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Biopolymer based hydrogels are highly adaptable, compatible and have shown great potential in
biological tissues in biomedical applications. However, the development of bio-based hydrogels
with high strength and effective antibacterial activity remains challenging. Herein, a series of
Vanillin-cross-linked chitosan nanocomposite hydrogel interfacially reinforced by g-CsNa
nanosheet carrying starch-caped Ag NPs were prepared for wound healing applications. The
study aimed to enhance the strength, sustainability and control release ability of the fabricated
membranes. Starch-caped silver nanoparticles were incorporated to enhance the anti-bacterial
activities The fabricated membranes were assessed using various characterization techniques
such as FTIR, XRD, SEM, mechanical testing, Gel fraction and porosity alongside traditional
biomedical tests i.e., swelling percentage, moisture retention ability, water vapor transmission
rate, oxygen permeability, anti-bacterial activity and drug-release of the fabricated membranes.
The mechanical strength reached as high as 25.9 + 0.24 MPa for the best optimized sample. The
moisture retention lied between 87-89%, gel fraction 80-85%, and water vapor transmission up
to 104 + 1.9 g/m? h showing great properties of the fabricated membrane. Swelling percentage
surged to 225% for blood while porosity fluctuated between 44 + 2.1% and 52.5 + 2.3%.
Oxygen permeability reached up to 8.02 mg/L showing the breathable nature of fabricated
membranes. The nanocomposite membrane shown excellent antibacterial activity for both
gram-positive and gram-negative bacteria with a maximum zone of inhibition 30 + 0.25 mm and
36.23 = 0.23 mm respectively. Furthermore, nanoparticles maintained sustainable release
following non-fickian diffusion. The fabricated membrane demonstrated the application of
inorganic filler to enhance the strength of biopolymer hydrogel with superior properties. These
results envisage the potential of synthesized membrane to be used as wound dressing, artificial
skin and load-bearing scaffolds.
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In the face of medical and healthcare science, wound
healing is one of the major challenges [1]. Wounds are highly
vulnerable to bacterial infections causing serious complications
and dissemination of bacterial invade. Laceration healing is a
complex process involving various types of growth factors,
vitamins, cytokines, minerals and cells [2]. The wound healing
process has been divided into four different overlapping phases
which are hemostasis, inflammation, proliferation and
remodeling [3]. The inflammation stage is vulnerable to bacterial
infection and can lead to serious damages such as tissue damage,
followed by proliferation where fibroblast proliferation occurs
which is necessary for wound granulation [4]. Therefore, wound
must be covered with some efficient dressing to treat these
various stages of healing.

Currently, efforts are dedicated to fabricate novel dressings
to improve the wound healing. Among various dressings, such as
sponge, gel, hydrocolloid, fiber and so on, hydrogels based on
bio-origin have received central attraction owing to their
excellent biocompatibility, biodegradability, high water content
and high oxygen permeability, which resemble the features of
extracellular matrix (ECM) [5]. Therefore, hydrogel membranes
could be considered ideal candidates for wound dressings [6].
Chitosan, a biomedical material has excellent properties such as
non-toxicity, antimicrobial properties, biodegradability, and
biocompatibility and it is one of the most used polymer in
hydrogels, especially for wound dressings [7]. Besides the bulk
biomaterial, suitable non-toxic and natural polymer cross-linkers
are another key to prepare green and sustainable hydrogels.
Vanillin, a primary extract of vanilla bean is widely used in
pharmaceuticals, cosmetics, foods and beverages, it has one
aldehyde and one hydroxyl group in its structure making it active
cross-linker [8].

