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Abstract: Traditional wound dressings often cannot treat wounds caused by bacterial infections
or other wound types that are insensitive to these wound treatments. Therefore, a biodegradable,
bioactive hydrogel wound dressing could be an effective alternative option. The purpose of this
study was to develop a hydrogel membrane comprised of sodium alginate, polyvinyl alcohol,
acrylic acid, and gallic acid for treating skin wounds. The newly developed membranes were
analyzed using Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC) and scanning electron microscopy (SEM), X-ray diffraction
analysis (XRD), sol-gel fraction, porosity, mechanical strength, swelling, drug release and data
modelling, polymeric network parameters, biodegradation, and antioxidation (DPPH and ABTS) and
antimicrobial activity against Gram-positive and negative bacteria. The results revealed that hydrogel
membranes were crosslinked successfully and had excellent thermal stability, high drug loading,
greater mechanical strength, and exhibited excellent biodegradation. Additionally, the swelling
ability and the porosity of the surface facilitated a controlled release of the encapsulated drug (gallic
acid), with 70.34% release observed at pH 1.2, 70.10% at pH 5.5 (normal skin pH), and 86.24% at
pH 7.4 (wounds pH) in 48 h. The gallic acid-loaded hydrogel membranes showed a greater area
of inhibition against Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli bacteria as
well as demonstrated excellent antioxidant properties. Based on Franz cell analyses, the permeation
flux of the drug from optimized formulations through mice skin was 92 (pH 5.5) and 110 (pH 7.4)
ng/cm?-h~1. Moreover, hydrogel membranes retained significant amounts of drug in the skin for
24 h, such as 2371 (pH 5.5) and 3300 pg/ cm? (pH 7.4). Acute dermal irritation tests in rats showed
that hydrogel membranes were nonirritating. Hydrogel membranes containing gallic acid could be
an effective option for improving wound healing and could result in faster wound healing.

Keywords: hydrogel membranes; hydrogel patches; wound dressing; polyphenol; wound infection;
wound healing

1. Introduction

Human skin functions as the first line of defense of the body to protect itself from
threats from the environment, and protects the body from external negative elements [1].
The normal healing process begins whenever the skin is compromised. The process consists
of four distinct phases, i.e., homeostasis, inflammation, growth, and finally remodeling to
repair the damage. A wound occurs when the dermis’ physiology is disrupted, resulting in
damage to the skin’s tissues, irrespective of whether this damage is chronic or acute. Both
animals and humans can be treated for burns, injuries, and surgeries as well as slow-healing
wounds [2]. The healing of wounds can be a major medical problem, particularly for older
populations as well as people suffering from diabetes or obesity. According to reports, the
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USA invests around 20 billion dollars a year for the treatment and management of chronic
wounds [3]. Efforts are being made to develop methods to heal wounds efficiently within a
short period of time in order to reduce this financial burden.

A wound infected by bacteria can result in impaired blood flow, prolonged inflam-
mation, and disfigurement after healing [4]. Antibiotics and antiseptics have been around
since their discovery to treat wound infections caused by bacteria. Thus, a large proportion
of bacteria in the environment have developed resistance to antibiotics, and antiseptics
are considered to have potentially harmful effects and limited antimicrobial properties [5].
Thus, it remains necessary to develop new and effective methods for treating wound
infections. Therefore, natural antioxidants such as gallic acid can be used to effectively
manage burns and wounds through controlled or targeted delivery systems via dermal
or transdermal delivery methods [6]. The release of the drug from the dosage form could
be adjusted in order to improve its efficacy and frequency of application [7]. The high
viscosity of ointments makes them less acceptable to patients. Generally, people report
greasy residues and oiling on their garments as the cause of garment soiling. Therefore,
it is necessary to develop new formulations for improving patients” compliance, such as
gels, emulgels, and drugs containing microparticles and nanoparticles. Among the most
important characteristics of these carriers is their ability to protect the active ingredients
and control their release [8].

Currently available wound treatment methods have several disadvantages, including
allergic reactions, uncertainty as to the mechanism of action, contamination possibili-
ties, rapid drying of the wound area, and variable results within a batch of products [9].
Presently, conventional dressings such as gauze and bandages are widely utilized in clinics.
However, they do not work well for wounds with irregular shapes, deep depths, and
narrow widths, or for wounds resulting from arterial ruptures. Furthermore, they are
unsuitable for inherently difficult procedures, readily adhere to desiccated wound surfaces,
and require surgical and mechanical removal from the site of damage. This can lead to
severe consequences. Several pharmaceuticals used to treat wounds have certain limita-
tions, including the potential for causing paranoia, peptic ulcers, hyperglycemia, and slow
bone healing. The healing process is also limited by reducing cell mobility to injury sites,
inhibiting collagen formation, inhibiting fibroblast proliferation, reducing oxygen flow to
the wound site, and reducing immunity. Wound infections can be treated using a variety of
methods, such as liquid formulations, topical, systemic, and conventional therapies, as well
as traditional and modern wound dressings [10]. Metal-organic frameworks (MOFs) can
be used for gas storage, gas separation, sensors, catalysis, and advanced biomedicine (such
as wound healing) due to their physicochemical functionality [11,12]. However, MOFs
are typically applied directly to wounds as blocks or powders, which limits their practical
application [13]. Ideally, wound dressings should not only prevent bacteria from colonizing
the wound, but also repair the ECM, prevent bleeding, and maximize surface area and
volume for exudate absorption.

Hydrocolloid films, which are moisture-retentive dressings, have become a well-
known wound management modality for moist wounds among the large number of
modern wound dressings. The hydrogel membrane maintains a moist environment within
wound sites, facilitates the removal of wound exudates, has a high-water capacity, and is
impermeable to bacteria [14]. Additionally, they prevent excessive amounts of exudate from
collecting on the wound bed, as well as facilitate tissue regeneration. In wound dressings,
hydrogels are particularly advantageous due to their mild processing conditions and their
ability to encapsulate a variety of bioactive agents. In contrast to the traditional topical
administration of bioactive molecules, the added molecules can be delivered precisely on
time and on site. Hydrogel properties, such as composition, sensitivity to wound stimuli,
etc., can vary based on the application. In addition, hydrogels can be used for the delivery
of bioactive molecules that assist wound healing, or for the support and maximization of the
therapeutic potential of skin or stem cells for angiogenesis and re-epithelialization as well
as for the production and maturation of extracellular matrix (ECM) [15]. Many materials
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have been used in attempts to develop versatile wound dressings, including biopolymers,
synthetic polymers, semi-synthetic polymers, and hybrid composite materials [16]. Natural
polymers are biocompatible, biodegradable, non-toxic, non-immunogenic, have a high
absorption capacity, and have drug delivery properties [17]. Biomaterials can increase
patient compliance by extending the therapeutic effect at wound sites through targeted and
controlled drug release [18].

Sodium alginate-based interpenetrating (IPN) hydrogels form a porous network with a
stable structure. Because of its excellent biocompatibility, the drug is able to be sustained to
a maximum degree without compromising its efficacy. Hydrogels based on sodium alginate
offer broad potential for sustained and controlled drug release [19]. The hydrophilic nature
of PVA allows it to hold water, allowing the wound to stay moist and heal more quickly [20].
In addition to being biocompatible and biodegradable, it also exhibits good mechanical
properties. Chemical cross-linking was achieved using ethylene glycol dimethacrylate
(EGDMA) in order to develop a physical-chemical hydrogel [21].

The use of bioactive plant compounds in wound healing has gained increasing interest
due to their safety and affordability. In particular, gallic acid (GA) is a natural phenolic
compound found primarily in fruits, leaves, and wildflowers. GA has been shown to
have antioxidant, anti-inflammatory, analgesic, and anti-diabetic properties. GA has been
found to improve wound contraction as well as reduce re-epithelialization time in excision
wounds. Studies have shown that gallic acid is an effective antibacterial agent against
bacteria isolated from wounds. Despite this, gallic acid’s low solubility and susceptibility
to environmental factors have limited its application in the pharmaceutical industry. The
beneficial characteristics of GA provide the potential for it to be developed into a useful
agent for the treatment of wounds [22].

In recent years, hydrogel dressings have received greater attention as wound dressings
since they are able to create an ideal environment for the healing of wounds. Hydrogel mem-
branes cover the wound surface, maintain a moist environment, inhibit bacterial growth,
allow sufficient oxygen and water to penetrate, are non-adherent and non-allergenic, and
can be easily removed without damaging the wound [23]. Therefore, in this study, polymer-
based hydrogel membranes consisting of sodium alginate, PVA, acrylic acid, and EGDMA
were prepared and characterized by FTIR, TGA, DSC, XRD, SEM, swelling ratio, gel fraction,
drug release and kinetic modelling, polymeric network parameters, porosity, mechanical
strength, biodegradation, antioxidant activities (DPPH and ABTS), and antimicrobial stud-
ies against Gram-positive and Gram-negative bacteria. Furthermore, a dermal irritation
study against rat and ex vivo skin permeation study was also performed to determine the
drug permeation and retention profile of the hydrogel membrane.

2. Results and Discussion
2.1. FTIR

FTIR spectra of sodium alginate, PVA, acrylic acid, EGDMA, gallic acid, unloaded
and gallic acid-loaded hydrogel membrane are shown in Figure 1A. The FTIR spectrum
of sodium alginate showed absorption bands at 3485 cm~! (OH stretching), 1629 cm™!
(COO—asymmetric stretching), and 1419 cm~! (COO— symmetric stretching), and is con-
sistent with the results of other researchers [24]. In PVA, OH stretching was observed at
3285 cm~! and C=0 vibrations appeared at 1708 cm~! [25]. Asymmetric stretching of
C-H group appeared at 2907 cm~! [26]. The absorption band near 3000 cm ! indicates
the presence of hydroxyl groups in the acrylic acid, the peak at 1693 cm~! is caused by
C=0 stretching, and the band at 1634 cm ™! represents the C=C stretching [27]. The FTIR
spectrum of EGDMA showed a peak at 1713 cm ™! corresponding to the stretching vibra-
tions of C=0, and the vibrations at 1633, 1291, and 1153 cm ™! are ascribed to the C=C
and C-O stretching vibrations of symmetric and asymmetric esters [28]. Blank hydrogel
membranes exhibited a different spectrum from their parent components. The vibration
bands observed at 1695 cm ™! were characterized as peaks of C=0 groups, and bands at
2915 cm ! indicated the existence of a -OH group in the structure. The formation of new
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peaks and functional groups reflects the successful cross linking of the polymers. Further-
more, the FTIR spectrum of a hydrogel membrane loaded with gallic acid was examined to
demonstrate the encapsulation of the drug within the membrane. The peaks at 3200 cm ™!
were located in the same region as those found in the drug spectrum. Additionally, the
peaks at 1026 cm~! and 1709 cm ™! revealed that gallic acid was physically embedded in
the hydrogel membrane.
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Figure 1. FTIR spectra (A), TGA (B), DSC (C), and XRD (D) of prepared hydrogel membranes and
their pure components.

