release performance, as
compared to the conventional CA-crosslinked hydrogel films.

Methods: Hydrogel films were fabricated through an esterification-based crosslinking process
using CA, MA, and SA. The resulting films were characterized by ATR-FTIR and thermal analysis,
and systematically evaluated for carboxyl content, wettability, tensile strength, porosity, swelling
ratio, drug loading and release, protein adsorption, permeability, cytocompatibility, and in vitro
wound healing efficacy.

Results: ATR-FTIR and thermal analyses confirmed successful ester crosslink formation. MA-
crosslinked hydrogels (HM) exhibited the highest carboxyl content (538.4+5.1 mEg/100 g),
contact angle (80.76+2.87°), and tensile strength (95.82+1.47 MPa), along with reduced
porosity (45.19 +0.22%) compared to CA (HC) and SA (HS) hydrogel films. Crosslinking with MA
significantly improved film stability and reduced erosion in phosphate buffer (pH 7.4). Although
HM showed lower swelling and drug loading than HC, it achieved sustained moxifloxacin
release over 24 h. All hydrogels exhibited minimal protein adsorption, favorable water vapor
permeability, effective microbial barrier properties, excellent cytocompatibility, and enhanced
in vitro wound closure relative to control.

Conclusion: Maleic acid serves as a promising green crosslinker for developing mechanically
robust, biocompatible, and functionally stable CMTG hydrogel films with strong potential for
wound healing applications.

natural hydration levels of tissue.” Hydrogels can be

Hydrogels are three-dimensional crosslinked polymeric
networks capable of absorbing and retaining substantial
amounts of water.! Owing to their high water
content, biocompatibility, and adjustable mechanical
characteristics, they are widely employed in numerous
biomedical applications. Moreover, their ability to enable
controlled release of drugs and therapeutic agents makes
them highly suitable for advanced drug delivery systems.>*
Additionally, their high-water content makes them useful
for wound healing applications, as they can mimic the

prepared using natural or synthetic polymers, however
natural polymer-based hydrogels have gained popularity
amongst the researchers due to their biocompatibility,
biodegradability and sustainability ° The natural
polymer-based hydrogels may present some challenges
such as inferior mechanical properties and stability as
compared to the synthetic hydrogels, however chemical
modification of natural polymers, combination with
synthetic polymers and using appropriate crosslinking
strategies can enhance their performance.””’
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Hydrogels derived from natural polymers can be
synthesized through various crosslinking techniques.
These include physical crosslinking, which relies on
non-covalent interactions such as hydrogen bonding,
ionic attraction, and hydrophobic association, as well
as chemical crosslinking, which involves the formation
of covalent bonds between polymer chains.'” Physically
crosslinked natural polymer-based hydrogels have a
disadvantage of poor mechanical strength, which limits
their applicability in areas where robustness is required."
On the other hand, chemically crosslinked hydrogels
provide excellent mechanical strength, but most of the
synthetic crosslinking agents used in their preparation
exhibit potential toxicity.'”? This has directed researchers
towards nontoxic natural crosslinking agents such as
genipin, vanillin, proanthocyanidin, epigallocatechin, and
polycarboxylic acids.”**¢ Polycarboxylic acids, including
citric acid (CA), tartaric acid, maleic acid, succinic acid,
malic acid, and others, have been investigated for their
potential as crosslinking agents in the development of
natural polymer-based hydrogels.”""* These crosslinking
agents crosslink the polymer chains through an
esterification-crosslinking mechanism.

Tamarind gum (TG), obtained from the endosperm
of Tamarindus indica seeds, is a natural polymer
that exhibits biodegradability, biocompatibility, and
noncarcinogenic, nonirritant properties, making it
suitable for use in pharmaceutical, cosmetic, and food
applications. Despite these benefits, TG has some inherent
limitations, such as its unpleasant odor, dull color, and
poor solubility in water, which can be addressed through
functional derivatization.® Carboxymethyl tamarind
gum (CMTG) is a chemically modified form of TG with
low biodegradability and high swellability, which is
utilized in the production of hydrogels due to its gelling
properties and ability to modify the release profile of
drugs. To date, CMTG-based hydrogels have been
prepared by combining it with other natural and synthetic
polymers.”** Our team has reported the preparation of
hydrogel films (HFs) of CMTG alone for the delivery of
model drug (moxifloxacin), using CA as a crosslinking
agent.”® CA has been extensively explored as a crosslinking
agent for natural polymer-based hydrogels due to its cost-
effectiveness and environmental friendliness, making
it an attractive choice for industrial applications.”” The
molecular structure of CA includes three carboxyl
groups which allow it to effectively crosslink with
natural polymers, enhancing the mechanical properties
of the resulting hydrogels.”® However, we observed that
the CMTG HFs exhibited rapid erosion after achieving
swelling equilibrium, which may be attributed to the
tendency of CMTG to form intrapolymer crosslinks
to a greater extent than the interpolymer crosslinks, as
observed in the case of carboxymethyl cellulose (CMC).”

According to certain research studies, the use of
dicarboxylic acids such as maleic acid (MA) and succinic
acid (SA) as crosslinking agents has resulted in hydrogels
with improved mechanical strength compared to CA due

to the formation of a greater number of interpolymer
crosslinks.*®*! Priya and co-workers (2019) reported that
fumaric acid crosslinked CMC samples exhibited better
thermal stability than CA crosslinked CMC samples,
suggesting improved interpolymer crosslinking of CMC
with fumaric acid compared to CA.** Consequently, there
is a need to investigate the effect of such dicarboxylic acids
as crosslinking agents on the various properties of CMTG
HFs and determine whether they are more efficient in
crosslinking CMTG than CA. To date, no studies have
investigated the use of dicarboxylic acids, specifically MA
or SA, as crosslinking agents for CMTG hydrogels.

This study introduces MA and SA as crosslinkers for
CMTG HFs, addressing a gap in prior research that was
primarily based on CA for crosslinking. Unlike CA,
maleic and succinic acids are dicarboxylic acids that may
offer distinct network structures and physicochemical
characteristics. The use of MA and SA may enhance
rigidity and matrix integrity of the CMTG HFs.**** This
novel approach may enable tailored tuning of CMTG
hydrogel properties such as swelling and mechanical
strength, expanding the functional versatility of CMTG
hydrogels beyond CA-crosslinked systems.