Despite much progress for positive therapeutic effects on
wound healing, the applications of bio-based hydrogels wound
dressings are limited due to relatively low mechanical properties
[9]. The mechanical weakness of conventional hydrogels not
only makes it difficult to peel off wound beds when they are
refreshed but also severely restricts their application as
load-bearing scaffolds. Therefore, a lot of research is being
conducted to overcome the strength issue such as many natural
and synthetic polymers are blended in hydrogel-membranes to
make it robust [10]. Organic-inorganic membranes are one of
these blends where inorganic fillers are embedded into polymeric
matrix, such as zeolite immendazolite frameworks (ZIF) [11],
Graphene oxide(GO) [12], mesoporous silica [13] and carbon
nanotubes (CNTSs) [14]. Graphitic carbon nitride (g-C3Na4), as an
emerging, metal-free  semiconductor material with a
two-dimensional (2D) lamellar structure, have been explored for
a wide variety of applications owing to their unique properties,

such as their large specific surface area, good electrical
performance, and high photoactivity [15]. Notably, its superior
mechanical properties and high thermal stability suggest that it
can be used to enhance the poorly mechanical properties of
bio-hydrogels [16]. More importantly, g-CsNs nanosheets can
offer outstanding antibacterial properties, potential photothermal
therapy, and fluorescent imaging properties for versatile
biomedical applications [17]. To unleash their biomedical
applications, g-CsNs need to be prepared with various
architectures without changing their intrinsic attributes.
Considering all these aspects of g-CsN. it is feasible to employ it
as an effective filler to enhance the mechanical properties of
bio-polymer based wound dressing membranes.

Nonetheless advancement in wound management, morbidity
caused by infections is a considerable issue. That is why research
is still underway to counter this problem. Up till now,
considerable efforts have been devoted to antibacterial hydrogels
carrying drugs, metal ions, and inorganic nanoparticles and so on.
Silver nanoparticles (Ag NPs) have been known to be effective
antibacterial agents for a long time, and their toxicity has been
further reduced using silver-binding membranes [18].
Furthermore, these nanoparticles have antibacterial properties
against a wide range of viruses, fungi and bacteria [19]. Safer and
green routes for the synthesis of Ag NPs have been extensively
reported recently, which not only make them environment
friendly but also reduce the cytotoxicity [20]. Hence, as shown in
Fig. 1, the incorporation of these particles in biopolymers has
become a new interest in the said area. Acknowledging the
superior properties and potential for biomedical applications of
the above discussed materials, herein we developed a novel
vanillin-cross-linked chitosan/starch-caped Ag NPs
nanocomposite hydrogel membrane reinforced by g-CsNa4
nanosheets  for wound  dressing. The  starch-caped
silver-nanoparticles (AgNPs) fabricated through green one-pot
method were incorporated into the hydrogels to enhance the
antibacterial activities. The solution casting method was
employed to fabricate nano-composite hydrogel membranes
consisting of Chitosan-vanillin, g-CsN4, and starch caped silver
nanoparticles. The g-CsN4swas used as filler to increase strength
along with AgNPs. The obtained nanocomposite membranes
were evaluated through Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), Scanning electron microscopy
(SEM), Tensile strength, compressive strength. Different
biological tests were also conducted such as swelling percentage,
moisture retention ability, water vapour transmission rate,
oxygen permeability, anti-bacterial activity and drug-release
behaviour of the synthesized membranes. We believe this novel
and functional nanocomposite hydrogel can be used as an ideal
candidate material for wound dressing or load-bearing scaffold.
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Fig. 1. Schematic synthetic process of Chitosan/vanillin/GCN/AgNPs nanocomposite hydrogel membranes with enhanced antibacterial

activity potential for application in wound healing.

The Fourier transform infrared spectroscopy (FT-IR) spectra
of g-C3N4, AgNPs and nanocomposite membranes are depicted in
Fig. 2(a-b) and Fig. S1. There are five characteristics peaks of
g-CsN, in the range 1200-1700 cm? region attributed to the
stretching of CN heterocycles (C=N, C-N)( Fig. a). The peak at
812 cm™ is the typical triazine unit breathing [21]. In the FTIR
spectrum of starch-caped silver nanoparticles (Fig. b), the wide
stretched peak at 3400 cm™ is the characteristic peak of starch,
the peak at 2935 cm™ is the -C-H stretching while O-H stretching
can be seen at 1635 cm?®. Other peaks like 1440 cm™ are
concerned with the bending vibrations of -C-H and CH,. The
peaks in fingerprint region like 878 cm* and below are due to the
C-O-C ether stretching vibrations [22]. Different interactions

