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Physically cross-linked composite hydrogel membranes composed of different ratios of polyvinyl alcohol- (PVA-)
grafted modified chitosan (Cs) with glycidyltrimethylammonium chloride (GTMAC) loaded with Ag nanoparticles
as an active ingredient were synthesized by the freezing-thawing (F-T) cycle technique. F-T cycles were conducted
repetitively three times to guarantee PVA-Cs chains entanglement occurring. The reactants, membrane composition,
and cross-linking process were verified and characterized by several instrumental analyses. The physicochemical
properties of the PVA-Cs-g-GTMAC hydrogel membrane, such as swelling ratio, mechanical properties, gel fraction
% (GF %), hydrolytic degradation, and thermal stability, were discussed in detail. The results revealed that, with
increasing of the Cs-g-GTMAC content in the hydrogel membranes, the swelling ratio, mechanical properties, and
hydrolytic degradation of the cross-linked membranes increased clearly; however, GF % decreased progressively.
Furthermore, in order to assess in vitro bioevaluation of the tested composite membranes, e.g., cytotoxicity and
antimicrobial studies against the HFB-4 cell line and both Staphylococcus aureus and Escherichia coli, respectively,
were assessed using the MTT assay and disc diffusion method, respectively. Notably, all tested composed hydrogels
exhibited high cell viability % after different incubation times and varied hydrogel concentrations. The findings
referred to the idea that prepared hydrogel membranes could be professionally employed as antibacterial biomaterials/
dressings for wound healing purposes.

INTRODUCTION Therefore, wound dressings must offer maintaining of a wet
One of the preferable conditions for faster and better environment through absorbing the excess exudates and fluids
healing is to keep the wound bed area moist (Calé er al., 2015). from the wound surface in addition to avoiding microbial growth.
However, traditional wound dressing, e.g., cotton and gauze,
cannot provide this condition because the cotton absorbs all
wound’s exudates, causing a very dried wound surface, besides
adhering to the new formed epithelial cells on the cotton, causing
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removal of strong pains and a slow healing process in the patient
(Kamoun et al., 2015a). Accordingly, using hydrogel membranes
shall provide a more convenient route for wound dressing. In this
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light, a hydrogel is a promising biomaterial for wound dressing
materials (Kamoun et al., 2017). A physical route of cross-
linking such as repetitive freezing—thawing (F-T) cycles is more
suitable for medical needs, owing to its solvent-free composition,
biocompatibility, and nontoxicity, than the traditional chemical
cross-linking methods. In addition, the physically prepared gel has
high water uptake and achievable physical characteristics, e.g.,
elastic nature, compared to chemically cross-linked hydrogels
(Kamoun et al., 2015b).

Polyvinyl alcohol (PVA) is a water-soluble polymer
popularly utilized in biomedical applications. Also, it is used for
several pharmaceutical purposes, owing to its benefits such as
being noncarcinogenic, nontoxic, bioadhesive, and biodegradable
with the simplicity of film-forming ability (Hassan et al., 2018a;
Tang et al., 2019). However, the utilization of PVA alone forms a
stiff membrane with inadequate elasticity, which restricts its use
as a wound dressing polymeric membrane (Simoes et al., 2018).
Therefore, PVA is used preferably with blending with other natural
polymers for improving the overall biological properties of the
resultant cross-linked blend membranes.

Chitosan (Cs), poly-f-(1-4)-D-glucosamine, is a cationic
marine polysaccharide prepared from a deacetylated derivative
of chitin (Martins et al., 2014). Recently, Cs has been regularly
utilized as an anticancer agent, plant disease resistance promoter,
wound healing agent, and antimicrobial agent as it possesses
exclusive properties, e.g., nontoxicity, high antimicrobial activity,
and good biodegradability (Al Ghamdi ez al., 2017). However, Cs
has poor water solubility at pH ~6.5; consequently, its activities
are very limited in acidic conditions (Liu, 2015). Hence, Cs
solubility could be enhanced by its chemical modification (Cheah
et al., 2019). The derivatization of Cs throughout quaternary
ammonium compounds could extend a better antibacterial efficacy
than pure Cs (Cai et al., 2015). Hence, Cs could be derivatized
with quaternary ammonium salt [i.e., glycidyltrimethylammonium
chloride (GTMAC)] to procedure quaternized Cs films for solving
the solubility problem of pure Cs at medium values of pH.

