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Wounds offer a medium for the growth of pathogens and their entry into the body, which necessitates effective
wound healing treatments. Herein, we report the green synthesis of silver nanoparticles (AgNPs) using Dacty-
loctenium aegyptium extract as a capping and reducing agent for wound healing applications. The synthesized
nanoparticles were characterized by UV-Vis, FT-IR, SEM, XRD, and in vitro antibacterial activity. Nanoparticles
were then incorporated into PVA, Na-alginate, and gelatin-based hydrogel dressings to investigate their in vivo
wound healing capability in rats. The color change of the reaction mixture and the surface plasmon resonance
(400 nm) confirmed the formation of AgNPs. FT-IR analysis revealed the involvement of plant extract phyto-
chemicals in the capping and stabilization of nanoparticles. The nanoparticles were crystalline in nature, with an
average crystallite size of 28.03 nm and exhibited antibacterial activity against S. aureus, P. aeruginosa,
K. pneumoniae and E. coli (ZOI 19 + 0.0, 9 + 0.0, 13 £ 0.0, and 13 + 0.0 mm respectively). Furthermore, silver
nanoparticle-loaded hydrogels showed accelerated wound healing in rats compared to untreated rats and rats
treated with a commercial product. Thus, the developed hydrogel dressing has the potential for clinical appli-
cation in wound healing and infection treatment.

1. Introduction Nanotechnology has fueled tremendous progress in material science,

allowing for the creation of novel products by manipulating matter at

Wounds are tissue injuries caused by physical or thermal damage and
are subjected to bacterial infections that can hinder the healing process
[1]. The wound healing process involves the restoration of devitalized
cellular structures and tissue layers, thus requiring a suitable platform
for wound management, with the primary objectives of rapid wound
closure and minimum scar formation [2]. Among the different
commercially available wound care products, hydrogels and
hydrocolloid-based wound dressings have been primarily formulated for
the management of moist wounds. These formulations allow the ex-
change of gases, provide a barrier to microbial penetration, and remove
excess exudate [3]. For accelerated wound healing, an ideal wound
dressing should have the ability to maintain a constant temperature,
favor the healing process, possess antimicrobial activity, and protect
new cells [4].

the nanoscale level. Metallic nanoparticles (1-100 nm) have unique
properties, and their effectiveness in fighting infectious diseases is an
exciting field of research with extensive applications [5]. Furthermore,
metallic nanoparticles have been reported to possess antioxidant, anti-
cancer, antidiabetic, pollutant chelation, photocatalytic, and
glucose-sensing activities [6-9]. Among metallic nanoparticles, silver
nanoparticles (AgNPs) are widely used in medicine, pharmaceuticals,
and agriculture. The physical and chemical processes used for AgNP
synthesis are complex and expensive, involving harmful solvents that
leave behind toxic residues and by-products that have adverse effects on
the ecosystem [10]. Conversely, Phyto-nanotechnology (the biosyn-
thesis of metallic nanoparticles using plant extracts) offers a simple, less
time-consuming, eco-friendly, cost-effective, and easily scalable alter-
native route for their synthesis [11,12].
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Plant extracts are rich in bioactive compounds that are easily
extracted by water and can act as reducing and capping agents in the
biosynthesis of nanoparticles [13]. When they are used, their intrinsic
characteristics and bioactivity are transformed into prepared nano-
particles. AgNPs have been synthesized using plant extracts and re-
ported for their innate properties of antibacterial, anti-inflammation,
antioxidation, and anticancer activities, as well as wound healing abil-
ities [14,15]. Dactyloctenium aegyptium (D. aegyptium), commonly known
as Durban crowfoot grass, belongs to the Poaceae family and has folk-
loric repute as an astringent and anthelmintic, and is used against many
diseases such as smallpox, cough, gastric ulcers, urinary lithiasis, and
wounds [16]. D. aegyptium is rich in carbohydrates, amino acids, pro-
teins, alkaloids, terpenoids, flavonoids, tannins, phenols, steroids, and
fixed oils [17]; therefore, it can be explored as a mediator for the green
synthesis of AgNPs.