2.2. TGA Study

Hydrogel membrane and other pure compounds were subjected to TGA analysis in
order to determine its thermal properties. The thermogram of PVA showed an endothermic
event at 180 °C, which is related to the glass transition of the polymer. Another endothermic
peak at 250 °C is linked to the decomposition of the samples [29]. The thermal stability of
pure sodium alginate was studied by thermogravimetric analysis as shown in Figure 1B.
The first weight loss before 100 °C was attributed to the loss of absorbed water. With further
increasing temperature, the quick weight loss in the temperature range of 200-270 °C is
associated with the decomposition of sodium alginate [30]. Gallic acid exhibited a two
stage degradation that began at temperatures of 230 °C and 320 °C which corresponds
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to the water loss and degradation of gallic acid. Similarly, in the study of Aydogdu et al.,
the hydrogel membrane exhibited an initial weight loss of 17% from 25 to 200 °C, and at a
temperature of 200-470 °C, the weight loss of 83% was found because of the deformation
of bonds in the network and degradation [31].

2.3. DSC Study

The PVA thermogram showed a change in the baseline temperature at 60 °C due to
glass transition occurring between 49 and 90 °C. It was found that melting occurred between
170 and 200 °C, with a peak temperature of 190 °C. PVA crystallinity was calculated to
be 30.7% using the peak integral normalized to the weight of the sample [32]. The DSC
thermogram of sodium alginate showed an endothermic peak at 90-100 °C, corresponding
to the heat of evaporation of the associated water of hydration, and other peaks representing
heat generated during the dissociation of intra- and intermolecular hydrogen bonds within
the polymeric matrix, as well as the degradation of the polymer [33]. The sodium molecules
had pyrolysis between 220 and 271 °C, and the decomposition rate reached up to the
maximum at that point [34]. The DSC thermogram of gallic acid (Figure 1C) showed that its
melting endothermic peak was around 270 °C, confirming the crystalline conformation of
the material. The thermogram of gallic acid was quite similar to the one in a previous work,
which showed a melting endotherm peak of gallic acid at 267 °C [35]. One exothermic peak
in the hydrogel membrane was observed at a temperature of 276 °C, indicating that the
polymers and monomers were well bonded and that the newly formed structure provided
thermal stability to the preparations.

2.4. XRD Analysis

The XRD patterns of gallic acid, hydrogel membranes, and other components are
shown in Figure 1D. Gallic acid exhibited several notable peaks at diffraction angles of
16.1°,25.3°, and 27.6°, suggesting crystalline properties [36]. Diffraction patterns of PVA
showed peaks at 19.8° and 22.6°, which correspond to crystal plane orientation. According
to this diffraction pattern, the PVA chains have strong intermolecular hydrogen bonds,
resulting in a crystalline nature [37]. Sodium alginate spectrum indicated two reflections
at 20 = 21.6° and 26 = 13.3°, which is consistent with the other reported studies. The
amorphous nature of the produced unloaded hydrogel membrane can be inferred from
the fact that its diffractogram displayed a single, broader, and diffused peak at 26 = 20.64°.
The gallic acid-loaded hydrogel membranes exhibited only one broader peak at 26 = 20.4°,
whereas no other intense peaks of drug were observed in their respective regions. This
may be due to the entrapment of the drug within the hydrogel blend, which consequently
diminished the crystal lattice properties of the drug.

2.5. SEM Analysis

SEM micrographs revealed that the hydrogel membrane consisted of a coarse, wavy,
irregular, and dense structure containing both micropores and macropores (Figure 2).
Hydrogels with these morphological features show that polymers are successfully cross-
linked [38]. Enhanced swelling capabilities are achieved as a result of direct permeation
of water within the interstitial spaces and fluid diffusion within the hydrogel network
as a result of the porous surface. These pores provide an ideal environment in which
encapsulated drugs can be attached and transported locally. Initially, macropores are filled
with fluid, followed by micropores gradually absorbing fluid, resulting in increased water
absorption by the hydrogel membranes. Fabricated hydrogel membranes exhibit a solid
mass and smooth surfaces that confer stability to polymeric networks [39].
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A

Figure 2. SEM images of hydrogel membranes at magnification of 200 (A), and 400x (B). Physical
appearance of blank hydrogel membrane (C). SEM images of hydrogel membranes from different
parts of the hydrogel at 400 x (D), and 800x (E). Physical appearance of the hydrogel membrane with
the university logo (F).

2.6. Mechanical Properties Analysis

Hydrogel wound dressings must possess certain mechanical properties in order to
ensure their durability and strength against external forces. There are several key param-
eters that must be considered when evaluating hydrogel membranes for wound healing
applications, such as their tensile strength and elongation at break. The hydrogels used
to cover wounds should be strong and be capable of absorbing frictional stresses without
breaking. Increasing the SA content from 1.6 to 3.3% resulted in a higher tensile modulus
and increased elongation at break. The increase in cross-linking density is likely to be
responsible for this behavior [40]. It was found that the tensile strength of the material also
increased with an increase in EGDMA content, as shown in Figure 3.

2.7. Sol-Gel Analysis

Gel fraction refers to the crosslinked portion of hydrogels which are formed during
the polymerization reaction when the polymers, monomers, and crosslinker reacts together.
Sol fraction refers to the non-crosslinked part of the hydrogel. Sol is a relatively small
part of the hydrogel formed when high concentrations of at least one component are used,
which remains uncrosslinked due to the lack of reactive sites during the polymerization
process. Sol-gel analysis was carried out for all hydrogel membranes in order to determine
the percentage of crosslinked and uncrosslinked components. Basically, sol-gel analysis
measures polymer cross-linking. EGDMA induces gel formation by crosslinking [41].
Therefore, the gel fraction of the hydrogel membrane increases with the increase in EGDMA
content. There was a significant increase in the gel fraction as sodium alginate composition
increased, but a decrease in the sol fraction, and vice versa. There was a direct relationship
between the sol-gel fraction and the concentration of the polymers (Figure 4).
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Figure 3. Mechanical properties of hydrogel membranes, such as tensile strength (A) and elongation
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hydrogel membranes.

2.8. Porosity Study

The porosity of the hydrogel membrane influences swelling ability, drug loading, and
release. When pore sizes are larger, swelling occurs more readily, and as a result, more
drugs can be loaded and released. Porosity increases as a result of the high viscosity of
the reaction mixture which generates interconnected channels. As EGDMA concentration
increased (from 0.5 to 1.5 w/w %), pores and pore sizes were reduced due to the formation
of tight junctions and the creation of crosslinked bulk densities that affect the flexibility
of the network [42]. The porosity of hydrogel was increased with the sodium alginate
concentration was increased, which is consistent with previous studies [43]. The porosity
of hydrogel increased with an increase in the amount of PVA, which is also consistent with
other studies.

2.9. Biodegradation Analysis

The degradation rate of the prepared hydrogel membranes was assessed at different
time intervals as shown in Figure 5. It was found that the degradation speed of hydrogel
slowed down with the increase in the amount of EGDMA in the material, which may be
attributed to the generation of free radicals within the functional groups. Free radicals
play a crucial role in polymerization, since they strengthen the water-gels’” strength, which
prevents degradation. Mohamed and his colleagues developed hydrogels using chitosan
and PVA that demonstrated a slow degradation rate with increasing concentrations of
gel contents [44]. The naturally occurring anionic polysaccharide sodium alginate has
been extensively researched and used for a variety of biomedical applications because it is
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Figure 5. Effect of (A) sodium alginate (SPA-1,4,5), (B) EGDMA (SPA-1 to 3), and (C) PVA (SPA-5 to 7)
on biodegradation of hydrogel membranes.

2.10. Swelling Behavior

Hydrogel membranes have a large water-holding capacity, which plays a key role
in antibacterial functions, wound healing, and other biological applications. Hydrogel
membranes are capable of absorbing a substantial amount of wound exudates, making
wound healing more efficient and quicker [45]. Several factors influence the swelling
behavior of the hydrogel, including hydrophilic groups, crosslink density, polymer network
elasticity, as well as pH and temperature within the swelling environment [46]. This implies
that the swelling behavior of a hydrogel network is directly influenced by its structure and
composition. Hydrogel membranes were prepared with various concentrations of polymers
(sodium alginate and PVA), and crosslinker (EGDMA) in order to investigate the swelling
ratios in various media and different time intervals. Figure 6 shows the swelling rate of
hydrogel membranes at different pH values with time. PVA concentration had a significant
impact on the swelling ability of the synthesized hydrogel and the swelling ratio decreased
as the PVA concentration was increased. This phenomenon results from the addition of
more PVA to the hydrogel membrane in an effort to enhance its mechanical properties [47].
Additionally, sodium alginate-PVA and acrylic acid form an interpenetrating network that
enhances the network’s stability. In a similar manner, a decrease in swelling of hydrogels
was observed with increasing EGDMA concentrations resulting from increased crosslinking
density, which increased the stability of the hydrogel network and reduced the pore size in
hydrogels, which limited the penetration of solvents inside the hydrogel [48]. This resulted
in a reduced rate of water penetration into hydrogel networks and consequently a reduced
rate of swelling [43]. Sodium alginate is pH-sensitive and shows high swelling and release
at pH 7.4. The swelling ratio was reduced when the concentration of sodium-alginate was
increased a lot, since the gel network became more hydrophilic.

The swelling index of the fabricated hydrogels was as follows: pH 7.4 > pH 5.5 > pH 1.2 [49].
The increased equilibrium swelling ratio (ESR) of fabricated hydrogels at pH 7.4 (ESR of
24.46%) and 5.5 (ESR of 18.49%) compared to pH 1.2 (ESR of 3.58%) in 48 h resulted from
the deprotonation of carboxylic functional groups in acrylic acid. This resulted in strong
electrostatic repelling forces being generated from the deprotonation of monomers and
polymers at pH 7.4 and 5.5. This resulted in the repulsion of the same charged ions; therefore,
greater swelling occurred. However, swelling at pH 5.5 and 1.2 was low compared to pH 7.4.
This phenomenon is mainly caused by the protonation of functional groups in acrylic acid,
sodium alginate, and PVA, which form hydrogen bonds with counterions and are therefore
less sensitive to swelling [50]. As a result of strong attractive forces, the charge density
of the same group is reduced, and thus hydrogel membranes exhibit a low swelling at
pH 1.2 and 5.5 [51]. The results of these studies demonstrated that hydrogel dressings can
function as exudate-absorbing wound dressings, resulting in a decrease in infection caused
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by exudates. The high-water absorption properties of sodium alginate and acrylic acid
prevent the collection of liquid on the wound and as a result reduce the risk of infection.
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Figure 6. Swelling curve over time of a hydrogel membrane in pH of 1.2 (A), pH of 5.5 (B), and pH of
7.4 (C).