Many active ingredients, e.g., metal oxides, carbon-
based materials, vitamins, drugs, and silver or gold nanoparticles,
were incorporated into hydrogel membranes for enhancing
their bioevaluation. Silver is a good antimicrobial agent with a
reported high efficiency besides its wide-spectrum resistance to
bacterial, viral, and fungal infections (Paladini and Pollini, 2019),
where silver nanoparticles have significant novel promising
properties (Wilkinson et al., 2011), such as their nanoscale size;
Ag nanoparticles (Ag NPs) offered new horizons toward novel
approaches in controlling infections of chronic ulcers, diabetic
populations and chronic wounds causing faster healing process for
its unique properties as moisturizing agent for wound bed, damages
formed thin biofilm by bacteria, acts to improve oxygenation,
angiogenesis and granulation on wounds, aid for removing of
debris and dirt, does not affect normal flora, reduce odors and has
bactericidal effects on common pathogens like Escherichia coli,
Pseudomonas, Staphylococcus (Suhas and Manvi, 2018).

It has been reported that Cs-g-GTMAC has stronger
antibacterial properties than Cs itself and a generally positive
charged conjugate showed improved properties paralleled to
unmodified Cs (Chi et al., 2007; Shariatinia and Jalali, 2018;
Vinsova and Vavrikova, 2011). Therefore, as shown, there have

been separate studies on both Cs-g-GTMAC and nanosilver while
in our study we are combining both of them aiming to have the
benefits of them together and furthermore them enhancing each
other.

This work aims to prepare and characterize potential
topical wound dressings as self- sterilized biomaterials based on
physically cross-linked PVA-Cs-g-GTMAC hydrogel membranes.
The physicochemical properties of PVA were improved
by blending with Cs-g-GTMAC, while the solubility and
antimicrobial activities of pure Cs were enhanced by modification
with GTMAC. Meanwhile, Ag NPs were loaded into PVA-Cs-g-
GTMAC hydrogel membranes for improving the antimicrobial
spectrum and biocompatibility properties of the composite
membrane. In addition, the physical cross-linking (F-T) method
was utilized for avoiding the risk of using traditional chemical
cross-linkers due to their common toxic effects.

MATERIALS AND METHODS

Materials

PVA (MW ~72,000 g/mol; 95% hydrolyzed) was attained
via ADVENT CHEMBIO PVT LTD (Mumbai, India). Cs was
purchased from Carl Roth (Germany). GTMAC, silver nitrate,
trisodium citrate, and ascorbic acid were acquired from Sigma-
Aldrich (Germany). Distilled water was utilized in this work for
membrane fabrication and further experiments.

Experimental part

Modification of Cs with GTMAC

Cs was chemically modified to quaternized Cs agreeing
to the route of Abdelaal et al. (2013). In brief, 0.4 ml of GTMAC
was mixed with a suspension solution composed of 0.5 g of Cs in
50 ml of distilled water with constant stirring for 24 hours at 80°C.
Acetone was added wisely to the Cs solution mixture to stop the
reaction and to precipitate the modified Cs, as shown in Scheme 1.
The suspended beads were converted from translucent into small
yellowish-white beads after the reaction ended. The produced Cs-g-
GTMAC was detached by filtration and dried at 60°C under vacuum
for 24 hours. The resultant Cs-g-GTMAC was washed three times
with acetone to remove the excess of the unreacted GTMAC. The
obtained Cs-g-GTMAC copolymer was extra-dried in a vacuum
oven at 50°C for 6 hours and stored at 4°C for further experiments.