AgNPs can be incorporated into hydrogel dressings to facilitate faster
wound healing [18]. Polymers such as polyvinyl alcohol (PVA), sodium
alginate, and gelatin are suitable materials for the formulation of
hydrogel dressings owing to their biocompatibility and nontoxicity. PVA
is a synthetic polymer with excellent gel-forming capability and has
been extensively used as a platform for wound dressing formulations
[19-21]. However, PVA alone causes poor swelling and poor mechanical
properties in wound dressings. Sodium alginate is a natural polymer
composed of 1,4-linked D-mannuronic acid and L-guluronic acid resi-
dues that exhibit gelation attributes [22], which allows its wide appli-
cation in tissue engineering and wound dressing. Gelatin is a protein that
possesses relevant features of plasticity, adhesiveness, and suitability as
a platform for tissue growth [23]. To the best of our knowledge, PVA, Na
alginate, and gelatin have not been combined to form a hydrogel dres-
sing for wound healing.

Herein, we describe the preparation of AgNPs using D. aegyptium
aqueous extract. D. aegyptium-mediated silver nanoparticles (AgNPs-DA)
were characterized using UV-Vis spectroscopy, FTIR, XRD, and SEM. As
wounds could be a medium for bacterial growth and entry portal to the
body, the in vitro antibacterial activity of the particles against S. aureus,
E. coli, K. pneumoniae, and P. aeruginosa was also investigated. Further-
more, the optimized particles were incorporated into pH-responsive
hydrogel dressings made from PVA, gelatin, and sodium alginate to
evaluate the potential wound healing abilities of the nanoparticles.

2. Materials and methods
2.1. Materials

Silver nitrate (AgNO3) was purchased from Carlo Erba Reagent
(Germany). The Dactyloctenium aegyptium plant was freshly collected
from the botanical garden of the Women’s University of Multan, Multan,
Pakistan. Polyvinyl alcohol (PVA; M. wt. 72,000), sodium alginate, and
gelatin were purchased from Merck Pvt., Ltd. (Pakistan). All chemicals
and reagents used were of analytical grade.

2.2. Plant collection and extract preparation

The freshly collected Dactyloctenium aegyptium plant (whole plant)
was first washed with tap water three times, then with distilled water,
air-dried under shade in the laboratory, and delicately ground. Plant
powder (15 g) was boiled in 100 ml of deionized water for 15 min at 80
°C, filtered, and the filtrate was kept in a refrigerator at 4 °C until further
use.

2.3. Silver nitrate precursor preparation

Silver nitrate was used as the precursor for the biosynthesis of silver
nanoparticles (AgNPs) from the D. aegyptium aqueous extract. Silver
nitrate solutions with different molarities (2.5 mM to 15 mM) were
prepared by dissolving AgNO3 powder in distilled water and stored at 4
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°C for further use.

2.4. Synthesis of silver nanoparticles

Ten different batches of nanoparticles were prepared (S1 to S10)
using the green synthesis method [24]. For the preparation of batches
S$1-S5, 50 ml of silver nitrate solution (10 mM) was added dropwise to
varying concentrations of plant extract (Table 2). For the preparation of
batches S6 to S10, 50 ml of silver nitrate solution of varying moralities
(Table 2) was added dropwise to the 5 % plant extract. The reaction
mixtures were heated (45 °C) with constant stirring for 45 min, the pH
was maintained at 9. After 45 min of stirring, the colour of the reaction
mixture changed from yellow to brown, indicating the successful syn-
thesis of AgNPs-DA. The resultant suspension was centrifuged for 20 min
at 7000 rpm, the supernatant was discarded, and the pellets were
resuspended in distilled water and centrifuged again. The last procedure
was repeated thrice to remove any contaminants. The resulting pellets
were air-dried and stored in airtight containers for further investigation.