developed between components of hydrogels during fabrication,
however, due to the similar composition, the spectrum of
composite membranes looked alike. As shown in Fig. 2(a-b),
broad peak around 3400 cm™ shows the great number of -O-H
functional groups present in starch, chitosan, and in vanillin and
-NH overlapping. The peak at ~1650 cm™ shows the formation of
Schiff base bonds between carbonyl groups of vanillin and NH,
groups of chitosan [23]. Massive hydrogen bonds occurred
between -OH groups of chitosan, vanillin, and starch from
nanoparticles which is evident from the intense broad peaks at
around 3400 cm™ [24], similar results were reported by Hu et al.
[25, 26].
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Fig. 2. (a-b) FT-IR spectra and (c-d) XRD pattern of (a, c) Chitosan/vanillin/GCN and (b, d) Chitosan/vanillin/fGCN/AgNPs.

The XRD analysis of g-CsNs4, AgNPs and composite
membranes was conducted to study the phase analysis and crystal
structure (Fig. 2(c-d), Fig. S2). The XRD pattern of g-CsN,
depicts two characteristics peaks (Fig. S2 a), the stronger one at
27.35° is indexed as (002), which is due to the conjugated
aromatic planes interlayer stacking. The d-space for this peak is
0.325 nm. The weaker peak at 12.85° is indexed as (100), which
is due to the plane structural packing motif of tri-s-triazine units
[21]. The d-spacing for this peak is 0.693. The crystalline size of
g-C3N, is 8.4 nm that is calculated by Debye-Scherrer equation.
The XRD pattern of starch capped silver nanoparticles depicted
four characteristic peaks identified at 26 38.1°, 44.1° 64.5° and
76.8° (Fig. S2b). The crystal planes corresponding to above
peaks are (111), (200), (220), and (311), respectively [27]. The
average crystalline size was calculated using Debye-Sherrer’s
equation and found to be 42 nm. The reposted values agree with
the (JCPDS No. 04-0783) and matched FCC lattice.

The XRD pattern of composite membranes shown various
characteristic peaks of its constitutes as reported in Fig. 2(c-d). In
CG-0, three peaks are clearly visible at 20°, 12° and ~6°. The
peak at ~20° shows the characteristic peak of chitosan, while the
sharper peak at ~12° is characteristic peak of vanillin showing its
crystalline nature [28]. Vanillin cross-link chitosan can be
identified by peaks at ~6.8° and ~13° which exposes the
intermolecular interactions between both polymers [29]. While in
CG-1 composite membrane, the vanillin peak disappeared which
can be attributed to the bonding between g-CsN. and vanillin.
Moreover, no peak for g-CsNs is observed showing its
consumption in a chemical reaction between chitosan and
vanillin and good dispersion into the polymer matrix, as reported
by Inagabire et. al. [30] in their work as well. In the next
diffraction pattern, CG-2, a little spike at around ~26° is
observable which can be attributed to the g-C3sN4 presence in the
composite membrane. This peak can be seen dominating in the
next two diffraction patterns, showing that g-CsN4 accumulated

in the composite hydrogel. Fig. 2(d) depicts the XRD pattern of
Chitosan/vanillin/fGCN/AgNPs  hydrogel membrane. From
bottom to top, emerging peaks of silver nanoparticles at their
featuring positions are observed such as at ~38° ~44° ~64°, and
~76° [31] confirming the well embodiment of nano-particles in
hydrogel membrane, Wu et. al. observed the similar results [32].

Surface morphologies of the chitosan/vanillin/GCN/AgNPs
sample were observed by SEM (Fig. S3). As expected, the
composite hydrogel membranes shown dense structure without
any apparent pores up to 10,000 magnifications and the surface
of clean chitosan/vanillin is homogenous and smooth
authenticating the great miscibility of both components in each
other. However, as the concentration of g-CsN4 increased the
agglomerations were visible. The composites with various
concentrations of nanoparticles shown dense morphologies,
which is favorable in wound dressing applications as no
microbes can enter through the polymer matrix. Looking at the
0.1 g of AgNPs, the surface looks compact and homogenous
showing the complete dissolution and smooth spread of
nanoparticles in the polymeric chain. However, an increasing
amount came up with agglomerations of nanoparticles over the
surface, due to the high surface energy of nanoparticles it formed
chunks. The cross-section images of fabricated membranes
shown no pores or cracks.