Preparation of Ag NPs in situ

Ag NPs were synthesized by a sodium citrate reduction
reaction of AgNO,, as published elsewhere (Jin ez a/., 2003). In
brief, 18 mg of AgNO, was dissolved in 100 ml of distilled water,
and the solution was kept for boiling for a half hour in a closed
system. A solution of 1% trisodium citrate (2 ml) was added, and
the latter mixture was kept under boiling for a further ca. 1 hour.
The total mixture was attuned to 500 ml, while the obtained Ag
sols became a greenish-yellow product.

Preparation of PVA-Cs-g-GTMAC loaded-Ag composite
hydrogel membranes
PVA-Cs-g-GTMAC cross-linked hydrogel membranes

were attained by an F-T cycle. A mixture composed of 10% (w/v)
of PVA and Cs-g-GTMAC (0%, 10%, 20%, and 30%, w/v) were
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Scheme 1. Reaction mechanism of modification of Cs with GTMAC.
dissolved in distilled water, and then 1% (v/v) of acetic acid and GF (%)= (W_/ W) x 100, 2)

0% or 5% (w/v) of the Ag NPs solution were well mixed with the
polymer solution. The polymer-Ag solution was mixed carefully
in water bath sonication for a further 1 hour and poured into a
plastic Petri dish through the solution-casting method. The mixture
solution was then frozen at —20°C for 12 hours and afterward was
thawed at RT for 2 hours; the F-T cycle was carried out three
times. Afterward, the formed membranes were thermally treated
at 60°C for 12 hours for obtaining dried cross-linked membranes.

Methods

Water uptake (%)

The swelling ration (%) or water uptake (%) of the PVA-
Cs-g-GTMAC membranes was first cut into (2 x 2 cm) pieces and
dried at 60°C in an oven for 6 hours; the weight of the dried sample
was then determined (). The dried membranes were immersed
in distilled water and kept at 37°C and then weighed (/) again
at precise interval times. The swelling ratio of the PVA-Cs-g-
GTMAC membranes was calculated via the following equation
(Yang et al., 2008a):

water uptake (%) = (W_— W/ W ) x 100, (N

where W _is the mass of the swelled membrane and W is
the weight of the dried membrane.

Gel fraction (%) (GF %)

The prepared PVA-Cs-g-GTMAC membranes were
first dried under room conditions for 24 hours before being dried
again at 60°C in an oven for 24 hours and weighed (/). The dried
membranes were kept in distilled water for 24 hours up to reaching
the equilibrium swelling weight (W)). The hydrogel membranes
were then dried at 60°C in an oven and weighed again (W). The
GF % was determined by the given formula of Yang ez al. (2008b):

where W_is the mass of the swelled sample after drying
and W is the dried mass of the membrane.

Hydrolytic degradation

The degradation rates or weight loss (%) was measured
using a method reported elsewhere (Xiao and Zhou, 2003).
Briefly, 2 x 2 (cm) dried membranes were weighed and soaked in
10 ml phosphate-buffered saline (PBS) (0.1 M, pH 7.4) at 37°C.
The membranes were eliminated at interval times, then blotted
with soft papers for removing excess water, and dried under room
conditions, and the mass was weighed at precise time intervals,
as well. The weight loss (%) was calculated using the following
equation, where W, is the original mass of the membrane and W, is
each piece eliminated from the medium, dried in a vacuum oven,
and then weighed:

weight loss (%) = (W, — W))/W, * 100. 3)