2.5. Characterization of AgNPs-DA

2.5.1. UV- visible spectrophotometer analysis

UV-visible spectroscopy is a useful technique for assessing the at-
tributes of metallic NPs in colloidal dispersions. UV-Vis spectra of the
formed AgNPs were recorded over a continuous wavelength region from
200 to 700 nm using a UV-visible spectrophotometer (PerkinElmer,
Japan) [25].

2.5.2. Fourier transform infrared (FT-IR) analysis

The biomolecules present in D. aegyptium aqueous extract, which are
responsible for the reduction and stabilization of silver ions present in
the solution, resulting in AgNP formation, were identified using an ATR
FT-IR (Bruker IR, Japan) spectrophotometer in the transmission range of
4000 cm ™! to 400 ecm ™.

2.5.3. Scanning electron microscopy (SEM)

The surface morphology of AgNPs-DA was visualized using a scan-
ning electron microscope (Philips CM 200). Particles were deposited on
carbon tape, coated with gold using an SPI sputter (in a high-vacuum
evaporator), and images were captured at 20 kV.

2.5.4. X-ray diffraction (XRD) analysis
The XRD pattern of dried AgNPs-DA was assessed using an X-ray
powder diffractometer (JDX 3532; JEOL, Japan). Using CuKa radiation,

Table 1
The diameter of the inhibition zone of the different AgNPs-DA prepared.

Sample Zone of inhibition (mm + SD)

S. aureus P. aeruginosa K. pneumoniae E. coli
S1 13 +£0.23 9 + 0.54 14 + 0.34 20 + 0.57
S2 11 £ 0.4 10 £ 0.5 19 + 0.4 17 £ 0.2
S3 12 £ 0.57 10 +£0.75 18 +0.43 18 + 0.65
S4 13 +0.1 11 +£0.4 15+ 0.4 15+ 0.5
S5 19 £ 0.0 9+ 0.0 13+ 0.0 13+ 0.0
PE 7 +£0.55 7 + 0.05 Nil Nil
PC 22+ 0.76 21 +£0.14 21 £0.32 18 + 0.23
NC Nil Nil Nil Nil
S6 15 +0.23 8 +0.85 13+ 0.76 12+ 0.6
S7 16 + 0.84 8 +0.45 12 4+ 0.56 12 + 0.4
S8 17 £ 1.04 9 + 0.65 10 £ 1.15 12 £ 0.74
S9 18 +£0.76 9+1 11 £+ 0.93 13 +0.73
S10 19 +1.32 10+ 1.5 18 +1.34 15+ 0.82
PE 7 +0.75 7 +0.25 Nil Nil
PC 21+ 0.5 22 +1.3 17 +£ 0.2 20 + 0.4
NC Nil Nil Nil Nil

PE, plant extract; PC, positive control (erythromycin and amikacin); NC, nega-
tive control (water).
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Table 2
The composition of the various D. aegyptium-mediated silver nanoparticle
batches.

Batch  Sample Silver Extract Silver Extract

code nitrate concentration nitrate volume
volume (%) molarity (ml)
(ml) (mM)

S1 AgNPs- 50 1 10 10
DAl

S2 AgNPs- 50 2 10 10
DA 2

S3 AgNPs- 50 3 10 10
DA 3

S4 AgNPs- 50 4 10 10
DA 4

S5 AgNPs- 50 5 10 10
DA S

S6 AgNPs- 50 5 2.5 10
DA 6

S7 AgNPs- 50 5 5 10
DA 7

S8 AgNPs- 50 5 7.5 10
DA 8

S9 AgNPs- 50 5 10 10
DA 9

S10 AgNPs- 50 5 15 10
DA 10

patterns were recorded at 60 kV voltage, 50 mA current, and 1° per
minute scanning rate over a 20 of 20-60 °C diffraction angle. The
crystallite size was calculated using the Scherrer equation: [26]