The porosity plays important role in absorption of exudates
and enhanced surface area. It also helps in the diffusion of fluids
inside membranes and facilitates functional groups interaction
with coming fluids. Table S1 is presenting the porosity and
density of composite membranes, in porosity, trends are
decreasing with increasing content of g-CsN,reaching maximum
porosity of 52.5+2.3 for CG-1 to lowest at 44.6+2.4 for CG-4.
The reasons for this decreasing trend are due to the compaction
of the membrane with increasing filler eventually causing pore
fills as per concluded from SEM results. The highest pores were
noticed for low filler quantity. The porosity increased when the



quantity of NPs content increased. The increasing trend may be
due to the chain enlargement of the polymer matrix [20].
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In wound dressing applications, one of the most important
parameters for dressing material is their mechanical strength and
break at elongation. Hence, the membranes must endure the harsh
environment and remain intact and useful during the service [33].
Herein, incorporation of filler g-CsN4 as expected significantly
improved the mechanical strength and elongation at break of the
fabricated membranes. As shown in Fig. 3 with an increase of
g-CsN, filler from 0.03 to 0.09 g, the mechanical strength
improved from 15.25 + 0.21 MPa to 22.25 + 0.26 MPa while
flexibility increased from 60.24 % to 75.2 % (highest)
respectively, showing great interfacial interactions between the
polymeric elements and inorganic filler. The highest achieved
strength was 22.25 + 0.26 MPa with an increase of 145% from
the pristine sample. The enhancement can be credited to the
interfacial interactions and good dispersion of organic filler in the
polymer matrix such as reported by Yang et al. [34, 35]. The
improvements can also be credited to the excessive hydrogen
bonding in the matrix. However, the strength and elongation at
break decreased rapidly from 0.09 to 0.12 g of filler
incorporation. This rapid decrease can be justified by the
deterioration of the matrix inner lamellar structure due to filler
accumulation as explained by Fan et al. [36]. While the reduction
in the flexibility from CG-3 to CG-4 might be because of an
upsurge of susceptibility and decreased degree of entanglement.
Another possible reason can be the high degree cross-linking
which might have reduced the mobility of the polymeric matrix
significantly. However, looking from a broader angle, the
strength increase was dominant and clearly noticeable from blank
hydrogel to hydrogel with 0.099 of g-CsNa. That’s why this
sample, CG-3 was chosen to be incorporated with nanoparticles.

The addition of NPs from 0.01 to 0.05 g not just enhanced
the stress endured from 23.21 + 0.19 MPa (CGN-1) to 25.9 *
0.24 MPa (CGN-3) but the elongation as well from 76.25 + 2.1 %
(CGN-1) to 80.25 + 1.9% (CGN-3). Hence NPs in the
composition can be ascribed as the secondary reinforcement. The
strength enhancement can be attributed to the uniform
distribution of AgNPs in the polymeric matrix, the interfacial
contact with the polymer and the expected bonding between
polymer and NPs [37, 38]. The tight mesh structure can be given

credit to the mechanical enhancement as well [38]. However,
further increase of AgNPs lower down the mechanical strength
and elongation to 22.21 + 0.23 MPa and 75.21% for CGN-4
respectively. The reason might be due to the compact structure,
more bonding, or accumulation of particles on the surface [39].
Fig. 3(c-d) represents the self-healing efficiency of fabricated
membranes using the compressive strength method, on increasing
contents of filler the healing efficiency slightly reduced from
94.12 to 91.23 % for CG-1 to CG-3 respectively which is a
negligible difference. The healing properties can be attributed to
the Schiff base bond formation between -CHO group of vanillin
and -NH. group from chitosan and g-CsNaas evident from FTIR
results. The results show that nano-filler not just helped in
increasing strength but also helped in maintaining self-healing
properties [40]. However, self-healing abilities rapidly reduced
from CG-3 to CG-4. These results indicated that further increase
of filler hindered the self-healing phenomenon. The reduction in
healing efficiencies can be attributed to filler accumulation,
network compaction, and massive bonding upon increasing filler
quantity. The same trends continued in Fig. 3(d) where upon
increasing NPs in the membrane, the compressive strength
increased with decreased healing efficiency. The addition of
more NPs hindered the healing efficiency, the heating efficiency
for sample CGN-1 to CGN-3 decreased from 84.45% to 75.9%,
this may be due to the hydrogen bonding prevalence over Schiff
base bonding, similar conclusion was drawn by Talodthaisong et
al. [41].