2.11. Release and Kinetic Modelling

The amount of gallic acid released (%) from the synthesized hydrogel membrane was
tested for 48 h at both an acidic (pH 1.2 and 5.5) and basic pH (pH 7.4) environment taking
into account the changes in pH of the skin during wound healing [52]. As shown in the
Figure 7A, the percentage of drug release in the buffer at pH = 1.2 ranged from 53.88%
to 70.34%. SPA-1 had the highest drug release rate at pH = 1.2 (70.34%), while SPA-3
had the lowest drug release rate at pH = 1.2 (53.88%). Similarly, at normal skin pH value
(pH 5.5), the SPA-1 showed a higher release of up to 70.19%, while the lowest release was
shown by SPA-2 (57.10%) (Figure 7B). In the buffer with pH = 7.4, the drug release rate was
56.37%~86.24%. SPA-1 had the highest drug release (86.24%), while SPA-3 had the lowest
drug release (56.27%). The release curve showed that the release of gallic acid was different
in different pH buffers, and the maximum release was in the buffer of pH = 7.4. After 48 h,
the maximum release rate of the drug was 86.24% (Figure 7C).
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Figure 7. Drug release curve of a hydrogel membrane at pH of 1.2 (A), pH of 5.5 (B), and pH of 7.4 (C).

Hydrogel membranes absorb water molecules when immersed in water due to os-
motic pressure gradients [53]. Hydrogel membranes swell because of water diffusion,
which opens channels, which causes drugs to be released. For the release data, the best
fitting model was determined by assessing the regression coefficient value of the model
closest to 1 [52]. Table 1 shows the regression coefficients (r) for samples with varying
concentrations of sodium alginate (SPA-1, SPA-4, SPA-5), EGDMA (SPA-1, SPA-2, SPA-3),
and PVA (SPA-5, SPA-6, SPA-7). These samples followed the Korsmeyer-Peppas release
kinetics model because their regression coefficient values were greater than zero order,
first order and Higuchi model. The release exponent (n) values of all drug-loaded sam-
ples (SPA-1, SPA-2, SPA-3, SPA-4, SPA-5, SPA-6, SPA-7) following the Korsmeyer-Peppas
model (release exponent n value of less than 0.5), indicating that the release mechanism
was diffusion-controlled.

2.12. Structural Parameters of Hydrogel Membranes

Synthesized hydrogel membranes were characterized by their average molecular
weight between crosslinks Mc (degree of crosslinking), volume fraction of polymer V2,s
(amount of fluid absorbed and maintained by the network), solvent interaction parameter,
number of repeating units between crosslinks N, and diffusion coefficient D. The results of
the structural parameters are displayed in Table 2. Hydrogels” maximal absorption and
holding capacity can be determined by calculating these characteristics, which indicate the
compatibility of the solvent with the polymers used. V2,s and x values were observed to
increase with increasing the EGDMA concentration, indicating the formation of tighter and
stiffer gel structures, which is consistent with the results obtained by other researchers [54].
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Additionally, Mc and N values decreased as EGDMA concentration increased. This was due
to an increase in crosslinking density as a result of an increase in the amount of EGDMA,
and vice versa. V2,s indicates swollen polymer and EGDMA concentration indicates degree
of swelling.

Table 1. Drug release kinetics of gallic acid-loaded sodium alginate (PVA-co-acrylic acid) hydrogel

membranes.
Zero Order First Order Higuchi Model Korsmeyer-Peppas Model
F.Codes pH

Ko (h 1) r? K; (h™1) 2 K; (h—1) r? r? n

12 1.110 0.8624 0.010 0.7153 0.678 0.8577 0.9780 0.314

SPA-1 5.5 0.5830 0.7336 0.007 0.7548 3.575 0.8801 0.9939 0.133

7.4 1.250 0.8574 0.047 0.7281 11.598 0.8019 0.9901 0.321

12 0.958 0.8555 0.044 0.7136 12.120 0.7775 0.9790 0.346

SPA-2 5.5 0.422 0.8328 0.005 0.8464 2.486 0.9384 0.9514 0.401

74 0.972 0.9384 0.056 0.7999 11.147 0.8003 0.9702 0.217

12 1.456 0.8614 0.065 0.8367 15.360 0.6891 0.9950 0.161

SPA-3 5.5 0.359 0.7955 0.004 0.8075 2.157 0.9195 0.9481 0.340

7.4 1.643 0.8831 0.118 0.8455 14.028 0.7269 0.9926 0.082

12 0.678 0.8992 0.061 0.7415 14.433 0.8232 0.9780 0.281

SPA-4 5.5 0.550 0.8370 0.006 0.8553 3.232 0.9393 0.9505 0.409

74 0.755 0.8674 0.096 0.7868 13.002 0.8233 0.9832 0.154

12 0.809 0.8875 0.061 0.6595 13.145 0.8126 0.9813 0.476

SPA-5 5.5 0.501 0.8301 0.006 0.8469 2.952 0.9359 0.9485 0.403

74 0.950 0.8240 0.091 0.7226 12.386 0.8838 0.9793 0.345

12 1.004 0.7976 0.047 0.7665 12.331 0.8219 0.9708 0.338

SPA-6 5.5 0.481 0.7735 0.005 0.7905 2.901 2.9034 0.9905 0.155

7.4 1.221 0.8954 0.088 0.8004 12.143 0.8627 0.9700 0.275

12 1.167 0.7651 0.475 0.8297 17.358 0.9181 0.9919 0.380

SPA-7 5.5 0.436 0.7936 0.005 0.8080 2.620 0.9177 0.9473 0.337

74 1.726 0.7850 0.656 0.8896 13.529 0.9360 0.9996 0.224
Table 2. Flory—-Huggins polymeric network parameters of synthesized hydrogel membranes.

F. Codes V2,5 X M, M; N D x 10-5 (cm? s—1)

SPA-1 0.051 £0.013  0.517 £ 0.035 7322.7 £ 445 77.689 + 16 188.513 + 26 0.265 £ 0.025
SPA-2 0.078 £0.017  0.527 £ 0.030 3833.3 £ 576 76.372 + 14 100.384 + 30 0.252 £ 0.027
SPA-3 0.080 £0.020  0.533 £ 0.038 2121.9 + 654 71.700 + 15 59.188 + 19 0.369 £ 0.038
SPA-4 0.094 £0.014  0.533 £0.032 1605.9 & 540 80.033 £ 17 39.982 £ 25 0.647 £ 0.061
SPA-5 0.072 £0.012  0.525 £ 0.029 7287.7 £723 82.300 £+ 19 177.100 £ 57 0.251 £ 0.030
SPA-6 0.080 £0.010  0.528 £ 0.034 6057.7 + 589 79.433 + 20 152.523 £+ 43 0.473 £ 0.044
SPA-7 0.109 £0.022  0.539 £ 0.041 2258.7 + 706 78.290 =10 57.700 £ 27 0.345 £ 0.032

2.13. Antioxidation Analysis

The antioxidant activity of the developed hydrogel membranes was evaluated by
testing the scavenging efficiency of the hydrogel membranes against DPPH and ABTS
(Figure 8). Gallic acid has excellent antioxidant activity, and also has good anti-cancer,
anti-mutation, and antibacterial activities. When gallic acid is loaded into the hydrogel
membrane, it shows good antioxidant effects [55]. Sodium alginate also possesses antioxi-
dant effects and immune regulatory properties. In the reaction with DPPH, it can eliminate
free radicals and thus show antioxidant activity, which is consistent with the experimental
results of others [56]. PVA also has an antioxidant activity, for example, food packaging
materials synthesized with PVA showed a certain antioxidant activity [57].
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Figure 8. Antioxidant activity of the developed hydrogel membranes against DPPH (A), and ABTS (B).
(Here, ** p <0.01, and *** p < 0.001).

2.14. Antibacterial Study

One of the most challenging issues in wound healing is the risk of bacterial infec-
tion, which can lead to serious complications, such as significant pain, fever, and edema.
Therefore, the antimicrobial properties of hydrogel membrane are crucial as wound dress-
ings. Therefore, the antibacterial experiment was carried out on Gram-positive and Gram-
negative bacteria, and its respective inhibition zones are depicted in Figure 9. No zone
development was detected in the negative control and blank hydrogel membrane groups;
however, clear zones were found in the positive control (29, 24, and 27 mm) and gallic
acid-loaded hydrogel membrane (11, 13, and 14 mm) groups against S. aureus, P. aeruginosa,
and E. coli, respectively. Cefepime is an effective antibiotic against both Gram-positive
and Gram-negative bacteria [58]. Cefepime was observed to possess antibacterial activity
against these bacterial strains, with a smaller zone of inhibition in the case of Gram-negative
bacteria as compared to Gram-positive bacteria. This can be observed due to the structure
of the bacteria’s cell wall. The cell wall in Gram-negative bacteria is thin and consists of
three layers, namely the inside membrane, the peptidoglycan, and the outer membrane.
The cell wall of Gram-positive bacteria is thick, but they lack the outermost membrane.
This outer membrane acts as a protective layer for Gram-negative bacteria and provides a
protective barrier from the external surrounding. Thus, the drug showed better antibacte-
rial activity against Gram-positive bacteria as indicated by the larger zone of inhibition than
Gram-negative bacteria. The gallic acid-loaded hydrogel membrane showed effectiveness
against both types of bacteria by forming zones of inhibition. The values of anti-bacterial
activity were consistent with those reported in the literature for hydrogel membranes con-
taining antibacterial agents. This indicates that the gallic acid in hydrogel was functioning
properly and did not encounter any difficulties in leaching out of the membrane. Hydrogels
without drug loading also have certain antibacterial effects. For example, sodium alginate,
a sustainable biopolymer, has certain antibacterial effects, which is consistent with the
results of other people’s studies [59].

2.15. Dermal Irritation Study

The skin irritation reactions were assessed at intervals of 1, 12, 24, and 48 h following
application of the hydrogel membrane. There were no signs of erythema or edema observed
on the skin. There was no skin irritation caused by the synthesized hydrogel membrane, and
it appears to be a biocompatible material that is suitable for application as a wound dressing.
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Figure 9. The zones of inhibition for negative control, positive control, unloaded hydrogel and
gallic-acid loaded hydrogel membrane against E. coli, S. aureus, and P. aeruginosa.

2.16. In Vitro Permeation and Skin Deposition Study

Franz cell apparatus was used to measure both the amount of drug that permeated
through the skin and the amount of drug deposited in the skin. Figure 10 shows the
amounts of drug permeated through skin from sodium alginate-based (PVA-co-acrylic
acid) hydrogel membranes loaded with gallic acid of area 1.5 cm?. The developed hydrogel
membrane (SPA-1) demonstrated permeation of about 4445 ug/1.5 cm? at pH 5.5 (normal
skin pH) and 5314 pg/1.5 cm? at pH 7.4 (wound pH) after 48 h. The permeability coefficient
(Kp*10~3) calculated was 0.75 and 1.60 cm/h at pH 5.5 and 7.4, respectively. Hydrogels
with a loose crosslink structure are reported to permeate more drugs than those with a tight
crosslink structure [60].