In this research, we have evaluated the effects of
dicarboxylic acids (MA and SA) on the mechanical
properties and matrix integrity of CMTG hydrogels,
comparing them to those crosslinked with CA. It
also examines how these crosslinkers influence drug
loading capacity and release kinetics. Additionally,
the study evaluates the biocompatibility and wound
healing potential of CMTG hydrogels crosslinked with
dicarboxylic acids.

Materials and Methods
Materials
Carboxymethyl tamarind gum powder (average

molecular weight: 9.14 x 10° g/mol, degree of substitution:
0.28) was generously provided by Chhaya Industries,
Barshi, Maharashtra (India). Analytical-grade citric acid
(anhydrous), maleic acid, and succinic acid were obtained
from Loba Chemie (Mumbai, Maharashtra, India).
Moxifloxacin hydrochloride (MFX) was provided as a gift
sample by Chroma Laboratories, Sangareddy, Telangana
(India). All other chemicals and solvents used were of
analytical grade. A-375 (CRL-1619) cell line was procured
from ATCC, Manassas, MD (USA).

Methods

Synthesis of CMTG Hydrogel Film

CMTG HFs were fabricated following a previously
reported procedure with minor modifications.* A 2%
(w/v) aqueous solution of CMTG was prepared in distilled
water using a mechanical stirrer (Remi, Ahmedabad,
India). CA, MA and SA were individually added to the
polymer solution and stirred for an additional hour. The
mixtures were kept side for 2 h to eliminate air bubbles and
casted into 9 cm petri plates. Petri plates were dried at 50
°C for 24 h in a hot-air oven and cured at 140 °C for 5 min
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to promote crosslinking between CMTG and the respective
dicarboxylic acids. Subsequently, the films were washed
sequentially with distilled water (1 h), isopropyl alcohol,
and acetone to remove residual moisture. The resulting
HFs were dried and stored in a desiccator until further use.
The composition of the films is presented in Table 1.

Total Carboxyl Content of Hydrogel Films

Acid-base titration method was used for the determination
of the total carboxyl content (TCC) of the HFs.**>" A
sample of hydrogel films, weighing approximately 100
mg, was dispersed in 20 mL of 0.IN NaOH (devoid of
CO,) and stirred using a magnetic stirrer for 2h. The
addition of NaOH disturbed the integrity of the hydrogel
film owing to the breakdown of the ester linkage, resulting
in dispersion. An excess amount of 0.1N NaOH was then
titrated with 0.1N HCI (CO, free) using phenolphthalein
as an indicator. The total carboxyl content of the hydrogel
films was calculated using the following equation:

Total carboxyl content (mEq/100g) = (Vy-V,) xN x100
w (1)
Where N represents the normality of HCI (eq/L), V, is
the volume of HCl in the absence of the sample, V_is the
volume of HCl in the presence of the sample, and W is the
weight of the sample in grams.

Characterisation of Hydrogel Films

The infrared spectra of CMTG, CA, MA, SA and HFs were
obtained using ATR-FTIR spectrophotometer (Alpha
II, Bruker, Tokiyo, Japan). Thermogravimetric analysis
(TGA) was carried out on CMTG and HFs by utilizing the
Mettler-Toledo TGA/DSC1 thermogravimetric analyzer
(Mettler-Toledo, Switzerland).

Wettability of Synthesized Hydrogels

Manual water contact angle method was used for
determination of contact angle of HFs.* To perform this
technique, a microliter pipette was used to deposit 10 pL
of distilled water onto the surface. A digital camera was
employed to capture an image of the drop within 5 s.
Image J software was used to analyze the images, and the
contact angle between the surface and drop was measured.
The measurements were performed in triplicate.

Tensile Strength of Hydrogel Films
Texture Analyzer (CT-3/10,000, Brookfield, WI) fitted

Table 1. Composition of CMTG hydrogel films

Curing Curing

Batch (E/":S-/S) © /oSv/?v) _— /oA\:'v?v) - /033‘/) . temperature time
(°0) (min.)
HC 2 20 - - 140 5
HM 2 - 20 - 140 5
HS 2 - - 20 140 5

CMTG: Carboxymethyl tamarind gum; CA: Citric acid; MA: Maleic acid; SA:
Succinic acid. * indicates % of CMTG concentration.

with a 10 kg load cell was used for the determination of
tensile strength of HFs.* A film sample measuring 2 x 1
cm was secured between the two clamps of the TA-DGA
probe, with a hold time of 60 s. While the lower clamp
remained stationary, the upper clamp was moved upward
at a speed of 2.0 mm/s over a distance of 6 mm, with a
trigger load set at 0.05 N. The force necessary to fracture
the hydrogel film was recorded. Each test was conducted
in triplicate. The tensile strength at the point of film
rupture was calculated using the formula provided below.

Force at break (N)

Initial cross-sectional area (mmz) (2)

Tensile strength (MPa )=

Porosity of Hydrogel Films

Ethanol replacement method was used for the
determination of the porosity of the swollen CMTG
HFs.* Briefly, hydrogel films equilibrated at pH 7.4 were
lyophilized to determine their dry weight (W1). The
freeze-dried gels were then immersed in ethanol until
saturation, and their weight recorded as W2. Porosity was
subsequently calculated using the following equation:

Porosity(%) = W, x100
oV (3)

Where V is the volume of the hydrogel film prior to
ethanol immersion, and p corresponds to the density of
ethanol (0.789 g/cm3). All measurements were conducted
in triplicate.

Protein Adsorption Properties of Hydrogel Films
Lowry method was used for the estimation of protein
adsorption capacity of the HFs."' The prepared hydrogel
films (1 x 1 cm) were immersed in phosphate buffer saline
(PBS) containing 200 pg/mL bovine serum albumin
(BSA) for 6h at 37 °C with constant stirring at 100
rpm. Afterwards, the films were rinsed five times with
PBS and placed in 5 mL of 1% sodium dodecyl sulfate
(SDS) aqueous solution, which was shaken for 1h at 37
°C using an orbital shaker (Remi, India) to remove the
protein adsorbed on the surface of the hydrogel films.
The samples were then diluted and analyzed using a UV-
visible spectrophotometer (UV1800, Shimadzu, Japan).
To create the calibration curve, a stock solution of
BSA (1 mg/mL) was prepared, and different dilutions of
BSA (0.05-1 mg/mL) were prepared by mixing the stock
solution with PBS in the appropriate proportion. From
these dilutions, 0.2 mL was added to test tubes containing
2 mL of alkaline copper sulfate reagent and then incubated
at room temperature for 10 min. Subsequently, 0.2 mL of
Folin Ciocalteu reagent was added, and the mixture was
incubated for 30 min. The absorbance was measured at 660
nm using a UV-visible spectrophotometer. The absorbance
values were plotted against the protein concentration to
create a calibration curve. Protein adsorption onto the
hydrogel films was determined using the absorbance
values of the unknown samples and the calibration curve.
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Water Vapor Permeability Test