2.6. Antibacterial activity

The antibacterial activity of the plant extract and AgNPs-DA was
determined using the well diffusion method against gram-positive
(S. aureus) and gram-negative (E. coli, K. pneumoniae, and
P. aeruginosa) bacterial strains. Muller-Hinton agar plates loaded with
AgNPs-DA, plant extract, deionized water (negative control), and anti-
biotic discs (positive control) were incubated at 37 °C for 18 h. Di-
ameters of the inhibitory zones (ZOI) around the wells were recorded.

2.7. Synthesis and characteristics of AgNPs-DA-loaded PNG Hydrogel

2.7.1. Synthesis of the hydrogel

For the preparation of blank PVA, Na-alginate, and gelatin-based
hydrogel (PNG), a PVA solution (10 %) was prepared by dissolving
PVA in a predetermined amount of distilled water under heating at 80 °C
with continuous stirring at 100-150 rpm. The solution was cooled to
room temperature after preparation. Na-alginate solution (4 %) was
prepared by dissolving it in distilled water at 40 °C with constant stirring
for 15 min. Gelatin was instantly dissolved in distilled water under
constant stirring without heating to obtain a 4 % solution. All three
polymer solutions were then combined (PVA:NaAlg:G ratio of
60:20:20), continuously stirred at 500 rpm for an hour, poured into Petri
plates, and freeze-thawed for three consecutive cycles [27]. For the
preparation of silver nanoparticle-loaded PNG hydrogels, 0.2 g of
AgNPs-DA5 was added to the mixture of the polymers (20 ml) with
continuous stirring at 500 rpm for 1 hour and freeze-thawed for three
consecutive cycles.

2.7.2. Characteristics of the hydrogel

The colour, consistency, and homogeneity of the hydrogels were
evaluated visually. FT-IR analysis of blank hydrogels and AgNP-DA-
loaded hydrogels was also performed to confirm the compatibility of
the nanoparticles with the polymers. The equilibrium swelling behav-
iour of the hydrogel dressing was estimated by the gravimetric method
at pH values of 4, 5.5, 6.5, and 7.5. The dried hydrogel (2 cm x 2 cm)
was further dried, weighed, and immersed in 0.5 M USP phosphate
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buffer at the desired pH. At regular time intervals, the swollen hydrogel
was removed from the solution, blobbed with blotting paper, and
weighed. The procedure was repeated until no change in weight was
observed. The percentage swelling of the hydrogel sample was estimated
using the following equation:

Wi_Wq

Swelling(%) = "
d

where w; represents the weight of the swollen hydrogel at time (t), and
wyq indicates the initial weight of the dry hydrogel.

2.8. Skin irritation test

A skin irritation test was performed to evaluate the toxicity of the
AgNPs-DA-loaded PNG hydrogel on rat skin (Wistar rats) [28]. Two
animal groups were tested: an AgNP-DA-loaded hydrogel group and a
commercial product (standard) group (n = 5 in each group). After
shaving the hair on the dorsal side (5 cm? area) with a razor, a piece of
hydrogel was placed on the shaved area, and signs of itching, irritation,
erythema, and edema were noted at 1, 6, 24, and 48 h.