We conducted kinetic analyses of formulations to determine the pattern of release.
In the optimized formulation (SPA-1), the permeability flux was 92 (pH 5.5) and 110
(pH 7.4) ng/cm?-h~1. Hydrogel membranes release drugs based on a diffusion control
mechanism. This formulated hydrogel membrane exhibited controlled release for a period
of 48 h. Previous studies using hydrophilic polymers have shown similar results [61]. The
amount of gallic acid deposited on the skin of mice and retained in the membrane was
2371 and 3043 pg/cm? (pH 5.5), and 3300 and 3698 pg/cm? (pH 7.4) after 24 h, respectively.
Drugs must remain in the skin for an adequate period of time in order to demonstrate
their topical pharmacological activity. The results of this study indicate that gallic acid is
deposited at a higher concentration than had been reported in earlier studies on hydrogel
membranes [62,63]. In addition, polymers with mucoadhesive properties may facilitate
biological interactions and internalization. The results indicate that gallic acid has a better
residence in the skin.
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Figure 10. In vitro skin permeation study of optimized hydrogel membrane formulation (SPA-1) at
both normal skin pH (5.5) and wounds pH (7.4) (A). The amount of drug retained in the hydrogel
membrane or deposited on the mice skin is also shown (B). (Here, * shows the p value < 0.05, and
*3%

p <0.01).

3. Material and Methods
3.1. Materials

Sodium alginate from brown algae (SA; M. weight = 216.12 g/moL, Purity > 98)
was obtained from Meilune biological company (Dalian, China). Polyvinyl alcohol (PVA;
M. weight = 85000-124,000, 87-89% hydrolyzed), acrylic acid (AA; M. weight =72.06 g/moL),
ethylene glycol dimethacrylate (EGDMA; M. weight = 198.22 g/moL), and ammonium per-
sulfate (APS) were purchased from Sigma-Aldrich (Saint Louis, USA). Gallic acid (GA; M.
weight = 170.12 g/moL) and sodium bisulfite (SHS) were obtained from Shanghai Aladdin
biochemical technology, China. Deionized water was freshly prepared in the laboratory for
use throughout the study.

3.2. Preparation of Hydrogel Membrane

The free radical polymerization technique was adopted for the preparation of hydrogel
membrane with slight modifications [64]. All the formulation components as shown in
Table 3, such as PVA, sodium alginate, APS/SHS, acrylic acid, and EGDMA were carefully
weighed and a specified amount of water was added. The sodium alginate solution was
stirred at 40 °C until it became clear and precipitation-free, while the PVA solution was
stirred at 90 °C until it became clear and precipitation-free. After that, the APS/SHS solution
was added to acrylic acid and thoroughly blended. This solution was slowly poured into
the sodium alginate solution/PVA mixture. After complete mixing, the EGDMA was
slowly incorporated into the mixed solution. Finally, a clear solution was obtained after
ultrasonication and nitrogen bubbling for 15 to 30 min to remove bubbles. The mixed
solution was placed in the petri-dishes in water bath at 40 °C for 2 h, 50 °C for 4 h, and at
65 °C for 18 h. Then, the developed hydrogel membranes were removed from the petri-
dishes and washed with a mixture of ethanol:water (70:30) to remove unreacted materials,
and finally dried in the oven at 40 °C for 2 days. The proposed chemical structure of the
developed hydrogel membrane is shown in Figure 11.

Drug Loading into the Hydrogel Membranes

Gallic acid was used as a model drug and the process of swelling-diffusion was
adopted to load the drug in the hydrogel membrane. First, the gallic acid solution was
prepared by dissolving the drug in phosphate buffer of pH 7.4, and then the hydrogel mem-
branes were placed in this drug solution for 48 h. Drug-loaded content was evaluated using
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the weight difference method i.e., the difference between initial dry weight of hydrogel
membrane and final dry weight of hydrogel membrane after drug loading [63].

Drug loading = Drug loaded hydrogel — Unloaded hydrogel (1)
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Sodium alginate-based (polyvinyl alcohol-co-acrylic acid) hydrogel membranes

Figure 11. The proposed chemical structure of the synthesized sodium alginate based (PVA-co-acrylic

acid) hydrogel membranes.
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Table 3. Hydrogel membrane feeding composition per 100 g.
Drug
. Sodium — py,  Acylic ) poepg pgpma  Loaded per
Formulations Alginate (@) Acid (@) () 1gof
(g 8 (g 8 8 Hydrogel
(g)

SPA-1 1 15 26 04/04 0.5 0.617
SPA-2 1 15 26 0.4/0.4 1 0.332
SPA-3 1 15 26 04/04 1.5 0.317
SPA-4 15 15 26 04/04 0.5 0.514
SPA-5 2 15 26 0.4/0.4 0.5 0.501
SPA-6 15 2 26 04/04 0.5 0.488
SPA-7 15 3 26 04/04 0.5 0.414

3.3. Characterization
3.3.1. FTIR Analysis

FTIR was used to evaluate new bond formation, types, and structures. FTIR analysis
of sodium alginate, PVA, acrylic acid, gallic acid, and hydrogel membrane were performed
by attenuated total reflectance (ATR) method [65]. The FTIR spectra were recorded at a
wavelength of 4000-400 cm ! using a FTIR spectrometer (Spectrum Two, Platinum Elmer).

3.3.2. Thermogravimetric Analysis

Hydrogel membrane and pure materials with a sample of 0.5-5 mg of uniform size
were placed in a platinum pan attached to a microbalance. The temperature was increased
from 20 to 600 °C at a rate of 20 °C/min (TG/DTA6300, Seiko, Japan) with a 20 mL/min
flow of nitrogen [66].

3.3.3. Differential Scanning Calorimetry

Thermal analysis was conducted on both pure materials and hydrogel membranes
using a DSC analyzer (Diamond DSC, Perkin Elmer, Waltham, MA, USA) [67]. We heated
the samples in a closed aluminum pan at 10 °C/min and purged them continuously with
nitrogen gas at 20 mL/min amidst heating. DSC Instruments Universal Analysis 2000
software version 44A was used to analyze all collected data. Data were collected in triplicate
(n = 3) and reported as a mean and standard deviation (SD).

3.3.4. X-ray Diffraction Study

X-ray diffraction (TD-3500 X-ray diffractometer, Dandong, China) using Copper Ko
examined crystallinity variations over the diffraction angle range of 10 to 60° [68]. Various
samples were measured, including sodium alginate, PVA, gallic acid and hydrogel membrane.

3.3.5. Scanning Electron Microscopy

The developed hydrogel membrane was analyzed by scanning electron microscopy
(SEM, Quanta 250, FEI company, Eindhoven, The Netherlands). Hydrogel membrane
samples were taped to aluminum mounts and then sputtered with gold to form a thin
layer. SEM images were captured to determine the surface morphology of hydrogel
membranes [69].

3.3.6. Evaluation of Mechanical Properties

Mechanical properties of hydrogel membranes, such as tensile strength (TS) and elon-
gation at break (EAB), were determined at a speed of 1.0 mm/s using a TA.XT plus texture
analyzer equipped with a spherical steel probe (P 5S) [70]. The force and displacement
generated by the probe during the breaking of membranes were used to calculate the TS
and EAB.

TS = (2)
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EAB = YDHR: 3)

where Fm is the force that the probe applies to the membrane. Th represents the thickness
of the membrane. D is the amount of displacement which the probe has undergone since
its initial interaction with the membrane until the point at which the membrane is broken.
R represents the radius of the plate.

3.3.7. Sol-Gel Analysis

Sol-gel analysis was used to determine the proportion of soluble, crosslinked, and
insoluble components in the hydrogel membrane formulations [62]. In hydrogels, gel
represents an insoluble portion, while sol represents the solvent portion. Therefore, sol-gel
was studied using the Soxhlet extraction method. Hydrogel membranes of a specified
size were cut and placed in a round flask containing deionized water. A condenser was
attached to the flask. During the 14-h extraction process, the temperature was maintained
at 85 °C. After that, the hydrogel membrane was extracted, placed in an oven to dehy-
drate completely, and then reweighed. Sol-gel calculations were performed using the
equations provided.

Sol fraction % = MlﬁzMz x 100 4)

where M1 represents the initial weight of the hydrogel before extraction, and M2 indicates
the final weight of the dried hydrogel.

Gel fraction = 100 — Sol fraction 5)

3.3.8. Porosity Study

A solvent replacement method was used to assess the porosity of the fabricated
hydrogel formulations [71]. The dried hydrogel membranes (Q1) were precisely weighed.
They were then immersed in absolute ethanol (purity more than 99.9 percent) for 4 days.
After that, the hydrogel membranes were removed, blotted with filter paper to remove the
excess solvent, and weighed again (Q2). Similarly, the thickness and dimensions of the
membranes were determined. Porosity was determined using the following formula.

Porosity percentage (%) = Qﬁinl x 100 (6)

p represents ethanol density, whereas V is the volume of the hydrogel following swelling.

3.3.9. Biodegradation Study

The biodegradation study of the hydrogel membrane was conducted in phosphate
buffer solution of pH 7.4 at a temperature of 37 &+ 0.5 °C [72]. Dried hydrogel membranes
were immersed in buffer solutions. They were removed from the buffer solution at intervals
of 1, 3, 5, or 7 days and dehydrated at 40 °C in a vacuum oven, weighed again, and
returned to the buffer solution. This procedure was performed for a week to assess the
rate of biodegradation. The given equation was used to measure the degradation of the
hydrogel membrane.

D = KlIaKZ (7)

where D indicates degradation level, K1 shows dry sample weight, and K2 is the sample
weight following immersion at time (t).

3.4. Hydrogel Membrane Network Parameters

The following parameters are important in evaluating the structure and characteristics
of hydrogels in swollen condition: the volume fraction of polymer in a swollen form (V2,s),
crosslinking junction molecular weights (Mc), solvent interaction (x), and the number of
linkages among crosslinks (N) [73].

The diffusion coefficient (D) measures the diffusion rate of a compound along a
unit area as a function of the concentration difference over a given time interval. This is
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determined by the type of polymer and the degree of mobility of its individual segments.
According to the following formula, the diffusion coefficient can be estimated.

D= n(de) ®

In this equation, qeq represents the equilibrium swelling of the hydrogel membrane, 0
is the slope of the linear part of swelling curves, and h is the thickness before swelling.

Polymer volume fraction, denoted by V2,s, is the proportion of the polymer in its fully
swollen condition. Polymer volume fraction was calculated using equilibrium volume
swelling (Veq) data of the prepared hydrogel membranes at two different pH values (1.2,
and 7.4) using the following equation.

V2,s = o ©)

Whereas, Mc is useful for estimating the degree to which a polymer network has been
crosslinked. It can be calculated using the following formula.

1
dpVs(V32,s-V2,35
o e

]n(17V2,s)+V2,s+xv22,s

where ds and dp refer to the density of the solvent and polymer, respectively. vs represents
the solvent’s molar volume and x represents Flory-Huggins polymer-solvent properties.
The solvent interaction (x) can be computed using Flory—-Huggins theory.