Desiccant method was used for the determination of
water vapor transmission rate (WVTR) of the HFs.*>*
Circular pieces of the hydrogel films, each with a diameter
of 1 cm, were cut and then adhered to the mouths of 1 cm-
diameter vials containing anhydrous CaCl,. The vials were
filled to a level where the distance between the surface of
CaCl, and the lower side of the film was approximately 10
mm. For comparison, reference vials without films were
also prepared. These vials, along with those containing
the hydrogel films, were placed in desiccators containing
a saturated solution of NaCl. The weight of the vials was
measured using an analytical balance at specific time
intervals, including 0, 6, 24, 36, 48, and 72 h. The weight
gain (AW) of the vials was recorded during these intervals.
The WVTR through the hydrogel films was calculated
using the following formula:

WyTR - LAW/ADx24]
A 4)

Where, (AW/At) is the slope obtained from the plot of
‘W versus ‘t’, ‘W’ is the weight gain (g) along the specified
time period, ‘" (h) and ‘A’ is the effective transfer area
(m?).

Microbial Permeability Test

The microbial permeability in the HFs was assessed using
a microbial permeability test.* In this test, the hydrogel
films were secured onto the mouths of 10 mL vials
containing 5 mL of nutrient broth. To ensure accuracy,
both negative and positive controls were prepared, along
with the test samples. The negative control involved
sealing a vial containing 5 mL of nutrient broth with a
sterilized cotton ball to prevent microbial ingress from the
environment. Conversely, the positive control consisted
of a vial containing 5 mL of nutrient broth left open
to the environment, allowing for potential microbial
contamination. All test vials, including the positive and
negative controls, were incubated for one week under
controlled conditions. After the incubation period, the vials
were inspected for any signs of cloudiness or turbidity in
the nutrient broth, indicating microbial contamination. A
positive result for microbial contamination was recorded
if cloudiness or turbidity was observed in the nutrient
broth of any vial after the incubation. Conversely, the
absence of cloudiness or turbidity indicated that the
hydrogel film effectively prevented microbial permeation,
thereby demonstrating its barrier properties against
microbial ingress.

Swelling Study

The method outlined in a previous report was utilized
to evaluate the swelling ability of the HFs in water, 0.1
N HCI, and phosphate buffer (pH 7.4).* Hydrogel films
(Ix1 cm) were immersed in a specific medium at room
temperature, and the swollen films were weighed at
specific time intervals for up to 1440 min. The swelling

ratio was calculated using the following formula:

. . (WT - Wo )
Swelling ratio (g/g) 7 5)

Where W_ is the weight of the swollen hydrogel at time
T and W is the weight of the dry hydrogel films. The
measurements were performed in triplicate.

Equilibrium wound fluid absorption (EWFA) by the
hydrogel films was determined by immersing the pre-
weighed hydrogels in a beaker containing 20 mL of
simulated wound fluid (SWF, pH =8). The SWF solution
consisted of 0.68 g of NaCl, 0.22 g of KCl, 2.5 g of
NaHCO,, and 0.35 g of NaH PO, and was maintained at
a temperature of 37°C+0.5°C. The swollen hydrogel films
were weighed at periodic intervals until they reached
equilibrium, and the equilibrium swelling ratio was
calculated using following formula: by dividing the weight
(in grams) of the swollen hydrogel film at equilibrium by
the weight (in grams) of the dry hydrogel film.*

Ws-W,
EWFA (g/g)= (SW) ©)

Where, WS is the weight (g) of the swollen hydrogel
film at equilibrium and WD is the weight (g) of the dry
hydrogel film.

Drug Loading and Content

The HFs, weighing approximately 500 mg each, were
permitted to absorb an aqueous solution of MFX (10
mg/mL) until equilibrium was achieved. Subsequently,
the hydrated HFs were dried in a hot-air oven at 40°C
for 24 h. The dried films were cut into small pieces,
immersed in 50 mL of distilled water, and stirred using
a magnetic stirrer (Remi, India) at 100 rpm for 24 h. The
amount of MFX loaded onto the HFs was determined
spectrophotometrically (UV-1800, Shimadzu, Japan) at a
wavelength of 289 nm, using following formula:

AmountofMFX(mg) 1000
x

Drug loading (mg/g) =
& g( gg) Weightofhydrogelﬁlm(mg) (7)

In Vitro Drug Release

The drug release study was performed by placing an MFX-
loaded HF (50 mg) in 10 mL of phosphate buffer solution
(pH 7.4) at 37°C. The pH of 7.4 was chosen to simulate
physiological conditions, as it closely matches the pH of
human extracellular fluids, including blood plasma and
interstitial fluid. This helps to evaluate the hydrogel swelling
behavior and drug release kinetics under conditions that
mimic the wound environment and systemic circulation.
At predetermined intervals, 1 mL aliquots of the release
medium were withdrawn, diluted appropriately, and
subjected to spectrophotometric analysis at 289 nm.
The sink conditions were maintained throughout the
study. The experiment was repeated thrice to ensure the
accuracy and reliability of the results. The drug release
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data were analyzed using zero-order, first-order, Higuchi,
Hixson-Crowell, and Korsmeyer-Peppas kinetic models
to elucidate the release mechanism from the HFs.** The
kinetic models were represented as follows:

Zero order model:

O =kit+0, (8)

First order model:

Qt = Qoek/t (9)
Higuchi order:
0 =kt (10)

Hixon-Crowell model:

0, -0, =kt (11)

Korsmeyer—Peppas model:
010, =k (12)

Where, Q, signifies the total percentage of the drug
released at a specific time t, whereas Q, indicates the
initial drug quantity. The constants for the release rate
are denoted as kO, kf, kh, ks, and k, corresponding to
the zero-order, first-order, Higuchi, Hixon-Crowell,
and Korsmeyer-Peppas models, respectively. The ‘n’
parameter is the diffusion coefficient, which depends on
the interaction between the drug and the hydrogel matrix
components.