2.9. In vivo wound healing evaluation

Adult male Wistar rats (145 g) were obtained from the animal house
of the Faculty of Pharmacy, Bahauddin Zakariya University, Multan,
Pakistan. The study protocol was evaluated and approved by the Phar-
macy Ethical Committee for the Use of Laboratory Animals, Faculty of
Pharmacy, Bahauddin Zakariya University, Multan, Pakistan (No. 206/
PEC/2022). During the study, animals were housed under regulated
conditions of controlled temperature (25 °C + 1), with a 12/12 h light/
dark cycle, free access to water, and a standard feed. Rats were randomly
divided into four groups (n = 6), anesthetized by applying lignocaine gel
to the skin, and shaved on the dorsal side. The shaved area was sanitized
with 70 % ethanol, and the skin was incised using a razor to produce a
wound approximately 1 cm in length. The rats in Group 1 (control
group) were kept untreated. Rats in group 2 (commercial product group)
were treated daily with a commercial product containing 1 % silver
sulfadiazine. Rats in group 3 (AgNP (1 %) hydrogel group) were treated
with the hydrogel formulation applied daily. The size of the wound was
measured and photographed on days 0, 3, 7, and 9, and the percentage
wound size reduction was estimated using the following equation:

%wound size reduction = W"W;Owd x 100

Where W) denotes the wound area on day O and Wy denotes the
wound size on the day of measurement, such as days 3, 5, 7, and 9.

3. Results and discussion
3.1. Visual observation and UV-spectroscopy

To optimize the green synthesis of AgNPs using D. aegyptium aqueous
extract, various batches of nanoparticles with varying parameters were
synthesized. To determine the effect of plant extract concentration on
nanoparticle synthesis, AgNPs-DA1 to AgNPs-DA5 were synthesized
with various concentrations of plant extract (1 %, 2 %, 3 %, 4 %, and
5 %) and a constant silver nitrate solution concentration (5 mM). On the
other hand, to determine the effect of silver nitrate concentration on
nanoparticles, batches AgNPs-DA6 to AgNPs-DA10 with varied con-
centrations of AgNOs solution (2.5 mM, 5mM, 7.5 mM, 10 mM, and
15 mM) and a fixed plant extract concentration (5 %) were synthesized.
In all batches, the silver nitrate solution was added to the D. aegyptium
plant extract, which resulted in a colour change from light yellowish to
brownish owing to the excitation of surface plasmon resonance (SPR),
indicating the formation of AgNPs (Fig. 1A). The maximum colour
change was observed in solutions containing 5 % leaf extract and 10 mM
AgNOs (S5, Table 2). Phytochemicals present in plant extracts are



M. Zain et al.

Process Biochemistry 147 (2024) 31-38

BRUKER
g | (<O
@
S
@ 8 A
N 2
©
E=
5
§9
=
¥ o
. Q-
BS.O-
—=— AgNPs-DA 1
—e— AgNPs-DA 2,
25+ —A— AgNPs-DA 3}
—w—AgNPs-DA 4
_ 204 —e— AgNPs-DA 5 | |
K] 3 g 3 g B <
~— o T o~ o o @
o 15 ] % o s S &
[¥] © & L] 2 =2 =
< T T T T T
©
2 104 3500 3000 2500 2000 1500 1000
E Wavenumber cm-1
< 05 E “
o
~
00 B ER
o
©
-05 T T T T T T
200 300 400 500 600 700 —
Wavelength (nm) 84
[
C391 g o
—=— AgNPs-DA 6 S 9
—o— AgNPs-DA 7 E
251 —A—AgNPsDAB | £ o |
—v—AgNPs-DA9 | = ©
_. 204 —e— AgNPs-DA 10
E) o
i o
o 154
g e
<
£ 104
-]
4
K
S | | |
0.0 i3 & =3 23 & ~
-4 @© @ «® o © o~ I
g § $838 8
-o's T T T T T T ! T i ! !
200 300 400 500 600 700 3500 3000 2500 2000 1500 1000
Wavelength (nm) Wavenumber cm-1

Fig. 1. Effect of formulation concentrations & Fourier-transform infrared spectroscopy (FT-IR) characteristics of AgNPs-DA vs plant extract. (A) Colour change after
formation of AgNPs-DAS. (B) Effect of plant extract concentration on the synthesis of AgNPs-DA. (C) Effect of silver nitrate concentration on the synthesis of AgNPs-
DA. (D) FT-IR spectra of D. aegyptium plant extract. (E) FT-IR spectra of AgNPs-DAS.