In(1-V2,5)4+V2,s (11)

X = V22

where V2,s represents the equilibrium volume fraction of the swollen gel.
N was determined based on the data of Mc. Calculation of the repeating units between
crosslinks was performed using the following equation:
N = Pk (12)
Mr refers to the repeating unit’s molar mass. The following equation can be utilized to
calculate it.

Mr = mSAMSA + mPVAMPVA + mAAMAA-+mEGDMAMEDGMA (1 3)
- mSA+mPVA+mAA+mEGDMA

where mSA, mPVA, mAA, and mEGDMA are the masses of sodium alginate, polyvinyl
alcohol, acrylic acid, and ethylene glycol dimethacrylate, respectively. MSA, MPVA, MAA,
and MEGDMA are the molar masses of sodium alginate, polyvinyl alcohol, acrylic acid,
and ethylene glycol dimethacrylate, respectively.

3.5. Equilibrium Swelling Ratio (ESR)

ESR was determined at 37 °C using different simulated media, including pH 1.2,
pH 5.5, and pH 7.4 [74]. During the experiment, the weight change of hydrogel membranes
was evaluated by placing them in their appropriate medium at 37 °C and measuring them
at regular intervals. The results were recorded up until the point where there was an
equilibrium in terms of the weight of the hydrogel membranes. The following formula was
used to determine the percentage increase in the swelling of hydrogel membranes.

ESR = XX % 100 (14)

where Xt represents the weight at t x 100 and X indicates the initial weight of dry hydrogel
membranes in grams.



Molecules 2022, 27, 8397

19 of 25

3.6. Release and Kinetic Modelling

In vitro drug release from the fabricated hydrogel membranes was evaluated at pH lev-
els of 1.2,5.5, and 7.4 [75]. Hydrogel membranes containing the drug were immersed in
phosphate buffer solutions at pH of 1.2, 5.5, and pH 7.4 inside a USP dissolution type II
apparatus at 37 °C and 50 rpm. At regular intervals, aliquots of 5 mL were taken and
replaced with a fresh medium of the same volume. Filtered samples were analyzed at a
wavelength of 220 nm in triplicate using a UV-Vis spectrophotometer (T6 New Century;
Beijing GM).

(Amount of released drug) % 100 (15)

Percent drug release = (Amount of Toaded drug )

Drug release from hydrogel membranes may be influenced by a variety of factors,
including relaxation and swellability of polymer chains, matrix composition, drug nature,
and pH of the release medium. As hydrogels exhibit swelling-based controlled release, it is
crucial that there is solvent diffusion leading to swelling of the hydrogel and ultimately
release of the encapsulated drug. Models of zero order, first order, Higuchi, and Korsmeyer—
Peppas were used to determine the pattern of drug release.

Zero — order kinetics Ft = KOt (16)

In this case, Ft indicates the amount of drug released at time t, and KO is the apparent
rate constant.
First order kinetics In(1 —F) = —KI1t (17)

In this formula, F represents the amount of drug that has been released in time t and
k1 represents the rate constant.

Higuchi model F = K2tz (18)

The amount of drug released at time t is indicated by F, and Higuchi constant K2
is indicated by K2. Several hypotheses form the basis for this model: one, the drug is
only diffusing in one direction, and two, the drug’s solubility is lower than the starting
concentration in the matrix.

Korsmeyer — Peppas model % = K3t" (19)

where the volume of water absorbed at time t is denoted by Mt, and the amount of water
absorbed at equilibrium is indicated by M. The release exponent, n, is a constant that
takes into account the gels” unique geometry and structure. Fickian release mechanism is
indicated when n < 0.45, while non-Fickian release mechanism is exhibited when n > 0.45.

3.7. Antioxidant Studies
3.7.1. DPPH Antioxidant Activity

The DPPH (2,2-diphenyl-1-picryhydrazyl) free radical scavenging method was used
to evaluate the antioxidant activity of the hydrogel membrane [76]. The samples were
soaked in methanol for 24 h at an ambient temperature in a darkened room. Then, 2 mL of
sample solution was combined with 1 mL of 0.1 mM DPPH methanol solution. Afterward,
the mixture was thoroughly mixed and kept in a dark place for 30 min. A UV-Vis spec-
trophotometer was then used to measure the absorbance of the solution at 517 nm in order
to determine the DPPH scavenging activity (DPPH%) according to the following formula.

DPPH(%) = 4%4 x 100 (20)

where AO and A represent the control and sample absorbance values, respectively.
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3.7.2. ABTS Antioxidant Activity

The ABTS assay was used to determine the radical scavenging activity of hydrogel
membranes [77]. A solution of 7.4 mM ABTS and 2.4 mM potassium persulfate was mixed
at a 1:1 ratio and incubated overnight at room temperature to induce ABTS radicalization.
Afterwards, the hydrogel membranes and ABTS solution were mixed together and incu-
bated at 37 °C for 30 min. The absorbance of the solution was measured at a wavelength of
730 nm. The following equation was used to calculate the ABTS scavenging effect.

ABTS scavenging effect (%) = A%AL x 100 (21)

where AQ represents the absorbance of the ABTS solution, and Al represents the absorbance
of the samples.

3.8. Investigation of Antibacterial Activity

Nutrient media was prepared by putting the agar in deionized water and then au-
toclaving it at 121 °C/15 psi for 30 min. Petri plates were filled with agar media and
cooled to room temperature in order to solidify it. After growing the strains for 24 h, swabs
of Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), and Pseudomonas aeruginosa
(P. aeruginosa) were collected and placed on petri dishes. They were divided into four
groups as follows: unloaded-hydrogel membrane, gallic acid-loaded hydrogel membrane,
positive control (Cefepime, 1 mg/mL solution), and negative control, which were then
applied on the plates accordingly. The zone of inhibition was determined following 24 h of
incubation at 37 °C [78].

Zone of inhibition of test sample (mm)
Zone of inhibition of standard drug (mm) x 100 (22)

Percentage inhibition =

3.9. Acute Dermal Irritation Test

In vivo irritation tests were conducted in accordance with OECD guidelines for testing
chemicals for skin irritation, and this experiment was approved by the Institutional Animal
Care and Use Committee of Jiangxi University of Chinese Medicine, Nanchang, China
(study approval number: JZSYDWLL-20201101). Animal care and operation procedures
were in compliance with the China Laboratory Animal Use Regulations, and the animals
were handled according to the institutional ethical guidelines. Sprague-Dawley (SD) rats
(female, 220 + 10 g) were used for dermal irritation tests (n = 3 per group) [79]. The dorsal
area of the rats was shaved approximately 3 cm x 2 cm with an electric razor. After 24 h,
the sodium alginate based (PVA-co-acrylic acid) hydrogel membranes were applied to the
backs of the experimental rats, whereas the control animals did not receive any treatment.
The skin reactions, including erythema and edema, were evaluated at 1, 12, 24, and 48 h
after application.

3.10. In Vitro Permeation and Skin Deposition Study

Healthy male Kunming mice (KM), weight of 20 + 2 g, were provided by Beijing
Unilever Co., Ltd. (Beijing, China). The animal experimentation and care procedures
were conducted in accordance with the Animal Experimental Center protocol of Jiangxi
University of Chinese Medicine, Nanchang, China. KM mice were euthanized, and their
skin was excised immediately. Fat and other tissues attached to the skin were carefully
removed. Skin samples were kept wet in physiological saline and stored at —20 °C in
the freezer prior to experimentation. TP-6 transdermal diffusion tester (Tianjin Jingtuo
Instrument Technology Co., Ltd., Tianjin, China) was used for the in vitro skin permeation
study [80]. We used Franz cells with a diffusion area of 1.76 cm? and a receptor volume
of 15 mL. The rat skin was placed between two compartments with the stratum corneum
facing the donor compartment. During the experiment, the cells were clamped, the receptor
compartment was filled with a phosphate buffer of pH 7.4, and it was maintained at 37 °C
throughout with continuous stirring on a magnetic stirrer at 300 rpm. Hydrogel membranes
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were placed in the donor compartment over skin. We covered the sampling ports and the
donor chambers with parafilm in order to prevent evaporation. Tests were conducted for
48 h. After predetermined time intervals (0.5, 1, 2, 4, 6, 8, 10, 14, 26, 30, 34, and 48 h) a
1 mL sample was removed from the receptor compartment and replaced with 1 mL of fresh
buffer solution. The acceptor solutions were analyzed by UV-VIS spectrophotometry at
220 nm. Drug permeation through skin was measured and plotted over time. The flux (J)
as well as the permeability coefficient (Kp = flux/concentration in donor compartment)
were also determined.

In addition, we determined the amount of drug (gallic acid) retained within the
membrane and deposited on the skin after 24 h. Each skin section was cleaned three times
with 3 mL PBS and gently dried with filter papers. The skin specimens were cut into
small pieces of equal size. The samples were soaked in a pH 7.4 buffer and then subjected
to an ultrasonication bath for 3 h, followed by gentle shaking on the orbital incubator
platform for 24 h to extract the residual drug. The samples were then analyzed by UV
spectrophotometry [63].

3.11. Statistical Analysis

All data were presented in the form of mean standard deviation. One-way and
Two-way ANOVA and Tukey’s post hoc tests were conducted to determine the degree of
statistical variation among the data. Statistical significance between swelling and drug
release patterns was determined using a p-value calculation, as indicated by * p < 0.05,
**p <0.01, and *** p < 0.001.

4. Conclusions

In this study, sodium alginate-based (polyvinyl alcohol-co-acrylic acid) hydrogel
membranes were successfully synthesized using EGDMA as a crosslinking agent by free
radical polymerization technique. FTIR, TGA DSC, and XRD methods confirmed hydrogel
formation and drug loading (gallic acid), and SEM revealed porous characteristics of the
hydrogel membranes. Gel fraction of the hydrogel membranes increased with increasing
EGDMA content. The gel fraction also increased with an increase in the concentration
of sodium alginate; however, the sol fraction of the hydrogel membrane decreased with
the increase in the sodium alginate concentration. Hydrogel membranes demonstrated
controlled release for more than 48 h at both acidic (pH 1.2 and 5.5) and basic pH (pH 7.4),
showing promise in treating acute and chronic wounds. An in vitro release kinetic study
showed that hydrogel membranes followed the Korsmeyer-Peppas model and drug release
was diffusion controlled. Drug release times and mechanical properties improved by
increasing polymer ratios and monomer concentrations. The gel fraction increased as
polymer and crosslinker concentrations were increased. Moreover, the hydrogels showed a
high porosity and were biodegradable. DPPH and ABTS tests indicated that the developed
hydrogel membranes exhibited good antioxidant activity. Hydrogel membranes were
also demonstrated to be effective against both Gram-positive (E. coli and S. aureus) and
Gram-negative (P. aeuroginosa) bacteria. These membranes are non-irritating to the skin and
improve drug retention in the skin, thereby reducing application frequency. In conclusion,
gallic acid-loaded sodium alginate-based (PVA-co-acrylic acid) hydrogel membranes have
the potential to play a significant role in the management of skin infections and wounds.
This study was mostly limited to in vitro testing. However, more in vitro and in vivo
wound healing studies are needed to clarify the mechanism of wound healing effects of
the GA-loaded membrane and determine its safety and efficacy profile. Furthermore, the
developed hydrogel membranes can be used for the delivery of other flavonoids for the
treatment of skin disorders.