Cytotoxicity Study

Cytotoxicity of HFs was assessed in A-375 human
melanoma cells using the MTT assay. Cells were seeded at
2x10* cells/well in 96-well plates with DMEM containing
10% FBS and antibiotics and incubated at 37 °C, 5% CO..
HFs (2 cm®/mL) were pre-soaked in serum-free DMEM
for 24 h, and the extract was collected, pH-adjusted
(7.0-7.4), and diluted 16-fold (6.25% v/v). Confluent
cells (~80%) were treated with 100 puL of the extract for
24 h. DMEM alone served as control. After treatment,
100 pL of 0.5 mg/mL MTT was added, incubated for 4 h
in the dark, followed by dissolution of formazan crystals
in 100 pL DMSO. Absorbance was measured at 570 nm
(reference 630 nm) using an Epoch microplate reader
(BioTek, USA).

Scratch Wound Assay

Wound-healing potential of CMTG HFs was assessed
in A-375 cells via a scratch assay. Confluent monolayers
were scratched with a pipette tip, washed with PBS, and
treated with 6.25% v/v hydrogel extract, while untreated
wells served as controls. Wound closure was imaged at 0,
4, 8,12, and 24 h under a phase-contrast microscope, and
percentage closure was quantified using Image] software.

Statistical Analysis

Data were analyzed using one-way ANOVA followed
by Tukey’s multiple comparison test. Differences were
considered statistically significant at P<0.05.

Results and Discussion

Synthesis of CMTG Hydrogel Film

CMTG HFs were produced through mechanisms
primarily involving esterification-crosslinking  (See
Figure 1). At high temperatures, CA forms anhydride,
which is highly reactive. When this anhydride reacts with
the hydroxyl group of CMTG, it liberates a carboxyl group,
which then becomes available to form another anhydride,
and potentially undergoes further esterification and
crosslinking with another CMTG molecule. This reaction
is typically carried out under semi-dry conditions to
promote anhydride formation and facilitate efficient
reactions at high temperatures.”

In the case of MA and SA, the mechanism of crosslinking
via the two cyclic anhydride intermediates cannot be
adopted for the interpretation of the crosslinking stage
because these compounds contain only two carboxylic
groups. When heated, MA forms a cyclic anhydride,
followed by the formation of ester crosslinks with the
hydroxyl group of CMTG." The actual mechanism
underlying the formation of ester crosslinks in case of
MA in absence of sodium hypophosphite (catalyst) is still
unknown. On the other hand, there are two routes for
crosslinking with SA: direct esterification (primary) and
ionization. In direct esterification, both carboxylic groups
of SA may form ester crosslinks with the two hydroxyl
groups of different CMTG chains. In ionization, a cation
exchange takes place between the sodium salt of CMTG
and the carboxylic group of SA.*

To obtain films with better integrity and optimal
swellability, a curing temperature of 140°C and curing
time of 5 min were found to be essential. Although CMTG
HFs can be produced at temperatures below 140 °C, longer
curing times are required. However, a curing time of 5
min was considered appropriate to expedite production.
Photographs of the CA-, MA-, and SA-crosslinked films
are shown in Figure 2.

Thickness of Hydrogel Film

The thicknesses of the CMTG HFs were measured
using a micrometer screw gauge. The thicknesses of
the HFs are presented in Table 2. According to the
results, HM demonstrated the maximum thickness,
followed by HC and HS. This can be attributed to the
maximum crosslinking interactions observed in the case
of MA, followed by those of CA and SA. An increase in
crosslinking can lead to the binding of more polymer
chains, resulting in an increase in the density of the HFs
and, subsequently, the thickness.”

Total Carboxyl Content of Hydrogel Films
The carboxyl group content in crosslinked HFs is directly
related to the degree of crosslinking, and can have a
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Formation of citric acid crosslinked CMTG hydrogel films

CMTG <|:MTG (|JMTG
o 0
(¢} o o o N A
= = (¢
COOH o \c = \c =z |
| | i
CH, HiC——C__ CH, CH, P Ho— e coom
-H,0 _~© CMTG-ONa -H,0 | // CMTG-ONa |
—Cc— 0—C—C —— % HO——C——COOH HO——C——C CH,
HO——C——COOH = | \ Heat Heat ~ Heat [
CH, CH, CH, Hzc—c\ o/c\o
COOH COOH COOH o CMTG
Citric acid Citric acid anhydride CMTG hydrogel film

crosslinked with citric acid

Formation of maleic acid crosslinked CMTG hydrogel films

o o
C
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| oH _ Heat CMTG-ONa o eMIG
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e
C
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Maleic acid Maleic anhydride CMTG hydrogel films

crosslinked with maleic acid

Formation of succinic acid crosslinked CMTG hydrogel films

(A) Direct esterification

o
o
Heat O0——CMTG
OH > CMTG——O
2CMTG-ONa + HO
[¢]
o

CMTG hydrogel films
crosslinked with succinic acid

(B) Cation exchange
ONa Q /O-CMTG
NaO
Heat O---H
_ H---0
2CMTG-ONa + HO /
CMTG-O

¢}
2 CMTG - OH

Succinic acid

Succinic acid CMTG hydrogel films
crosslinked with succinic acid

Figure 1. Possible crosslinking reactions of CA, MA, and SA with CMTG

Citric acid crosslinked Maleic acid crosslinked Succinic acid crosslinked
CMTG hydrogel film CMTG hydrogel film CMTG hydrogel film

Figure 2. CA, MA and SA crosslinked films of CMTG

Table 2. Thickness, total carboxyl content, contact angle, tensile strength and porosity of hydrogel films

Total carboxyl content

Batch Thickness (pm) (mEq/100g) Contact angle (°) Tensile strength (MPa) Porosity (%)
HC 563.33+5.16 501.3£5.2 64.21+2.19 83.99+2.35 58.72+0.15
HM 566.66+5.22 538.4+5.1 80.76+2.87 95.82+1.47 45.19+0.22
HS 556.66+5.13 409.2+6.3 73.13+2.63 49.91+0.78 67.05+0.18
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significant impact on the properties of the hydrogel
films. The effects of CA, MA, and SA on TCC of the
HFs are presented in Table 2. The TCC of HM was
found to be significantly greater than that of HC and
HS (P<0.001). This suggests that the incorporation of
MA as a crosslinking agent resulted in the formation
of a maximum number of crosslinks in the CMTG HF
compared to CA and SA. Although the concentration of
CA and MA was the same (i.e., 20% of CMTG), the MA-
crosslinked HF exhibited the highest TCC, likely due to
the higher molar concentration of MA than that of CA.
As a result, more MA molecules were involved in the
crosslinking reaction than CA molecules. Conversely, the
TCC values of the SA-crosslinked CMTG HF were lower
than those of the MA- and CA-crosslinked films, despite
having a molecular weight similar to that of MA. This can
be attributed to the cis-orientation of carboxyl groups in
MA, which makes it more reactive towards esterification
than SA.*