thought to reduce silver nitrate [29]. UV-visible spectroscopy exhibited
an SPR spectrum around 400 nm (Figs. 1B and 1C). The intensity of the
absorption peaks increased with increasing concentrations of both the
silver nitrate solution and the plant extract. The high AgNOs salt con-
centration provided more ions for the reduction and stabilization of
nanoparticles [30]. Similarly, a higher concentration of plant extracts
means that more phytochemicals are available for the reduction and
stabilization of silver, resulting in a higher nanoparticle yield. Our re-
sults are in close agreement with those reported by Saifullah et al. and
Yasmin et al. [31,32].

3.2. FT-IR of AgNPs-DA

The phytochemicals present in the D. aegyptium plant aqueous ex-
tracts are responsible for the capping and stabilization of the bio-
synthesized nanoparticles [13]. FT-IR spectroscopy was used to identify
the functional groups participating in the capping of AgNPs-DA (Figs. 1D
and 1E). The broad band obtained around 3230.90 cm™! (Figs. 1D) and
3324.53 cm™! (Fig. 1E) exhibited O-H stretching vibrations associated
with alcoholic compounds. The absorption peaks at 2928.25 cm ™' in
Figs. 1D and 2874.45 cm™! in Fig. 1E are due to stretching in the C-H
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bonds of aromatic phytochemicals. The peaks at 1648.74 em™! and
1612.34 cm ! in Figs. 1D and 1E, respectively, may be attributed to N-H
asymmetric stretching vibrations. The peaks at 1326.94 cm™! and
1319.93 cm ™! in Figs. 1D and 1070.38 cm ™' Fig. 1E represent C-O
stretching vibrations owing to secondary alcohols. These spectral ana-
lyses suggest the involvement of flavonoids and proteins in the plant
extract in the reduction and stabilization of the nanoparticles.

3.3. X-ray diffraction

The XRD pattern of dried AgNPs-DA5 (Fig. 2A) showed diffraction
peaks at 20 of 38.53°, 46.61°, 55.19°, and 57.94°° corresponding to the
planes (111), (200), (220), and (311), respectively. These patterns
reflect the face-centered cubic crystalline nature of the synthesized
nanoparticles. Similar results were reported earlier [24]. The average
crystallite size was found to be 28.03 nm and was calculated using
Scherrer’s equation [26].

3.4. SEM analysis

The SEM image of AgNPs-DA5 shows rough particles with a degree of
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Fig. 2. X-ray diffraction (XRD) and scanning electron microscope (SEM) characteristics of AgNPs. (A) XRD pattern of AgNPs-DA5 and (B) SEM image of

Agnes -DAS.

unevenness and irregular shapes in the clusters (Fig. 2B). The appear-
ance of nanoparticles as aggregates or clusters might be due to elec-
trostatic interactions and hydrogen bonds between the bio-organic
capping molecules attached to AgNPs-DA [33].

3.5. In vitro antibacterial activity of AgNPs-DA

The in vitro antibacterial activity of the synthesized particles is
shown in Fig. 3 and Table 1. It can be observed that D. aegyptium aqueous
plant extract has little antibacterial activity against S. aureus and
P. aeruginosa (Fig. 3 Aii & Bii), with Zones of Inhibition (ZOI) of
approximately 7 mm + 0.65 and 7 + 0.15, respectively, and no activity
against E. coli and K. pneumonia. However, D. aegyptium plant extract-
mediated AgNPs showed significant antibacterial activity against all
the tested bacterial strains, with ZOIs comparable to that of the positive
control. AgNPs-DA10, AgNPs-DA4, AgNPs-DA2, and AgNPs-DAl
showed the largest zones of inhibition (ZOIs) against S. aureus,
P. aeruginosa, K. pneumonia, and E. coli, respectively (Table 1).