Gel fraction (GF) accesses the efficiency of cross-linker in
fabricated membranes. Gel fraction values lie in the 80-85%
range for different g-CsNs amounts in chitosan/vanillin/GCN
composite (Figs. 4(a-b)). From left to right the GF value slightly
decreased, from 85.124 (CG-0), the highest, to 80.26 (CG-4), the
lowest. The filler reduced the value which may be because of
polymer entanglement decreased by increasing amounts of filler
as per Yokoyama et al. [42]. However, overall good values of GF
show the effectiveness of vanillin as a cross-linker. With NPs
introduction, the gel fraction values decreased as well as noticed
in Fig. 4(b). This may be due to the expansion of the membrane
and corresponds to less crosslinking. The decline can also be
attributed to the interactions of AgNPs with -NH, and -OH
functional groups via hydrogen bonding. The decrease may also
correspond to the hydrophilic nature of filler and starch-caped
silver nanoparticles [43]. The GF reduction value facilitates the
release of AgNPs from the polymeric matrix and enhances the
wound healing phenomenon [44].

The moisture retention capabilities are related to the
property of hydrogel membranes through which they demonstrate
the loss of water. This property regulates the process through
which the membranes interact with the wounds and effects the
adsorption properties. Hydrogels are known to exhibit a large
quantity of water in their hydrophilic matrices. Moist the wound,
easier will be the wound healing phenomenon [45]. Moisture
retention capabilities are shown in Figs. 4(c-d). The moisture
retention values of all samples lie in the range of 87 to 89 %
showing insignificant deviations similar to previous conclusions
by Wen-Chun et. al. [32]. This good moisture retention ability of
the membrane can be credited to the excessive -OH bonds in the
polymeric matrix, while g-C3N, is also hydrophilic. The water is
locked in the compact structure and hardly escape from the
entangled networks. High moisture retention values are preferred
for the materials expected to be used in wound dressing
applications. This is due to the fact that moist environments are
mean to be wound healing accelerators and tissue repairing [46].
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The oxygen permeability was measured for fabricated
membranes using dissolved oxygen as a parameter by adopting
the method reported in the literature [47]. With a flask, divalent
manganese solution was made followed by adding sodium
hydroxide (NaOH) in it which swiftly oxidized Mn?* valency,
following this method dissolved oxygen (DO) quickly oxidized
into equal amount as of divalent manganese ions (Mg?%).
Afterwards, Potassium iodide (KI) was added to acidify the
solution. Consequently, free iodide ions were produced with an
equal amount as of DO. Water was titrated using sodium
thiosulphate solution (0.025 N). Blue point indicated the endpoint
using starch as an indicator. For an open bottle, the value of
dissolved oxygen is 12.60 mg/L and 6 mg/L for closed bottle.
The bottles covered with composite membranes shown DO
between 6.2 + 0.23 mg/L to 8.02 £ 0.4 mg/L. The results (Fig.
4(e-f)) shown promising values compared with a closed bottle
and indicated the competency of fabricated composite
membranes, the highest oxygen permeability was noticed against
CGN-4 (8.02 mg/L). The results further indicated that fabricated
membranes could be used as wound dressing materials due to
their breathable nature.