ATR-FTIR Spectroscopy
Figure 3A shows the ATR-FTIR spectra of CMTG

1724 cm’
WW HS

HM

HC

|

T
3259 cm® 2909 cm”

CMTG
\rw
2909 cm™ -
1409 cm’ 1015 cm”

r T 1 T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

A

r M T T T T T T T T T T T T 1
1800 1750 1700 1650 1600 1550 1500 1450
Wavenumber (cm™)

Figure 3. ATR-FTIR spectra of CMTG and hydrogel films (A) and intensities of
ester carbonyl peaks of hydrogel films (B) crosslinked using CA, MA and SA

and CMTG HFs. The spectrum of CMTG exhibits
characteristic bands at 3259 cm' (OH stretching),
2906.97 cm (asymmetric -CH stretching), 1744 cm
(C=0 stretching), 1582 cm™ and 1409 cm™ (-COO-),
and 1015 cm™ (C-O-C stretch of glycosidic linkage). The
spectra of the CMTG HFs exhibited the presence of all
the characteristic peaks associated with CMTG as well as
the emergence of an additional peak at 1724 cm™, which
corresponds to the carbonyl bond of the ester crosslinks.
The intensity of the carbonyl peak was higher in the case
of HM than in HC, while the intensity of the carbonyl
peak in HS was lower than that of HC (see Figure 3B). This
suggests that MA-crosslinked CMTG HFs exhibited a
greater extent of ester crosslinks, whereas SA-crosslinked
HFs exhibited fewer ester crosslinks than CA-crosslinked
HFs. The reduced number of ester crosslinks in succinic
acid SA-crosslinked HFs, as compared to CA-crosslinked
HFs, can be attributed to the lower reactivity of SA in
esterification reactions relative to CA. CA possesses three
carboxyl groups, in contrast to the two carboxyl groups of
SA, thereby offering more reactive sites for esterification.”

Thermal Analysis
Figure 4 presents the TGA and DTG thermograms of
CMTG and the hydrogel films (HFs). Both samples
exhibited three distinct stages of thermal decomposition.
In the TGA profile of CMTG, the first weight loss of
approximately 12.1% occurred between 30-200°C,
corresponding to the evaporation of free and bound
water. The second stage, observed between 200-400°C,
showed a major weight loss of 50.61%, attributed to the
degradation of glycosidic linkages within the polymer
backbone. The final stage, occurring between 400-600°C
with a 14.08% weight loss, represents the complete
thermal decomposition and combustion of the polymer
matrix.”* The maximum degradation temperature
(T_) as determined by DTG for CMTG was found to be
299.93°C.

HC, HM, and HS exhibited a reduced weight loss in
the first degradation stage, which can be attributed to
the formation of covalent bonds between polymer chains

—CMTG

Weight (%)

Temperature (°C)
T T

T T T 1
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Figure 4. TGA and DTG thermograms of CMTG and hydrogel films

Pharmaceutical Sciences 2026;32(3) | 411



Ghorpade et al

during crosslinking. This crosslinked network likely
restricted the mobility of polymer chains and limited
the hydration of the hydrogel matrix. The enhanced
thermal stability of the hydrogel films (HFs) was further
confirmed by the observed increase in their decomposition
temperatures (Tm values: HC - 320.19 °C, HM - 319.79
°C, and HS - 310.06 °C). This shift in Tm indicates that
crosslinking effectively improved the thermal resistance
of the HFs. The final degradation stage of the HFs showed
a higher weight loss compared to CMTG, which may be
due to the breakdown of additional crosslinked structures
formed during hydrogel synthesis. This phenomenon
can be attributed to the thermal cleavage of ester bonds
within the HFs at elevated temperatures. Such a process
may produce volatile degradation products, thereby
contributing to a greater weight loss than that observed in
the pure polymer.The ATR-FTIR analysis results showed
that the MA-crosslinked HFs exhibited a greater extent
of crosslinking compared to the CA-crosslinked films.
However, the DTG curve revealed similar T _ values
for HC and HM. This may be ascribed to the presence
of grafted CA in HC, where only one COOH of CA
esterifies the hydroxyl group of CMTG, and the other
two COOH groups are free or in anhydride form, may
lead to the formation of new crosslinks in HC during the
TGA process when the temperature exceeds 140°C. This
is because the free COOH groups or those in anhydride
form of such grafted CA may esterify hydroxyl groups on
neighboring CMTG chains.

The findings of the ATR-FTIR and TGA analyses were
consistent with the results of the TCC of the CMTG HFs.

Wettability of Hydrogel Films

The wetting behavior of the plain CMTG film and
CMTG HFs was evaluated by measuring the static
contact angle of a water droplet on their surface at five
different locations. The mean of the contact angles was
taken as the static contact angle. A lower contact angle
(less than 65°) indicates better wetting and a more
hydrophilic surface, while a higher contact angle (more
than 65°) suggests poor wetting and a more hydrophobic
surface.”® Table 2 displays the contact angles of the HFs.
The contact angles were ranked in the following order:
CMTG <HC<HS <HM. The hydroxyl groups of CMTG
become involved in ester formation due to crosslinking,
which reduces its hydrophilicity. The surfaces of the
CMTG and CA-crosslinked films were found to be
hydrophilic, while the surfaces of the SA and MA-
crosslinked films were hydrophobic. HM showed a more

hydrophobic surface than the other films due to a greater
extent of crosslinking. It was noteworthy that HC showed
a hydrophilic surface despite having more crosslinks than
HS. This may be attributed to the presence of free COOH
and hydroxyl groups of the CA crosslinks, which may
impart hydrophilicity to the surface of the CA-crosslinked
HFs.