Bioevaluation tests

Antimicrobial activity test

The antibacterial activities of the tested samples at
different cinnamaldehyde concentrations were assessed by
following the lately reported procedures of Valgas et al. (2007),
Kenawy et al. (2019), and Hassan et al. (2018a), where the E.
coli. (NCTC10418) and Staphylococcus aureus [American Type
Culture Collection (ATCC) 25923] isolates used in the in vitro test
of antibacterial activity were standardized by the ATCC. Typically,
the refreshed bacteria suspensions were diluted up to 100 times
with a 1% LB broth medium. A 100 pl diluted suspension was
cultivated in 10 ml of a tryptone medium containing 0.1 g of
the tested membranes, followed by sterilization at 120°C for 10
minutes. Thus, the mixture was kept with shaking for 18 hours at
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37°C, and the growth inhibition % of bacteria was identified by
assessment of the absorbance of the culture medium at 600 nm by
a spectrophotometer. The inhibition (%) was considered using the
equation

inhibition (%) = (4 -4,) / 4, x 100, @)

where A, and 4 are the absorbances of the bacterial
culture without/with the tested samples, respectively.

In vitro cytotoxicity test

The effect of the prepared compounds [PVA, PVA+Ag,
PVA+Cs, PVA+Cs-g-GTMAC+Ag (90: 10), PVA+Cs-g-
GTMAC+Ag (80: 20), and PVA+Cs-g-GTMAC+Ag (70: 30)] on
cell viability of the HFB-4 (normal human skin melanocyte) cells
was assayed using the colorimetric MTT cell viability method (EI-
Fakharany et al., 2020; Mosmann, 1983). All tested compounds at
discs’ weights of 1.0, 2.0, 3.0, 4.0, and 5.0 mg/ml in triplicate were
added to the attached cells in sterile 24-well flat-bottom plates at a
density of 1.0 x 10° cells/well and incubated for 2, 4, and 6 days at
37°C in a 5% CO, incubator. The cell viability % was accounted
for by the following formula:

relative cell viability (%) = (X),_/(Y)

test control

x 100 (%). (5)

Characterization

The preparation of the samples for each instrumental
characterization was discussed in detail in the Supplementary
Materials, where the tested samples were analyzed by FT-IR,
SEM, TEM, mechanical properties, and thermal stability (Kamoun
and Menzel 2012).

RESULTS AND DISCUSSION

Preparation and morphology of Ag NPs

Ag colloids were utilized as templates which were
synthesized using a sodium citrate reduction reaction of an AgNO,
solution to create faceted particles, showing a range of altered
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Figure 1. TEM images of Ag NPs with different magnification scale (50, 100,
and 200 nm) (up) and average diameter size of Ag NPs was determined with
magnification scale 50 nm (down).

morphologies, with a ranged size scale of ~30—60 nm, as shown
by TEM images (Fig. 1). The TEM images display the spherical
shape of the obtained Ag NPs with an average size of ~50 nm in
diameter.

It was detected that the core portions of Ag NPs were
observed to be darker than their edges, owing to a changed
thickness of silver along the path of the electron beam. The as-
synthesized Ag colloids showed a greenish-yellow tint, and its
destruction spectrum chart displays a sharp peak centered at
426 nm (Fig. S1, Supplementary Material). These findings are
consistent with the obtained results of Kamel et al. (2019), who
discussed a selective detection of metal ions as silver.

FT-IR of Cs-g-GTMAC composite hydrogel membranes

Figure 2 shows the FT-IR spectra of PVA, Cs, GTMAC,
and Cs-g-GTMAC. The supreme striking alteration between two
spectra is the characteristic peak located at v 1,488 cm™'in GTMAC
and Cs-g-GTMAC, which matches an asymmetric angular
bending of -CH, groups of quaternary hydrogen (Liu, 2015). Thus,
this peak was not identified in the IR spectrum corresponding to
the original Cs or PVA. Meanwhile, N-H bending at v 1,600 cm™!
of the primary amine was observed to be weak in GTMAC or
Cs-g-GTMAC, owing to the change of the primary amine to the
secondary aliphatic amine, compared to its presence in Cs (Chi
et al., 2007) (Fig. 2).