The water vapour transmission rate (WVTR) of fabricated
membranes is illustrated in Figs. 4(g-h). The WVTR of g-C3N4
with different amounts is shown where increasing trends can be
noticed (Fig. 4(g)). The negative control is a sealed bottle while
the positive control is an open bottle with WVTR as 380.2 g/m?.
h. However, it can be observed that once the bottles were covered
with membranes, the vapour transmission rate was greatly
reduced. The WVRT for CG-1, CG-2, CG-3 and CG-4 were
70.115, 73.152, 77.413, 82.156 and 86.64 g/m2.h respectively.
These results are evident that the membranes are enough to act as
a barrier in way of transmission and can strictly prevent water
loss from the wound. The increasing rate of water vapour
transmission rate can be attributed to the introduction of
hydrophilic filler, similar trends were observed by Achachlouei et
al. [48] When the composite membranes were loaded with NPs
as illustrated in Fig. 4(h), the trend remained the same i.e.,
increasing, with maximum values at 98 + 2.1g/m2hand 104 + 1.9
g/m2.h for CGN-3 and CGN-4, respectively. This might be
because nanoparticles helped in matrix enlargement and due to
the hydrophilic nature of nanoparticles as well. Zhang et. al. [49]
found the same trends with their figures lying between 82 to 98
g/m2. h. The optimum conditions for water vapour transmission
in wound management are 92-190 g/m?-h. Hence, the fabricated
hydrogels are potential candidates for wound healing materials.
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The knowledge of swelling behavior of a material is very
important in the pharmaceutical and biomedical applications. In
the present study, the swelling of hydrogel membranes was tested
against distilled water, 0.9 % NaCl, blood and simulated wound
fluid (SWF) (Fig. 5(a-h)). In water (Fig. 5(a-b)), the swelling
reached high percentages i.e., 230% for CGN-3 (96h), due to the
presence of hydrophilic functional groups. The trends have
shown that cross-linking degrees are directly dependent upon
swelling, as the value of crosslinking decreased the swelling
improved Achachlouei et al. [48] reached to the same
conclusions. The same trends were observed in both
chitosan/vanillin/GCN and chitosan/vanillin/lGCN/AgNPs. The
addition of AgNPs further improved the swelling properties as
NPs have charged species which facilitates the water absorption.
Furthermore, the AgNPs created spaces that were filled with
water. The great swelling percentages can also be ascribed to the
hydrogen bonding formation between the molecules of water and
-OH functional groups. The swelling percentages were lower in
salt water in comparison with the distilled water (Fig. 5(c-d)), the
maximum value reached in this case was ~200 % for CG samples
and ~210 % for CGN-3 (96 h). This comparison is in well
agreement with Cay et. al., [50]. The expected reasons can be; the
electrostatic repulsion that may have blocked the polymeric chain
accumulation and expanded the network [51]. In blood (Fig.
5(e-f)), the maximum swelling percentages were higher
compared to both previous media i.e., 168.5, 178.5, 201.5, 216,
and 218 % for CG-0, CG-1, CG-2, CG-3 and CG-4 respectively.
For CGN samples swelling ratios were 170, 186, 209, 220 and
225 % respectively from CGN-1 to CGN-4 respectively. The
great swelling in the blood may be credited to various reasons,
such as the crosslinking might have intensified the molecular
space eventually destroying the hydrogen bonding concluded by
Biranje et al. as well [52]. The ionic nature of blood also
enhances the electro-neutrality effect which creates additional
osmotic pressure inside the polymeric matrix [53]. Likewise, the
swelling in simulated wounds shown tremendous swelling
percentages as shown in Fig. 5(g-h), the reasons are obvious
from blood and NaCl solution. These results have suggested that
this hydrogel membrane is capable of accumulating and
absorbing fluids from wounds. The ideal range for swelling
percentage should fall within 100-900 % range [54], hence
fabricated membranes have encouraging results to be used as
wound dressing materials for granulating wounds.
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Fig. 6. Graphical presentation of cytotoxicity evaluation of
fabricated chitosan/vanillin/GCN/AgNPs membranes.

The MTT assay helped us to determine the safety profile of
chitosan/vanillin/fGCN/AgNPs membranes. The assay revealed
that cells treated with synthesized membranes showed high
cellular viability. Based on the experimented results of
cytotoxicity all samples exhibited proliferative activity against
HEK-293 cells. For CGN-3 to CGN-4 the cell viability increased
from 79.18% to 89.27% against 30% concentration. The previous
studies have also shown the non-toxic nature of starch-caped

silver nanoparticles, this may be due to the capping of starch
which inhibits silver ions release and serves as protective layer
[55]. So, based on the observed results it is safe to envisage the
CGN membranes as promising dressing material for wounds.