Tensile Strength and Porosity of Hydrogel Films
The tensile strength and porosity of the CMTG HFs is
depicted in Table 2. The tensile strength values found in
the range of ~ 50-96 MPa, are characteristic of dry-state
hydrogel films, which are structurally more robust due to
reduced polymer swelling and stronger intermolecular
interactions. These values indicate a baseline robustness
suitable for practical handling and application before
hydration. Similar values related to the tensile strength
have been reported in case of PVA-CMC-NaAlg hydrogel
films meant for open wound management.* In contrast,
hydrated hydrogels typically exhibit significantly lower
tensile strength, as water acts as a plasticizer, increasing
chain mobility and flexibility . The determination of
tensile strength offers valuable information regarding the
mechanical strength of a film. The results indicate that
the tensile strength of HM is significantly higher than
that of HC and HS (P<0.05). This finding supports our
contention that MA-crosslinked HFs exhibit a greater
degree of crosslinking than CA-crosslinked HFs and SA-
crosslinked HFs. HS exhibited lowest tensile strength.
The high porosity of HFs facilitates the absorption
of wound exudates and the exchange of gases, thereby
expediting the wound healing process. HS demonstrated
significantly greater porosity compared to HC and HM
(P<0.05). The porosity of HM was observed to be lower,
further confirming a greater degree of crosslinking in HM
than in HC and HS.

Protein Adsorption Properties of Hydrogel Films

The connection between a wound dressing’s ability to
bind proteins and its potential to promote cell adhesion
is well-established. In this study, Bovine Serum Albumin
(BSA), which is the most prevalent protein in blood, was
selected as the model protein to evaluate the protein
adsorption behavior of HFs. The protein adsorption
properties of organic acid crosslinked CMTG HFs are
summarized in Table 3. These results indicate that all
films exhibit minimal protein adsorption, which is
advantageous for their potential application as hydrogel
wound dressings.®" These dressings typically require a

Table 3. Protein adsorption, permeability properties, equilibrium swelling ratio (ESR), equilibrium wound fluid absorption (EWFA) and drug loading of CMTG

hydrogel films

Protein adsorption

Microbial

Batch (mg/cm?) WVTR (g/m?) permeability ESR (g/g) EWFA (g/g) Drug loading (mg/g)
HC 0.124 11771 -ve 18.73+0.75 16.38+0.38 302.91+1.24
HM 0.155 998.4 -ve 8.75+0.24 9.23+0.52 191.45+1.98
HS 0.141 1424.2 -ve 16.12+0.69 12.05+0.27 231.02+1.55

WVTR: Water vapour transmission rate.
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low amount of protein adsorption to fulfill their intended
functions in facilitating wound healing processes. When
comparing the films, HC showed less protein adsorption
than HM and HS, which can be attributed to its hydrophilic
nature. As hydrophobicity of the films increased in the
case of HS and HM, protein adsorption also increased.

Permeability Properties

Optimal water vapor permeability of HF is the key factor
for wound healing. It prevents moisture buildup that can
cause maceration and delayed healing while avoiding
excessive water loss that leads to desiccation and impaired
recovery.®* Proper permeability maintains a balanced
wound environment, aiding cell migration, proliferation,
and angiogenesis, and regulates temperature and pH for
tissue repair.® Furthermore, it ensures patient comfort
by providing a breathable, non-occlusive environment,
enhancing adherence to wound care and patient
satisfaction.

The results of water vapor transmission rate (WVTR)
of CMTG HFs are presented in Table 3. The WVTR
value for the control vial (open vial) was determined to
be 2545.45 g/m? The vials coated with HFs demonstrated
a significantly lower water vapor transmission rate than
the uncovered vials. There are no specific minimum
requirements or optimal values for WVTR according to
the epic3 guidelines, as long as the dressing is genuinely
“semi-permeable” and requires changing when moisture
accumulates under the dressing.®” Consequently, it can be
concluded that the CMTG HFs prepared in this study can
effectively transmit water vapor as they were designed to
be changed every 24 h. HS demonstrated higher WVTR
due to poor crosslinking, while the HM showed the lowest
WVTR due to greater crosslinking.

Wounds create an environment favorable for microbial
colonization and growth due to their warmth, moisture,
and nutrient availability, which can hinder healing.®%
External infections worsen this by further delaying
healing. In order to effectively prevent pathogens from
entering wounds, it is essential for dressings to provide
adequate protection for the wound surface. The microbial
permeability test was implemented to assess the efficacy
of CMTG HFs in acting as a barrier against pathogens, as
shown in Table 3.

Initially, on day 0, no microbial growth was observed in
any of the vials containing the nutrient broth with the HFs,
the negative control, or the positive control. However,
by the 7" day, microbial growth was evident in both the
negative and positive control groups, while the vials sealed
with the HFs remained free from microbial growth. This
suggests that all the HFs effectively prevented microbial
permeation in an open environment.

Swelling Study

The influence of CA, MA and SA as crosslinkers on the
swellability of HFs was investigated in phosphate buffer
at pH 7.4. Figure 5 illustrates the swelling behavior of the
HFs, and the equilibrium swelling ratios (ESR) of the HFs
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Figure 5. Swelling behavior of CMTG hydrogel films in phosphate buffer
(pH 7.4)

are provided in Table 3.

The time required for HC, HM, and HS to reach
equilibrium was found to differ. While HC achieved
equilibrium after 360 min, HM and HS required 600 min
and 540 min, respectively. Additionally, HC exhibited
the highest ESR (P <0.05), followed by HS and then HM.
The swellability of hydrogels is generally influenced by
the extent of crosslinking.”*”! In comparison to HS, HC
achieved swelling equilibrium at a faster rate and exhibited
a higher ESR value, although the former displaying a
greater degree of crosslinking. This may be attributed to
higher hydrophilicity of HC compared to HS, as well as the
electrostatic repulsion between adjacent carboxylate ions
(COO") resulting from the jonization of free carboxylic
acid groups of CA crosslinks and between carboxylate
ions of CA crosslinks and ionized carboxyl groups of
CMTG at pH 7.4.°>”> MA and SA lack free COOH groups
in their crosslinks. On the other hand, HM required a
longer time to reach equilibrium compared to HC and
HS, and displayed the lowest ESR. This may be attributed
to the increased degree of crosslinking, which resulted in
reduced porosity and a hydrophobic nature of HM.

Despite exhibiting superior swellability compared to
HM, HC and HS displayed rapid erosion after achieving
equilibrium. Thiscanbeattributed tothelower crosslinking
density in HC and HS compared to HM. HFs for wound
healing are designed to maintain their structural integrity
over time, resisting rapid erosion to ensure sustained
therapeutic effects and protection of the wound site. Rapid
erosion of HFs could compromise their function, leading
to inadequate drug delivery, loss of moisture regulation,
and insufficient barrier against microbial invasion.*®”
This makes CA and SA-crosslinked CMTG HFs less
efficient as a wound healing biomaterial. Although most
of the researchers, including ourselves, have successfully
used CA as a crosslinker for the development of hydrogels
based on carboxymethylated polymers, due to the issue of
rapid erosion at pH 7.4, we had to combine other water-
soluble polymers with carboxymethylated polymers so as
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to enhance interpolymer crosslinks rather than formation
of intra-polymer crosslinks and minimize the rate of
erosion.”*’*78 The MA-crosslinked CMTG HFs exhibited
greater resistance to erosion; however, poor swellability
was a notable drawback.