For evidencing the quaternization reaction of Cs into Cs-
g-GTMAC, the infrared spectrum of Cs-g-GTMAC is presented
in Figure 2. The spectrum displayed a clear absorption peak at
v 1,607 cm™, equivalent to the C-N-C bending vibration of Cs-
g-GTMAC branches. Also, the C=O stretching vibration of the
amide group of chitin segments (i.e., traces of the original source
of Cs), occurring at v 1,731 cm!, can be regarded as an invariant
peak, which can be found in both Cs and GTMAC-Cs copolymers.
The absorption peak at v 2,938 cm™! was attributed to the -C-H
stretching vibration of the -CH, or -CH, groups, while a broad
peak centered at v 3,317 cm™! represented the combined O-H
stretching vibration and N-H stretching vibration. For further
evidence, the entanglement via freeze-thawed PVA is described
as C-H broad alkyl stretching at v 2,850 cm™! and the —OH group
of free unreacted alcohol (nonbonded —OH) strong stretching at v
3,650-3,590 cm !, hydrogen bond bands (bonded OH) at v~ 3,600—
3,200 cm!, and the sharp absorption peak at v~ 1,150 cm™ as a sign
of the IR spectrum of PVA (Kenawy et al., 2014).

Physicochemical properties

Swelling study (%)

Figure 3 represents the swelling ratio (%) of the PVA-Cs-
g-GTMAC hydrogel membranes at different ratios of membrane
compositions. As noticed, the swelling ratio (%) increased
closely with increasing the content of Cs-g-GTMAC against the
PVA content in the hydrogel membranes. This is because the Cs
derivative possesses a strong ability to form hydrogen bonding
in water as a swelling surrounding, whereas, in the absence of
Cs-g-GTMAC (i.e., 100% of PVA), a highly cross-linked and
compressed structure of PVA hydrogel membranes was obtained,
which might not keep water in the membranes, resulting in a low
swelling ability with water uptake (%) of about 280%. Once the Cs-
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Figure 4. Effect of Cs-g-GTMAC content in PVA hydrogel membranes on GF.
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Figure 5. Effect of Cs-g-GTMAC contents on weight loss (%) of PVA-Cs-g-GTMAC hydrogel membranes after
different degrading times in PBS (0.1 M, pH 7.4, at 370C).

g-GTMAC content in the hydrogel membrane increased to 30%, depended on the previous results of Afshar et al. (2020), where
the water uptake % increased sharply to 340%. Thus, increasing
the content of Cs-g-GTMAC in the PVA membranes notably
increased the wettability of the membranes. These observations and tested as a drug delivery system.

sodium alginate/PVA-loaded Cs NPs membranes were prepared
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Gel fraction (%)

Figure 4 illustrates the GF of the PVA hydrogel
membranes with different Cs-g-GTMAC content. The results
showed that with increasing the Cs-g-GTMAC content the GF
of the prepared membranes decreased. The repeated F-T cycles
resulted in entangled PVA-Cs-g-GTMAC polymer hydrogel
membranes. However, increasing the Cs-g-GTMAC content in
the PVA hydrogel might decrease the cross-linking degree, and
the gelation process decreases significantly. In the absence of Cs-
g-GTMAC, the GF % reached the high value of about 92%. This
result agreed with the published findings of Kamoun et al. (2014),
where GF (%) of PVA-HA blended membranes declined with
increasing the HA content in membrane structure.