Molecules 2022, 27, 8397 22 of 25

Author Contributions: Conceptualization, A.N.; methodology, A.N. and C.Y.; software, Z.Z.; vali-
dation, L.C.; formal analysis, X.W.; investigation, A.N. and C.Y,; resources, Y.G.; data curation, C.Y,;
writing—original draft preparation, A.N. and C.Y.; writing—review and editing, A.N.; visualization,
X.C.; supervision, A.N.; project administration, W.Z.; funding acquisition, Y.G. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was funded by National Natural Science Foundation of China (No. 82060722),
Jiangxi university of traditional Chinese medicine 1050 youth talent project (No. 5142001007), and

Jiangxi University of Chinese Medicine Science and Technology Innovation Team Development
Program (No. CXTD-22004).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethics Committee of Jiangxi University of Chinese Medicine, Nanchang, China (protocol code
JZSYDWLL-20201101 and date of approval was 1 November 2020).

Informed Consent Statement: Not applicable.
Data Availability Statement: The data is contained within the article.

Acknowledgments: The authors are thankful to Jiangxi University of Chinese Medicine, Nanchang,
China for providing research facilities.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors upon reasonable request.

References

1. Kar, A.; Ahamad, N.; Dewani, M.; Awasthi, L.; Patil, R.; Banerjee, R. Wearable and implantable devices for drug delivery:
Applications and challenges. Biomaterials 2022, 283, 121435. [CrossRef] [PubMed]

2. Abazari, M.; Ghaffari, A.; Rashidzadeh, H.; Badeleh, S.M.; Maleki, Y. A systematic review on classification, identification, and
healing process of burn wound healing. Int. J. Low. Extrem. Wounds 2022, 21, 18-30. [CrossRef] [PubMed]

3.  Jones, R.E,; Foster, D.S.; Longaker, M.T. Management of chronic wounds—2018. JAMA 2018, 320, 1481-1482. [CrossRef] [PubMed]

4. Negut, I; Grumezescu, V.; Grumezescu, A.M. Treatment strategies for infected wounds. Molecules 2018, 23, 2392. [CrossRef]
[PubMed]

5. Buch, PJ.; Chai, Y.; Goluch, E.D. Treating polymicrobial infections in chronic diabetic wounds. Clin. Microbiol. Rev. 2019, 32,
€00091-18. [CrossRef] [PubMed]

6. Kumar, A,; Behl, T.; Chadha, S. A rationalized and innovative perspective of nanotechnology and nanobiotechnology in chronic
wound management. ]. Drug Deliv. Sci. Technol. 2020, 60, 101930. [CrossRef]

7. Kim, HS,; Sun, X;; Lee, J.-H.; Kim, H.-W,; Fu, X.; Leong, KW. Advanced drug delivery systems and artificial skin grafts for skin
wound healing. Adv. Drug Deliv. Rev. 2019, 146, 209-239. [CrossRef] [PubMed]

8. Chen, Y.; Feng, X.; Meng, S. Site-specific drug delivery in the skin for the localized treatment of skin diseases. Expert Opin. Drug
Deliv. 2019, 16, 847-867. [CrossRef]

9. Fu,L.Q,; Chen, X.Y,; Cai, M.H.; Tao, X.H.; Fan, Y.B.; Mou, X.Z. Surface Engineered Metal-Organic Frameworks (MOFs) Based
Novel Hybrid Systems for Effective Wound Healing: A Review of Recent Developments. Front. Bioeng. Biotechnol. 2020, 8, 576348.
[CrossRef]

10. Zhong, Y.,; Xiao, H.; Seidi, F; Jin, Y. Natural polymer-based antimicrobial hydrogels without synthetic antibiotics as wound
dressings. Biomacromolecules 2020, 21, 2983-3006. [CrossRef]

11. Karimi, M.; Mehrabadi, Z.; Farsadrooh, M.; Bafkary, R.; Derikvandi, H.; Hayati, P.; Mohammadi, K. Chapter 4—Metal-organic
framework. In Interface Science and Technology; Ghaedi, M., Ed.; Elsevier: Amsterdam, The Netherlands, 2021; Volume 33,
pp. 279-387.

12. Jafari, S.; Izadi, Z.; Alaei, L.; Jaymand, M.; Samadian, H.; Kashani, V.o.; Derakhshankhah, H.; Hayati, P.; Noori, F; Mansouri, K,;
et al. Human plasma protein corona decreases the toxicity of pillar-layer metal organic framework. Sci. Rep. 2020, 10, 14569.
[CrossRef] [PubMed]

13.  Chen, S.; Ly, J.; You, T; Sun, D. Metal-organic frameworks for improving wound healing. Coord. Chem. Rev. 2021, 439, 213929.
[CrossRef]

14. Liu, H,; Wang, C,; Li, C,; Qin, Y.; Wang, Z.; Yang, F,; Li, Z.; Wang, ]. A functional chitosan-based hydrogel as a wound dressing
and drug delivery system in the treatment of wound healing. RSC Adv. 2018, 8, 7533-7549. [CrossRef]

15. Fan, F; Saha, S.; Hanjaya-Putra, D. Biomimetic hydrogels to promote wound healing. Front. Bioeng. Biotechnol. 2021, 9, 718377 .
[CrossRef] [PubMed]

16. Samadian, H.; Zamiri, S.; Ehterami, A.; Farzamfar, S.; Vaez, A.; Khastar, H.; Alam, M.; Ai, A.; Derakhshankhah, H.; Allahyari,

Z.; et al. Electrospun cellulose acetate/gelatin nanofibrous wound dressing containing berberine for diabetic foot ulcer healing:
In vitro and in vivo studies. Sci. Rep. 2020, 10, 8312. [CrossRef] [PubMed]


http://doi.org/10.1016/j.biomaterials.2022.121435
http://www.ncbi.nlm.nih.gov/pubmed/35227964
http://doi.org/10.1177/1534734620924857
http://www.ncbi.nlm.nih.gov/pubmed/32524874
http://doi.org/10.1001/jama.2018.12426
http://www.ncbi.nlm.nih.gov/pubmed/30326512
http://doi.org/10.3390/molecules23092392
http://www.ncbi.nlm.nih.gov/pubmed/30231567
http://doi.org/10.1128/CMR.00091-18
http://www.ncbi.nlm.nih.gov/pubmed/30651226
http://doi.org/10.1016/j.jddst.2020.101930
http://doi.org/10.1016/j.addr.2018.12.014
http://www.ncbi.nlm.nih.gov/pubmed/30605737
http://doi.org/10.1080/17425247.2019.1645119
http://doi.org/10.3389/fbioe.2020.576348
http://doi.org/10.1021/acs.biomac.0c00760
http://doi.org/10.1038/s41598-020-71170-z
http://www.ncbi.nlm.nih.gov/pubmed/32884004
http://doi.org/10.1016/j.ccr.2021.213929
http://doi.org/10.1039/C7RA13510F
http://doi.org/10.3389/fbioe.2021.718377
http://www.ncbi.nlm.nih.gov/pubmed/34616718
http://doi.org/10.1038/s41598-020-65268-7
http://www.ncbi.nlm.nih.gov/pubmed/32433566

Molecules 2022, 27, 8397 23 of 25

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Jafari, S.; Saboury, A.A; Tajerzadeh, H.; Hayati, P.; Dehghanian, M.; Soorbaghi, F.P.; Ghorbani, M.; Kashani, V.O.; Derakhshankhah,
H. Optimization and development of drug loading in hydroxyapatite-polyvinyl alcohol nanocomposites via response surface
modeling approach. J. Iran. Chem. Soc. 2020, 17, 1141-1151. [CrossRef]

Cui, R;; Zhang, L.; Ou, R;; Xu, Y;; Xu, L.; Zhan, X.-Y,; Li, D. Polysaccharide-based hydrogels for wound dressing: Design
considerations and clinical applications. Front. Bioeng. Biotechnol. 2022, 10, 845735. [CrossRef]

Rezvani Ghomi, E.; Khalili, S.; Nouri Khorasani, S.; Esmaeely Neisiany, R.; Ramakrishna, S. Wound dressings: Current advances
and future directions. J. Appl. Polym. Sci. 2019, 136, 47738. [CrossRef]

Alven, S.; Aderibigbe, B.A. Fabrication of Hybrid Nanofibers from Biopolymers and Poly (Vinyl Alcohol)/Poly (e-Caprolactone)
for Wound Dressing Applications. Polymers 2021, 13, 2104. [CrossRef]

Jacob, S.; Nair, A.B.; Shah, ].; Sreeharsha, N.; Gupta, S.; Shinu, P. Emerging role of hydrogels in drug delivery systems, tissue
engineering and wound management. Pharmaceutics 2021, 13, 357. [CrossRef]

Gan, J.E.; Chin, C.Y. Formulation and characterisation of alginate hydrocolloid film dressing loaded with gallic acid for potential
chronic wound healing. F1000Research 2021, 10, 451. [CrossRef] [PubMed]

Yazdi, M.K,; Vatanpour, V.; Taghizadeh, A.; Taghizadeh, M.; Ganjali, M.R.; Munir, M.T.; Habibzadeh, S.; Saeb, M.R.; Ghaedi, M.
Hydrogel membranes: A review. Mater. Sci. Eng. C 2020, 114, 111023. [CrossRef] [PubMed]

Yang, L.; Ma, X.; Guo, N. Sodium alginate/Na+-rectorite composite microspheres: Preparation, characterization, and dye
adsorption. Carbohydr. Polym. 2012, 90, 853-858. [CrossRef] [PubMed]

Koosha, M.; Raoufi, M.; Moravvej, H. One-pot reactive electrospinning of chitosan/PVA hydrogel nanofibers reinforced by
halloysite nanotubes with enhanced fibroblast cell attachment for skin tissue regeneration. Colloids Surf. B Biointerfaces 2019, 179,
270-279. [CrossRef] [PubMed]

Al-Sahaf, Z.; Raimi-Abraham, B.; Licciardi, M.; de Mohac, L.M. Influence of Polyvinyl Alcohol (PVA) on PVA-Poly-N-
hydroxyethyl-aspartamide (PVA-PHEA) Microcrystalline Solid Dispersion Films. AAPS PharmSciTech 2020, 21, 267. [CrossRef]
Vijay, S.; Sati, O.; Majumdar, D.K. Acrylic acid-methyl methacrylate copolymer for oral prolonged drug release. J. Mater. Sci.
Mater. Med. 2010, 21, 2583-2592. [CrossRef]

Bajpai, S.; Jhariya, S. Selective removal of Amikacin from simulated polluted water using molecularly imprinting polymer (MIP).
J. Macromol. Sci. Part A 2015, 52,901-911. [CrossRef]