The equilibrium swelling of HFs in simulated wound
fluid was investigated to assess their appropriateness
as wound dressings (see Table 3). The findings of the
equilibrium wound fluid absorption were consistent with
the ESR observed in the hydrogels. HC demonstrated
high wound fluid absorption, whereas HM exhibited low
wound fluid absorption. Although higher absorption
of wound fluid (exudate) is generally advantageous,
excessive swelling can compromise the structural
integrity of HFs.”” Consequently, the HM hydrogels, with
their lower EWFA (9.23 g/g) and enhanced mechanical
strength, may provide a more suitable balance for certain
wound types that require reduced fluid absorption and
increased structural support.

MFX Loading and Release

The diffusion process was employed to load moxifloxacin
hydrochloride (MFX) into crosslinked HFs, and the results
of drugloading are presented in Table 3. We selected MFX
because it is a broad-spectrum fluoroquinolone antibiotic
widely used to treat bacterial infections, including
those in wounds, due to its effectiveness against a wide
range of Gram-positive and Gram-negative bacteria.®
Additionally, physicochemical properties of MFX, such
as water solubility and stability, make it suitable for
incorporation into hydrogel films for sustained drug
delivery. It was observed that the drug loading in all
hydrogel batches primarily depended on their swellability
and hence on their extent of crosslinking. An increase
in crosslinking density generally results in a decrease in
the drug loading capacity of hydrogels. This is due to
the tighter network structure that forms as crosslinking
density increases, which can limit the space available for
drug molecules to be encapsulated within the hydrogel
matrix.®"*2 The other factors responsible for holding the
MFX within the hydrogel matrix can be electrostatic
interaction and hydrogen bonding between MFX and
hydrogel components. In distilled water (pH 6.2),
piperazinyl group of MFX has a positive charge, while the
free COOH groups in HFs can undergo partial ionization
to form carboxylate ions.**** These carboxylate ions can
potentially interact with the positively charged piperazinyl
group of MEFX, facilitating binding or association.®
The presence of hydrogen bonding between MFX and
components of CMTG HFs was confirmed from ATR-
FTIR analysis of pure MFX and MFX loaded HFs (see
Figure 6). MFX showed characteristic peaks at 3524
cm-1 (O-H str; COOH), 3470 cm! (N-H str), 2521 cm™
(NH,*str) 1704 cm™ (C=0 str; COOH), 1618 and 1518
cm! (C=O0 str; phenyl breathing), 1451 cm™ (skeletal
vibrations of benzene ring), 1175 cm™ (C-O str) and,
1315 and 1357 cm™ (C-F str). Most of the characteristic
peaks of MFX were found to be masked by the peaks of
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Figure 6. ATR-FTIR spectra of MFX, MFX loaded HC (MHC), MFX loaded
HM (MHM) and MFX loaded HS (MHS) hydrogel films

hydrogel components, except the peaks representing
NH, *stretching and C-O stretching. The intensity of peak
associated with NH, *stretching was found to be reduced
to a greater extent, whereas peak corresponding to C-O
stretching shifted to lower frequency at around 1140 cm™.
This reveals the presence of hydrogen bonding interaction
in between MFX and polymer.%#

The order of drug loading was found to be
HC>HS>HM. A significant difference was found in
the drug loading capacity of all three HFs (P<0.05). The
high drug loading in HC may be attributed to its high
swellability and the electrostatic interaction between
MFX and carboxylate ions in HC. Free COOH groups can
arise from CA, MA, and SA molecules that esterified OH
groups on one chain of CMTG but were unable to esterify
OH groups on the other CMTG chain. Under these
conditions, these crosslinking agents remain grafted to
the polymer chains in the hydrogel, with unreacted (free)
COOH groups. According to the results, HM exhibited
superior crosslinking compared to HC and HS, and the
TCC of HS was lower than that of HM and HC. Therefore,
it is less likely that there is a significant quantity of grafted
crosslinking agents in the HM and HS samples than HC.
It is important to acknowledge that, in addition to the
grafted CA, free COOH groups are also present on the
CA crosslinks in CA-crosslinked HFs. This may result
in maximum drug retention within the hydrogel matrix
through electrostatic interaction in HC as compared to
HM and HS. It was observed that HM exhibited less MFX
loading than HS due to its lower swellability and probably
tewer free COOH groups as compared to HS.

The MFX release profile from CMTG HFs is presented
in Figure 7. All films sustained MFX release for up to 24
h, with an initial burst of 19-25% within the first hour,
likely due to surface-associated drug. During drying of the
drug-loaded hydrogels, free drug molecules migrate from
the bulk to the surface along with solvent, resulting in
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rapid release upon contact with the dissolution medium.*”

After 24 h, HC, HM, and HS released 83.52%, 98.94%,
and 96.24% of the drug, respectively. The release of MFX
was found to be significantly retarded in HC compared
to the other HFs despite of high swellability. This could
be attributed to three factors. First, extent of crosslinking
in HC was less than HM. A low crosslinking density
results in longer polymer chains between crosslinks.
These chains form physically entangled loops, reducing
the mesh size and thereby hindering drug diffusion from
the hydrogel matrix.” Second, the high swellability of HC
can extend the diffusion path of drug molecules, thereby
slowing drug release. Third, HC exhibited a greater extent
of electrostatic interactions between MFX and carboxylate
ions compared to HM and HS, as discussed earlier. Despite
high erosion rate of HC, these electrostatic interactions
were capable of controlling the release of drug.”>** On the
other hand, release rate of MFX was higher in HS, possibly
due to weaker electrostatic interactions between MFX and
carboxylate ions in HS. The sustained drug release profile
was observed between 360 and 600 minutes, despite the
occurrence of erosion, which can be attributed to the
structural stability and release dynamics of the crosslinked
hydrogel matrix. Crosslinked hydrogels are recognized for
exhibiting more controlled and sustained release behavior
compared to their non-crosslinked counterparts, owing
to the formation of a stable, three-dimensional polymeric
network. This network preserves its integrity even during
gradual erosion, thereby facilitating continued and
consistent drug diffusion.”**

Moreover, the drug release mechanism in the CMTG
HFs followed non-Fickian (anomalous) diffusion pattern,
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Figure 7. MFX release from CMTG hydrogel films in phosphate buffer (pH 7.4)

Table 4. Release kinetics of CMTG hydrogel films

wherein drug release is governed by a combination of
diffusion, polymer relaxation, and matrix erosion. This
integrated mechanism enablesasmooth and uninterrupted
release curve, even as portions of the polymer matrix begin
to erode.”® Consequently, the erosion contributes to the
release process without disrupting it, as the core structure
of the hydrogel continues to support drug diffusion.
HM demonstrated nearly complete drug release while
maintaining its matrix integrity, which was a favorable
characteristic for a wound healing biomaterial. However,
there is a need to enhance its drug loading capacity which
can be achieved by increasing its swellability.