Hydrolytic degradation

Figure 5 shows the hydrolytic degradation of PVA
membranes with different Cs-g-GTMAC content in PBS. The
presented data indicates that the hydrolytic degradation of the
PVA membrane increases with high Cs-g-GTMAC content in
membrane composition. This might be owing to the fact that the
degradation of the PVA-Cs-g-GTMAC membranes might result
from a cleavage of cross-linking segments of PVA. These results
are ascribed to the fact that the degradation of PVA is somewhat
low, whereas the degradation of PVA-Cs-g-GTMAC is observed
to be somewhat high, as well. Moreover, PVA and Cs-g-GTMAC

Figure 6. SEM images of physically-cross-linked hydrogel membranes
composed of (a) PVA (100%) -Ag, (b) PVA-Cs-g-GTMAC-Ag (90:10), (c)
PVA-Cs-g-GTMAC-Ag (80:20), and (d) PVA-Cs-g-GTMAC-Ag (70:30),
(original magnification of all images x5,000 at 10 Kv).

are nontoxic; the PVA-Cs-g-GTMAC hydrogel and its degradation
as byproducts might be proposed as being nontoxic biomaterials,
too. The latter findings are consistent with the reported results
by Kenawy et al. (2014), where the hydrolytic degradation rate
of PVA-HES blended membranes increased progressively with
increasing of the HES content in the PVA hydrogel membranes.

Characterization

Surface morphology investigation

The surface morphology of the PVA membranes against
diverse portions of Cs-g-GTMAC is presented in Figure 6. As
displayed in SEM images, the absence of Cs-g-GTMAC displays
a very uniform, smooth, compacted, compressed, and nonporous
shape-surface structure. Nevertheless, the incorporation of Cs-g-
GTMAC into the PVA hydrogel in different potions (10, 20, and
30%, w/v) provided very tiny pores at the surface, where these
pores notably increase clearly with increasing of the Cs-g-GTMAC
contents in the membranes. The morphological changes might be
attributed to the existing good homogeneity and hydrophilicity or
high miscibility degree between two constituents of the composite
membranes (i.e., PVA and Cs-g-GTMAC). The result in the
ordered crystalline phase and uniform shape structure in the case
of 0% of Cs-g-GTMAC is owing to the highly entangled PVA and
the disordered crystalline phase of the PVA membranes blended
with different portions of Cs-g-GTMAC. The current SEM
investigation agreed with the reported findings of Figueroa-Pizano
et al. (2018) on PVA-CS hydrogel blend membranes.

Mechanical stability

The mechanical properties of the PVA-Cs-g-GTMAC-
Ag composite hydrogels were tested at varied membrane
composition ratios between PVA and Cs-g-GTMAC; the data
are itemized in Table 1. Elongation to break of the physical
hydrogel membranes was enhanced from 60% to 130%, 145%,
and 220% due to the incorporation of Cs-g-GTMAC from 0%
to 10%, 20%, and 30%, respectively. The elongation % and
elasticity improvement of the hydrogel membranes might be
ascribed to the increase of the Cs-g-GTMAC portion in the
membranes’ composition due to its high hydrophilicity and
easy homogeneity compared to the PVA membranes. Similarly,
both Young’s modulus and maximum stress of the hydrogel
membranes improved with the gradual incorporation of Cs-g-
GTMAC into the hydrogel membranes (Table 1). It was observed
that elasticity or elongation to break (%) and flexibility of the
PVA-Cs-g-GTMAC composite hydrogels improved significantly
by the incorporation of Cs-g-GTMAC; accordingly, the currently
prepared membranes are recommended as a dressing biomaterial

Table 1. Effect of membrane composition on mechanical properties of physically cross-linked
PVA-Cs-GTMAC-Ag hydrogel membranes.

Membrane composition
(PVA: Cs-GTMAC) (%)

Maximum stress (N/mm?)

Elongation-to- break (%) Young’s Modulus (M Pa)

100:0 6
90:10 15
80:20 22

70:30 25

60 34
130 40
145 48
220 55
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Figure 7. TGA thermographs of physically-cross-linked hydrogel membranes composed of (a) PVA (100%)-Ag NPs, (b) PVA-Cs-g-GTMAC-Ag NPs (90:10),

(¢) PVA-Cs-g-GTMAC-Ag NPs (80:20), and (d) PVA-Cs-g-GTMAC-Ag NPs (70:30).