Akhlag, M.; Maryam, F; Elaissari, A.; Ullah, H.; Adeel, M.; Hussain, A.; Ramzan, M.; Ullah, O.; Zeeshan Danish, M.; Iftikhar, S.
Pharmacokinetic evaluation of quetiapine fumarate controlled release hybrid hydrogel: A healthier treatment of schizophrenia.
Drug Deliv. 2018, 25, 916-927. [CrossRef]

Liu, S.; Li, Y; Li, L. Enhanced stability and mechanical strength of sodium alginate composite films. Carbohydr. Polym. 2017, 160,
62-70. [CrossRef]

Aydogdu, A.; Sumnu, G.; Sahin, S. Fabrication of gallic acid loaded Hydroxypropyl methylcellulose nanofibers by electrospinning
technique as active packaging material. Carbohydr. Polym. 2019, 208, 241-250. [CrossRef]

Koosha, M.; Mirzadeh, H. Electrospinning, mechanical properties, and cell behavior study of chitosan/PVA nanofibers. J. Biomed.
Mater. Res. Part A 2015, 103, 3081-3093. [CrossRef] [PubMed]

Raut, N.S.; Deshmukh, P.R.; Umekar, M.].; Kotagale, N.R. Zinc cross-linked hydroxamated alginates for pulsed drug release. Int.
J. Pharm. Investig. 2013, 3, 194. [PubMed]

Sun, E; Guo, J.; Liu, Y,; Yu, Y. Preparation, characterizations and properties of sodium alginate grafted acrylonitrile/polyethylene
glycol electrospun nanofibers. Int. J. Biol. Macromol. 2019, 137, 420-425. [CrossRef]

Teodoro, G.R.; Gontijo, A.V.L; Borges, A.C.; Tanaka, M.H.; Lima, G.d.M.G.; Salvador, M.J.; Koga-Ito, C.Y. Gallic
acid/hydroxypropyl-B-cyclodextrin complex: Improving solubility for application on in vitro/in vivo Candida albicans
biofilms. PLoS ONE 2017, 12, e0181199. [CrossRef]

Neo, Y.P; Ray, S.; Jin, J.; Gizdavic-Nikolaidis, M.; Nieuwoudt, M.K.; Liu, D.; Quek, S.Y. Encapsulation of food grade antioxidant
in natural biopolymer by electrospinning technique: A physicochemical study based on zein-gallic acid system. Food Chem. 2013,
136, 1013-1021. [CrossRef] [PubMed]

Waresindo, W.X,; Luthfianti, H.R.; Edikresnha, D.; Suciati, T.; Noor, F.A.; Khairurrijal, K. A freeze-thaw PVA hydrogel loaded
with guava leaf extract: Physical and antibacterial properties. RSC Adv. 2021, 11, 30156-30171. [CrossRef] [PubMed]

Altaf, F,; Niazi, M.B.K,; Jahan, Z.; Ahmad, T.; Akram, M.A.; Butt, M.S.; Noor, T.; Sher, F. Synthesis and characterization of
PVA /starch hydrogel membranes incorporating essential oils aimed to be used in wound dressing applications. J. Polym. Environ.
2021, 29, 156-174. [CrossRef]

Zhai, M.; Xu, Y.; Zhou, B.; Jing, W. Keratin-chitosan/n-ZnO nanocomposite hydrogel for antimicrobial treatment of burn wound
healing: Characterization and biomedical application. J. Photochem. Photobiol. B Biol. 2018, 180, 253-258. [CrossRef]

Zhang, X.; Miao, F.; Niu, L.; Wei, Y.; Hu, Y.; Lian, X.; Zhao, L.; Chen, W.; Huang, D. Berberine carried gelatin/sodium alginate
hydrogels with antibacterial and EDTA-induced detachment performances. Int. J. Biol. Macromol. 2021, 181, 1039-1046. [CrossRef]
Liu, C,; Tripathi, A.K.; Gao, W,; Tsavalas, J.G. Crosslinking in Semi-Batch Seeded Emulsion Polymerization: Effect of Linear and
Non-Linear Monomer Feeding Rate Profiles on Gel Formation. Polymers 2021, 13, 596. [CrossRef]

Tabassum, M.; Pervaiz, F; Shoukat, H. Fabrication and evaluation of gelatin-PVA-co-poly (2-acrylamido-2-methylpropane
sulfonic acid)-based hydrogels for extended-release of sitagliptin and metformin by employing response surface methodology.
Chem. Pap. 2022, 76, 4081-4097. [CrossRef]


http://doi.org/10.1007/s13738-019-01841-w
http://doi.org/10.3389/fbioe.2022.845735
http://doi.org/10.1002/app.47738
http://doi.org/10.3390/polym13132104
http://doi.org/10.3390/pharmaceutics13030357
http://doi.org/10.12688/f1000research.52528.1
http://www.ncbi.nlm.nih.gov/pubmed/34249341
http://doi.org/10.1016/j.msec.2020.111023
http://www.ncbi.nlm.nih.gov/pubmed/32994021
http://doi.org/10.1016/j.carbpol.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22840012
http://doi.org/10.1016/j.colsurfb.2019.03.054
http://www.ncbi.nlm.nih.gov/pubmed/30978614
http://doi.org/10.1208/s12249-020-01811-z
http://doi.org/10.1007/s10856-010-4104-7
http://doi.org/10.1080/10601325.2015.1080096
http://doi.org/10.1080/10717544.2018.1458922
http://doi.org/10.1016/j.carbpol.2016.12.048
http://doi.org/10.1016/j.carbpol.2018.12.065
http://doi.org/10.1002/jbm.a.35443
http://www.ncbi.nlm.nih.gov/pubmed/25727934
http://www.ncbi.nlm.nih.gov/pubmed/24350039
http://doi.org/10.1016/j.ijbiomac.2019.06.185
http://doi.org/10.1371/journal.pone.0181199
http://doi.org/10.1016/j.foodchem.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23122157
http://doi.org/10.1039/D1RA04092H
http://www.ncbi.nlm.nih.gov/pubmed/35480264
http://doi.org/10.1007/s10924-020-01866-w
http://doi.org/10.1016/j.jphotobiol.2018.02.018
http://doi.org/10.1016/j.ijbiomac.2021.04.114
http://doi.org/10.3390/polym13040596
http://doi.org/10.1007/s11696-022-02155-7

Molecules 2022, 27, 8397 24 of 25

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Torres, M.L.; Oberti, T.G.; Fernandez, ]. M. HEMA and alginate-based chondrogenic semi-interpenetrated hydrogels: Synthesis
and biological characterization. J. Biomater. Sci. Polym. Ed. 2020, 32, 504-523. [CrossRef] [PubMed]

Mohamed, R.R.; Abu Elella, M.H.; Sabaa, M.W. Synthesis, characterization and applications of N-quaternized chitosan/poly(vinyl
alcohol) hydrogels. Int. J. Biol. Macromol. 2015, 80, 149-161. [CrossRef] [PubMed]

Chopra, H.; Kumar, S.; Singh, I. Strategies and Therapies for Wound Healing: A Review. Curr. Drug Targets 2022, 23, 87-98.
[CrossRef] [PubMed]

Ebrahimi, R. The study of factors affecting the swelling of ultrasound-prepared hydrogel. Polym. Bull. 2019, 76, 1023-1039.
[CrossRef]

Alupei, I.C.; Popa, M.; Hamcerencu, M.; Abadie, M. Superabsorbant hydrogels based on xanthan and poly (vinyl alcohol): 1. The
study of the swelling properties. Eur. Polym. J. 2002, 38, 2313-2320. [CrossRef]

Akhtar, M.F; Ranjha, N.M.; Hanif, M. Effect of ethylene glycol dimethacrylate on swelling and on metformin hydrochloride
release behavior of chemically crosslinked pH-sensitive acrylic acid—polyvinyl alcohol hydrogel. DARU J. Pharm. Sci. 2015, 23, 41.
[CrossRef]

Abbeasi, A.R.; Sohail, M.; Minhas, M.U.; Khaliq, T.; Kousar, M.; Khan, S.; Hussain, Z.; Munir, A. Bioinspired sodium alginate based
thermosensitive hydrogel membranes for accelerated wound healing. Int. ]. Biol. Macromol. 2020, 155, 751-765. [CrossRef]
El-Ghany, A.; Nahed, A.; Mahmoud, Z.M. Synthesis, characterization and swelling behavior of high-performance antimicrobial
amphoteric hydrogels from corn starch. Polym. Bull. 2021, 78, 6161-6182. [CrossRef]

Ali, A.; Hussain, M.A.; Haseeb, M.T.; Bukhari, S.N.A.; Tabassum, T.; Farid-ul-Haq, M.; Sheikh, EA. A pH-responsive, biocompati-
ble, and non-toxic citric acid cross-linked polysaccharide-based hydrogel from Salvia spinosa L. offering zero-order drug release.
J. Drug Deliv. Sci. Technol. 2022, 69, 103144. [CrossRef]

Khan, M.U.A; Haider, S.; Raza, M.A ; Shah, S.A.; Abd Razak, S.I.; Kadir, M.R.A.; Subhan, E; Haider, A. Smart and pH-sensitive
rGO/ Arabinoxylan/chitosan composite for wound dressing: In-vitro drug delivery, antibacterial activity, and biological activities.
Int. J. Biol. Macromol. 2021, 192, 820-831. [CrossRef] [PubMed]

Ahmed, A.; Niazi, M.B.K,; Jahan, Z.; Ahmad, T.; Hussain, A.; Pervaiz, E.; Janjua, H.A.; Hussain, Z. In-vitro and in-vivo study of
superabsorbent PVA /Starch/g-C3N4/Ag@ TiO2 NPs hydrogel membranes for wound dressing. Eur. Polym. ]. 2020, 130, 109650.
[CrossRef]

Jalil, A.; Khan, S.; Naeem, F.; Haider, M.S,; Sarwar, S.; Riaz, A.; Ranjha, N.M. The structural, morphological and thermal properties
of grafted pH-sensitive interpenetrating highly porous polymeric composites of sodium alginate/acrylic acid copolymers for
controlled delivery of diclofenac potassium. Des. Monomers Polym. 2017, 20, 308-324. [CrossRef] [PubMed]

Choubey, S.; Goyal, S.; Varughese, L.R.; Kumar, V.; Sharma, A K.; Beniwal, V. Probing gallic acid for its broad spectrum
applications. Mini Rev. Med. Chem. 2018, 18, 1283-1293. [CrossRef] [PubMed]

Wang, P; Ren, D.; Chen, Y,; Jiang, M.; Wang, R.; Wang, Y.-G. Effect of sodium alginate addition to resveratrol on acute gouty
arthritis. Cell. Physiol. Biochem. 2015, 36, 201-207. [CrossRef]

Wen, P; Hu, T.-G.; Wen, Y,; Li, K-E.; Qiu, W.-P,; He, Z.-L.; Wang, H.; Wu, H. Development of Nervilia fordii extract-loaded
electrospun pva/pvp nanocomposite for antioxidant packaging. Foods 2021, 10, 1728. [CrossRef]