The bacterial activity of developed membranes was
measured using disc diffusion method against gram-negative
Pseudomonas
aeruginosa and gram-positive Staphylococcus aureus. Clear
Inhibition zones formed around hydrogels showing great activity
against both bacterial strains as shown in Fig. 6(a-d). An increase
in activity was noticed with increased contents of AgNPs (Fig.
6(e-f)). The maximum inhibition zone was formed for
0.07AgNPs against pseudomonas aeruginosa as 36 + 0.23 mm.
The strong activities can be ascribed to many factors working
simultaneously such as the uniform dispersion of nanoparticles
over the surface of the membrane. The interfacial interactions
between silver atoms and g-CsN, also supported the excellent
antibacterial activity [ 20, 56]. Concluding from the above
reported results and acknowledging the bacteria-killing properties
of chitosan/vanillin/GCN/AgNPs it can be proposed that these
membranes could be utilized efficiently in wound dressing
applications [57].

The in-vitro drug release behavior of AgNPs loaded
polymeric composites were studied using three different fluids
i.e., distilled water, normal saline and simulated wound fluid
(Table S2). For a demonstration of drug release, optimized
composite membrane CGN-3 was used owing to its excellent
swelling ability, gel fraction, oxygen permeability, porosity,
water vapor transmission rate, mechanical properties and good
anti-bacterial properties. The release of nanoparticles started
within 30 min in fluid attributed to the rapid diffusion of AgNPs
embedded near-surface. The release started rapidly; however, it
slowed down over the period of time. The sudden release was not
observed leading to the conclusion that NPs were cross-linked
effectively. The interactions of NPs with polymeric materials
could be another possible reason. The maximum release was
noticed in swollen states of composite membranes. The released
drug from specimen was just a fraction of the incorporated drug,
so it is safe to predict that the remaining AgNPs were still loaded
inside due to physical interactions between starch, chitosan and
NPs. Following models were used to assess the Kinetic of
hydrogen membrane; Zero-order model, first-order model,
Hixon-Crowell model, Higuchian model and Korsmeyer-peppas
model. The highest value of regression coefficient (R?) was
chosen as criteria for the best fit model. The compared R?values
shown that the best model fit for AgNPs release is Higuchi model
with values 0.953, 0.976 and 0.983 for water, salt and simulated
wound fluid respectively as discussed in other report. To confirm
the mechanism of drug release from polymeric composites, after
confirmation from Higuchi model, the Korsmeyer Peppas method
was employed. The results confirmed that the release mechanism
of nanoparticles from the membrane is through “non-fickian
diffusion”. The claim is justified from the ‘n’ value from the
Korsmeyer Peppas equation. All values were found to be higher
than 0.5 that confirms the anomalous drug release mechanism of
fabricated hydrogels.
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Fig. 7. Representation of Kirby-Bauer Agar Plates of (a, b) S.
aureus (¢, d) Pseudomonas aeruginosa and graphical
representation of zone of inhibition of (e) Staphylococcus aureus
(f) Pseudomonas aeruginosa.

In conclusion, this study presented the successful fabrication
of Chitosan/vanillin/lGCN/AgNPs. After the development of
hydrogel different characterization techniques were performed to
assess the properties. FTIR and XRD confirm the successful
fabrication and incorporation of graphitic carbon nitride and
starch caped silver nanoparticles in composite membranes. The
addition of g-C3N4 and starch-caped silver nanoparticles
enhanced the mechanical strength of composite membrane up to
25.9 + 0.24 MPa. The fabricated hydrogels have shown excellent
antibacterial activity against S. aureus and Pseudomonas
aeruginosa with a maximum zone of inhibitions 30 £ 0.25 mm
and 36.23 + 0.23mm respectively. Furthermore, the synthesized
membranes shown great swelling properties against water, salt,
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