Table 2. TGA results of physically-cross-linked PVA-Cs-GTMAC-Ag hydrogel membranes as function of hydrogel membranes
composition ratios between (PVA: Cs-g-GTMAC).

Membrane composition

(PVA: Cs-GTMAC) (%) T, .CO T,,, (O Second Decomposition stage (°C)  Third Decomposition stage (°C)
100:0 234 345 234-350 350435
90:10 235 348 235-375 375485
80:20 246 350 246-344 345-549
70:30 247 361 247-395 396-500

Table 3. Antimicrobial activity test results of composite hydrogel membranes composition.

Sample

Staphylococcus In. %

Escherichia coli In %

PVA

PVA+Ag

PVA+Cs
PVA+Cs-g-GTMAC+Ag
PVA+Cs-g-GTMAC+Ag
PVA+Cs-g-GTMAC+Ag

(80:20)
(90:10)
(80:20)
(70:30)

3.5
48
58
61
65
80

2
55
50
58
63
70
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Figure 8. HFB-4 cell viability (%) of different hydrogel membranes composed
of PVA (100%)-Ag, PVA-Cs-g-GTMAC-Ag (90:10), PVA-Cs-g-GTMAC-
Ag (80:20), and PVA-Cs-g-GTMAC-Ag (70:30) after (2, 4, and 6 days) of
incubation time.

for wounds and burns. These obtained results are consistent with
Zhao et al. (2003), where elongation at break and tensile strength
of PVA/CM-Cs hydrogel increased with increasing of the CM-
Cs content in hybrid membranes.

Thermal stability

The thermal properties of the physically cross-
linked membranes were measured by TGA with different
membranes’ composition as PVA: Cs-g-GTMAC, where the TGA
thermographs’ chart is shown in Figure 7 while summarized TGA
data are listed in Table 2. As clearly seen, the incorporation of Cs-
g-GTMAC at different ratios (0%, 10%, 20%, and 30%) into the
PVA hydrogel membranes significantly enhanced 7' from 234°C
to 247°C. Also, the incorporation of Cs-g-GTMAC into the PVA
hydrogel membranes prolonged the decomposition temperature of
the half-weight loss % (7,,) from 345°C to 361°C. On the other
side, the incorporation of Cs-g-GTMAC into the PVA hydrogel
membranes progressively improved and was thermally delayed
from 350°C to 396°C (Table 2, pyrolysis third decomposition
stage). These findings are consistent with the obtained results of
Kamoun et al. (2015a) and Kenawy et al. (2014). They proved
that the incorporation of HES or sodium alginate into physically
cross-linked PVA hydrogel membranes significantly enhanced the
thermal properties of entangled composite membranes.

Bioevaluation tests

Antimicrobial activity test

The antibacterial activity of the PVA-Cs-g-GTMAC-Ag
membranes against £. coli and S. aureus is summarized in Table 3.
The inhibitory effect of the PVA-Cs-g-GTMAC-Ag membranes
versus E. coli and S. aureus is higher versus S. aureus than E. coli,
perhaps owing to the alteration in their cell-wall composition. It
is observed that the inhibition zone increased significantly with
increasing the GTMAC content in the tested membrane disks.
The antibacterial activities of Cs and Ag NPs have already been
studied by many scientists (Chi ez al., 2007; Kim et al., 2007,
Wei et al., 2009), where the antibacterial activity of Cs-Ag (silver
ions or NPs) was found to be higher than each component of the
membrane (Wei ez al., 2009). The mechanism of action is based on
the Cs binding with microbial DNA, which leads to inhibiting of
mRNA and protein synthesis via penetration of Cs into the nuclei
of microorganisms (Sebti et al., 2005).