The results of release kinetics are presented in Table 4.
The release of MFX from all hydrogel batches followed
Korsmeyer-Peppas and demonstrated Non-Fickian
release behavior, indicating that drug release was governed
by mixture of diffusion and polymer chain relaxation.®”

Cell Viability After Hydrogel Film Exposure by MTT Assay
A-375 human malignant melanoma cells were chosen for
the MTT assay to evaluate cytotoxicity because they are
a well-characterized and reproducible in vitro model for
estimation of cell viability in response to biomaterials.
After 24 h HFs extract treatment to A-375 cells, MTT
assay was performed to assess the cell viability. The
result showed non-significant reduction in cell viability
(see Figure 8). A-375 cells were treated with 6.25% v/v
(16 times dilution) concentration of HF, and percentage
of viable cell recorded after 24 h. The cell viability assay
evidenced that HFs were not cytotoxic to A-375 human
malignant melanoma cells as there was insignificant
difference between readings of control and the HFs.
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Figure 8. The A-375 cell viability was observed after hydrogel film
exposure. Data are expressed as means+SD (n=5)*P<0.05, ns: not
significant vs control.

Zero order First order Higuchi Hixon-Crowell Korsmeyer-Peppas
Batch K R? K R? K R? K R? K R? n
HC 0.0517 0.8491 0.0014 0.5093 2.4853 0.8248 0.0015 0.6399 1.5111 0.9097 0.577
HM 0.0647 0.8786 0.0015 0.6259 2.6321 0.9891 0.0017 0.7188 1.9050 0.9951 0.586
HS 0.0670 0.7298 0.0014 0.5633 3.1938 0.9199 0.0016 0.6279 2.5579 0.9800 0.573
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Wound Healing Scratch Assay

To check the effect of blank CMTG HFs on the cell
migration and cell proliferation of A-375 human
malignant melanoma cells, a time dependent (0-24 hours)
wound scratch assay was performed. A-375 cells form
continuous monolayers suitable for creating consistent
wounds or gaps by mechanical scratching. Their inherent
growth and migration properties make them an effective
model to monitor in vitro wound closure dynamics.
After 24 h of HF treatment, the wound was completely
closed compared with only DMEM treated cells. The
result shows that the CMTG HF treated cells migrated
significantly compared to only DMEM treated cells (see
Figure 9). This reveals the potential of blank CMTG HFs
to stimulate cell proliferation and migration. This can be
possibly due to hydrophilic and biocompatible nature of
CMTG, and presence of free COOH groups within the
hydrogel matrix. It has been reported that presence of
carboxylic acid side groups on the biomaterials promotes
cell adhesion and proliferation.”® HS took more time for
wound closure possibly due to a smaller number of free
COOH groups than HC and HM.

Although the mechanical strength and post-swelling
equilibrium matrix integrity of MA-crosslinked CMTG
HFs were better than those of CA-crosslinked HFs, the
swellability and drug loading were found to be lower.

To overcome this issue, it is proposed that CMTG be
combined with polymers like PVA having reactive OH
groups, which could improve the hydrophilicity of
MA-crosslinked HFs.”>”® Nascimento and co-workers
(2020) discovered that combining CA and SA resulted in
enhanced water uptake by PVA films compared to using
the crosslinking agents separately.” Hence, combining
CA and MA in a specific ratio might lead to improved
swellability and drug loading for CMTG HFs.

Conclusion

This work demonstrates the successful use of MA and SA
as dicarboxylic acid crosslinkers for CMTG hydrogels for
the first time, offering enhanced mechanical properties
compared to conventional CA-crosslinked CMTG
HFs. CMTG HFs were prepared by esterification-
crosslinking using CA, MA, and SA as crosslinking
agents. The maleic acid-crosslinked hydrogel films
exhibited better crosslinking of CMTG polymer chains
than CA, as confirmed by total carboxyl content, ATR-
FTIR, and thermal analysis. MA enhanced the mechanical
strength of the HFs and maintained the matrix integrity
by minimizing erosion in phosphate buffer (pH 7.4),
but it showed lower wettability, porosity, swellability,
wound fluid absorption and drug loading than CA and
SA crosslinked HFs. Both MA and SA crosslinked HFs
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Figure 9. Hydrogel film stimulates cell proliferation and migration in A-375 human malignant melanoma cells. (A) The above images represent the monolayer
scratch area with a p200 micropipette tip at different time points (Oh to 24 h) after different hydrogel treatments. (B) The bar graph shows the area of the wound.

Wound closure was expressed via a scratch assay of the cells.
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were capable of controlling drug release up to 24 h, but
the release rate was higher than that of CA crosslinked
HFs. The study clearly demonstrated that drug loading
and release were closely linked to both the swellability
and integrity of the matrix. Greater swellability facilitated
increased drug incorporation, while maintaining matrix
integrity contributed to the controlled release of the
drug. Although the protein adsorption of MA and SA
crosslinked HFs was high, it was deemed acceptable for
a biomaterial used in wound healing. The films exhibited
better water vapor permeability and acted as an efficient
barrier against microorganisms. The MTT assay and
Scratch test results indicated that the prepared CMTG
hydrogel films were cytocompatible and supported cell
proliferation and migration.

The overall study suggested that MA crosslinked
HFs were able to overcome the problem of poor matrix
integrity and rapid erosion post-equilibrium, as observed
in CA crosslinked HFs. However, the swellability of the
hydrogel films decreased, which led to poor drug loading.
This issue can be resolved by combining CMTG with other
hydrophilic polymers having reactive hydroxyl groups or
by using a combination of CA and MA as crosslinking
agents for the preparation of CMTG HFs.
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