Yayan, J.; Ghebremedhin, B.; Rasche, K. Cefepime shows good efficacy and no antibiotic resistance in pneumonia caused by
Serratia marcescens and Proteus mirabilis—an observational study. BMC Pharmacol. Toxicol. 2016, 17, 10. [CrossRef]

Li, J.; He, J.; Huang, Y. Role of alginate in antibacterial finishing of textiles. Int. ]. Biol. Macromol. 2017, 94, 466—473. [CrossRef]
Cerchiara, T.; Luppi, B.; Bigucci, F; Orienti, I.; Zecchi, V. Physically cross-linked chitosan hydrogels as topical vehicles for
hydrophilic drugs. J. Pharm. Pharmacol. 2002, 54, 1453-1459. [CrossRef]

Dorrani, M.; Kaul, M.; Parhi, A.; LaVoie, E.J.; Pilch, D.S.; Michniak-Kohn, B. TXA497 as a topical antibacterial agent: Comparative
antistaphylococcal, skin deposition, and skin permeation studies with mupirocin. Int. J. Pharm. 2014, 476, 199-204. [CrossRef]
Ahmad, S.; Minhas, M.U.; Ahmad, M.; Sohail, M.; Khalid, Q.; Abdullah, O. Synthesis and evaluation of topical hydrogel
membranes; a novel approach to treat skin disorders. J. Mater. Sci. Mater. Med. 2018, 29, 191. [CrossRef] [PubMed]

Ahmad, S.; Minhas, M.U.; Ahmad, M.; Sohail, M.; Abdullah, O.; Badshah, S.F. Preparation and evaluation of skin wound healing
chitosan-based hydrogel membranes. AAPS PharmSciTech 2018, 19, 3199-3209. [CrossRef] [PubMed]

Montaser, A.; Rehan, M.; El-Naggar, M.E. pH-Thermosensitive hydrogel based on polyvinyl alcohol/sodium alginate/N-
isopropyl acrylamide composite for treating re-infected wounds. Int. J. Biol. Macromol. 2019, 124, 1016-1024. [CrossRef]

Meng, ]J.; Xie, Y.; Gu, Y.-H.; Yan, X.; Chen, Y.; Guo, X.-J.; Lang, W.-Z. PVDF-CaAlg nanofiltration membranes with dual
thin-film-composite (TFC) structure and high permeation flux for dye removal. Sep. Purif. Technol. 2021, 255, 117739. [CrossRef]
Jeong, D.; Kim, C.; Kim, Y.; Jung, S. Dual crosslinked carboxymethyl cellulose/polyacrylamide interpenetrating hydrogels with
highly enhanced mechanical strength and superabsorbent properties. Eur. Polym. J. 2020, 127, 109586. [CrossRef]

Nagakawa, Y.; Kato, M.; Suye, S.-i.; Fujita, S. Fabrication of tough, anisotropic, chemical-crosslinker-free poly (vinyl alcohol)
nanofibrous cryogels via electrospinning. RSC Adv. 2020, 10, 38045-38054. [CrossRef]

Hu, Y;; Kim, Y,; Hong, I.; Kim, M.; Jung, S. Fabrication of flexible pH-responsive agarose/succinoglycan hydrogels for controlled
drug release. Polymers 2021, 13, 2049. [CrossRef]

Sakthiguru, N.; Sithique, M.A. Fabrication of bioinspired chitosan/gelatin/allantoin biocomposite film for wound dressing
application. Int. J. Biol. Macromol. 2020, 152, 873-883. [CrossRef]


http://doi.org/10.1080/09205063.2020.1849920
http://www.ncbi.nlm.nih.gov/pubmed/33176594
http://doi.org/10.1016/j.ijbiomac.2015.06.041
http://www.ncbi.nlm.nih.gov/pubmed/26116385
http://doi.org/10.2174/1389450122666210415101218
http://www.ncbi.nlm.nih.gov/pubmed/33858310
http://doi.org/10.1007/s00289-018-2423-x
http://doi.org/10.1016/S0014-3057(02)00106-4
http://doi.org/10.1186/s40199-015-0123-8
http://doi.org/10.1016/j.ijbiomac.2020.03.248
http://doi.org/10.1007/s00289-020-03417-8
http://doi.org/10.1016/j.jddst.2022.103144
http://doi.org/10.1016/j.ijbiomac.2021.10.033
http://www.ncbi.nlm.nih.gov/pubmed/34648803
http://doi.org/10.1016/j.eurpolymj.2020.109650
http://doi.org/10.1080/15685551.2016.1259834
http://www.ncbi.nlm.nih.gov/pubmed/29491802
http://doi.org/10.2174/1389557518666180330114010
http://www.ncbi.nlm.nih.gov/pubmed/29600764
http://doi.org/10.1159/000374064
http://doi.org/10.3390/foods10081728
http://doi.org/10.1186/s40360-016-0056-y
http://doi.org/10.1016/j.ijbiomac.2016.10.054
http://doi.org/10.1211/00223570281
http://doi.org/10.1016/j.ijpharm.2014.09.033
http://doi.org/10.1007/s10856-018-6191-9
http://www.ncbi.nlm.nih.gov/pubmed/30539389
http://doi.org/10.1208/s12249-018-1131-z
http://www.ncbi.nlm.nih.gov/pubmed/30171450
http://doi.org/10.1016/j.ijbiomac.2018.11.252
http://doi.org/10.1016/j.seppur.2020.117739
http://doi.org/10.1016/j.eurpolymj.2020.109586
http://doi.org/10.1039/D0RA07322A
http://doi.org/10.3390/polym13132049
http://doi.org/10.1016/j.ijbiomac.2020.02.289

Molecules 2022, 27, 8397 25 of 25

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Li, Z.; Jiang, X.; Huang, H.; Liu, A.; Liu, H.; Abid, N.; Ming, L. Chitosan/zein films incorporated with essential oil nanoparticles
and nanoemulsions: Similarities and differences. Int. . Biol. Macromol. 2022, 208, 983-994. [CrossRef]

Zhang, Y.; Zhao, Y.; He, X,; Fang, A.; Jiang, R.; Wu, T.; Chen, H.; Cao, X,; Liang, P; Xia, D. A sterile self-assembled sericin hydrogel
via a simple two-step process. Polym. Test. 2019, 80, 106016. [CrossRef]

Zou, M,; Jin, R;; Hu, Y;; Zhang, Y.; Wang, H.; Liu, G.; Nie, Y.; Wang, Y. A thermo-sensitive, injectable and biodegradable in situ
hydrogel as a potential formulation for uveitis treatment. J. Mater. Chem. B 2019, 7, 4402—-4412. [CrossRef]

Richbourg, N.R.; Peppas, N.A. The swollen polymer network hypothesis: Quantitative models of hydrogel swelling, stiffness,
and solute transport. Prog. Polym. Sci. 2020, 105, 101243. [CrossRef]

Lv, Q.; Wu, M,; Shen, Y. Enhanced swelling ratio and water retention capacity for novel super-absorbent hydrogel. Colloids Surf. A
Physicochem. Eng. Asp. 2019, 583, 123972. [CrossRef]

Khamrai, M.; Banerjee, S.L.; Paul, S.; Samanta, S.; Kundu, P.P. Curcumin entrapped gelatin/ionically modified bacterial cellulose
based self-healable hydrogel film: An eco-friendly sustainable synthesis method of wound healing patch. Int. J. Biol. Macromol.
2019, 122, 940-953. [CrossRef]

Yin, X.; Wen, Y,; Li, Y.; Liu, P; Li, Z.; Shi, Y.; Lan, J.; Guo, R.; Tan, L. Facile fabrication of sandwich structural membrane with a
hydrogel nanofibrous mat as inner layer for wound dressing application. Front. Chem. 2018, 6, 490. [CrossRef]

Xu, S.; Shen, Y.; Li, Y. Antioxidant activities of sorghum kafirin alcalase hydrolysates and membrane/gel filtrated fractions.
Antioxidants 2019, 8, 131. [CrossRef]

Chang, K.-C.; Lin, D.-].; Wu, Y.-R.; Chang, C.-W.; Chen, C.-H.; Ko, C.-L.; Chen, W.-C. Characterization of genipin-crosslinked
gelatin/hyaluronic acid-based hydrogel membranes and loaded with hinokitiol: In vitro evaluation of antibacterial activity and
biocompatibility. Mater. Sci. Eng. C 2019, 105, 110074. [CrossRef]

Mohamad, N.; Amin, M.C.LM,; Pandey, M.; Ahmad, N.; Rajab, N.E. Bacterial cellulose/acrylic acid hydrogel synthesized via
electron beam irradiation: Accelerated burn wound healing in an animal model. Carbohydr. Polym. 2014, 114, 312-320. [CrossRef]
Vanti, G.; Wang, M.; Bergonzi, M.C.; Zhidong, L.; Bilia, A.R. Hydroxypropyl methylcellulose hydrogel of berberine chloride-
loaded escinosomes: Dermal absorption and biocompatibility. Int. |. Biol. Macromol. 2020, 164, 232-241. [CrossRef]


http://doi.org/10.1016/j.ijbiomac.2022.03.200
http://doi.org/10.1016/j.polymertesting.2019.106016
http://doi.org/10.1039/C9TB00939F
http://doi.org/10.1016/j.progpolymsci.2020.101243
http://doi.org/10.1016/j.colsurfa.2019.123972
http://doi.org/10.1016/j.ijbiomac.2018.10.196
http://doi.org/10.3389/fchem.2018.00490
http://doi.org/10.3390/antiox8050131
http://doi.org/10.1016/j.msec.2019.110074
http://doi.org/10.1016/j.carbpol.2014.08.025
http://doi.org/10.1016/j.ijbiomac.2020.07.129

	Introduction 
	Results and Discussion 
	FTIR 
	TGA Study 
	DSC Study 
	XRD Analysis 
	SEM Analysis 
	Mechanical Properties Analysis 
	Sol–Gel Analysis 
	Porosity Study 
	Biodegradation Analysis 
	Swelling Behavior 
	Release and Kinetic Modelling 
	Structural Parameters of Hydrogel Membranes 
	Antioxidation Analysis 
	Antibacterial Study 
	Dermal Irritation Study 
	In Vitro Permeation and Skin Deposition Study 

	Material and Methods 
	Materials 
	Preparation of Hydrogel Membrane 
	Characterization 
	FTIR Analysis 
	Thermogravimetric Analysis 
	Differential Scanning Calorimetry 
	X-ray Diffraction Study 
	Scanning Electron Microscopy 
	Evaluation of Mechanical Properties 
	Sol–Gel Analysis 
	Porosity Study 
	Biodegradation Study 

	Hydrogel Membrane Network Parameters 
	Equilibrium Swelling Ratio (ESR) 
	Release and Kinetic Modelling 
	Antioxidant Studies 
	DPPH Antioxidant Activity 
	ABTS Antioxidant Activity 

	Investigation of Antibacterial Activity 
	Acute Dermal Irritation Test 
	In Vitro Permeation and Skin Deposition Study 
	Statistical Analysis 

	Conclusions 
	References