Cs after quaternization comes to be a very water-
soluble polyelectrolyte polysaccharide with a high charge
density (Muzzarelli et al., 1990). Polycationic biocidal agents
can interact and form polyelectrolyte complexes with acidic
polymers, which form on the surface of the bacterial cells. The
target site of the cationic antibacterial agents is the negatively
charged cell surface of bacteria (Chi et al., 2007). Also, the
antibacterial activity of silver NPs is well known to be highly
reactive because of their large surface area; thus, they might
be more efficient in their antimicrobial activities (Gogoi et al.,
20006). The antimicrobial mechanism of silver NPs is ascribed to
the free radical formation, which causes damage to the bacterial
membrane, leading to cell death (Kim er al., 2007). Ag NPs
attach to the cell membrane and disturb its vital functions, e.g.,
permeability and respiration; furthermore, Ag NPs are capable
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of penetrating the bacterial cell wall causing significant cell
wall damage due to interacting with sulfur- and phosphorus-
containing DNA (Wei et al., 2009). These results are confirmed
by those obtained by Cheah et al. (2019), where the antibacterial
activity of quaternized Cs NFs was found to be higher than the
Cs modified membrane against E. coli and also those obtained
by Archana et al. (2015). Similarly, Ag,0 NPs-loaded-Cs-PVP
films showed high antibacterial activity since both Cs and Ag,0
NPs possess a remarked antibacterial activity (Archana et al.,
2015; Cheah et al., 2019).

In vitro cell viability (%) test by MTT assay

As it is important to test the safety and compatibility of
the prepared polymeric compounds of PVA, Ag, Cs, and GTMAC
in biological application uses, MTT assays on human HFB-4 normal
skin melanocyte cells were carried out (Fig. 8). Our results revealed
avoidance in the cytotoxicity of HFB-4 cells with all the prepared
polymeric compounds as compared to the untreated cells. The
maximum obtained toxicity was observed with all compounds at 5.0
mg/ml after 6 days incubation with viability around 90%. On the other
hand, the viability of the HFB-4 cells reached values around 100%,
with concentrations of 1.0, 2.0, and 3.0 mg/ml after incubation for all
tested times. The efficiency of the encapsulation method of Ag, Cs,
and GTMAC within the PVA polymer is evident from these findings,
and this might lead to reducing their cytotoxicity without decreasing
in the used doses. It was also perceived that the cytotoxicity of PVA-
Cs-g-GTMAC-Ag (90:10) was less than PVA-Cs-g-GTMAC-Ag
(80:20) and PVA-Cs-g-GTMAC-Ag (70:30) against the HFB-4
cells than PVA only. This slight toxicity effect might be attributed to
the increasing content of Ag in polymer complexes. These findings
agreed with those reported by Wu ez al. (2021). They proved that a
quaternized Cs/PVA nanofiber membrane cross-linked with blocked
diisocyanate has a potential skin regeneration ability as a wound
dressing and a very low cytotoxic prepared nanofiber on mouse
fibroblasts (Wu et al., 2021).

CONCLUSION

PVA-Cs-g-GTMAC-Ag composed hydrogel membranes
were physically cross-linked and prepared for antibacterial wound
dressing biomaterials. Instrumental characterization, e.g., FT-IR,
TGA, TEM, and SEM analyses, was employed to verify the chemical
structure, thermal stability, and surface morphology, respectively,
for the prepared PVA-Cs-g-GTMAC-Ag composed hydrogel
membranes. The physicochemical and mechanical properties of the
composite membranes were also discussed to explore the influence
of varied hydrogel compositions on either the PVA or GTMAC
contents in the obtained hydrogel membranes. The prepared
composite hydrogel membranes showed a promising antibacterial
activity against both G+ and G— bacteria with increasing the
GTMAC content. Moreover, biodegradability, blood compatibility,
and cellular toxicity results explored that the novel synthesized PVA-
Cs-g-GTMAC-Ag composite hydrogel membranes are regarded as
promising biomaterials and are good antibacterial, biodegradable, and
nontoxic biomaterial candidates for topical wound healing purposes.
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Figure S1. UV analysis of Ag nanoparticles.
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