3.6. Preparation and characterization of integrated PNG hydrogel

The ability of hydrogels to take up water is one of the most essential
attributes for wound dressing applications [23], creating a moist envi-
ronment and enhancing the rate of epithelialization at wound sites. In
the current study, hydrogels comprising PVA, NaAlg, and gelatin were
produced by freeze-thawing cycles for topical application. Freeze-thaw
cycles increase the degree of physical cross-linking between the poly-
mers [34]. The blank hydrogels were white in colour (Fig. 4Ai), whereas
the silver nanoparticle-loaded hydrogels were dark grey to black in
colour (Fig. 4Aii).

The hydrogels showed pH-dependent swelling behaviour (Fig. 4B),
exhibiting a quick and sudden increase in percent swelling as the pH
increased from 4 to 7 in a short period of half an hour, followed by
saturation and then steady swelling over time. The increase in swelling
with increasing pH could be due to an increase in the number of ioniz-
able carboxyl groups, causing electrostatic repulsion that leads to
swelling of the hydrogels. These results indicated that our PNG hydrogel
dressings could swell and release their payloads at and around the pH of
the wound and skin environment. In wound healing through hydrogel

Fig. 3. Antibacterial activity of AGNPs-DA against different bacterial strains. (Ai & Aii), zones of inhibition (ZOI) against Staphylococcus aureus; (Bi & Bii), ZOI
against Pseudomonas aeruginosa; (Ci & Cii), ZOI against Klebsiella pneumoniae and (Di & Dii) are ZOI against Escherichia coli. S1 = AgNPs-DA1, S2 = AgNPs-DA2, S3 =
AgNPs-DA3, S4 = AgNP-DA4, S5 = AgNP-DAS5, S6 = AgNPs-DA6, S7 = AgNPs-DA7, S8 = AgNPs-DAS8, S9 = AgNP-DA9, and S10 = AgNP-DA10. NC = negative
control (water), PC = positive control (erythromycin and amikacin), and PE = plant extract.
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dressings, optimum water absorption is desirable, as a high degree of
water uptake might hamper the otherwise faster rate of healing and re-
epithelialization [4]. Our hydrogel dressings showed accelerated wound
healing (as discussed in the next section, 2.7), indicating optimum water
absorption for effective wound healing in an animal model.

FT-IR spectra of the blank hydrogel (Fig. 4 Ci) and silver
nanoparticles-loaded hydrogel formulation (Fig. 4Cii) showed bands
around 3340.75 cm™! and 3277.57 cm™! respectively, indicating OH
stretches. The peaks at 1636.77 cm ™! indicate NH bending. The bands at
approximately 1637 cm ™! and 1421 cm™! indicate amide carbonyl vi-
brations. The presence of amino, carboxyl, and hydroxyl groups is
responsible for electrostatic interactions and hydrogen bonding among

polymers [35], resulting in consistent and flexible hydrogel dressings
that allow adherence to the skin. The FTIR spectra of the blank and
AgNP-loaded hydrogels showed no significant change in the major
peaks, indicating the absence of any chemical interaction between the
silver nanoparticles and polymers.

3.7. In vivo wound healing study

Before the evaluation of AgNPs-DA-loaded hydrogel dressings for
wound healing capacity in an animal wound model, the hydrogel
formulation was tested for skin irritation first. Skin irritation is a
localized inflammatory response that occurs immediately after

Control Commercial product AgNPs Hydrogel 100 :
A P 9TV B Wlvey 377700y 5[ Joey /MOy s
Day 0 S s0- # ¢
g \ t
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y S 604
o *
T s 4
s *
Day 5 g 40
-
c
g : ¢
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Day 9 0-

Control Commercial product

Treatment group

AgNPs Hydrogel

Fig. 5. Wound healing activity of AgNPs-loaded hydrogel against control & a commercial product. (A) Photographs of wounds for the different animal groups
on the different measurement days. The control group received no treatment, the group received commercial treatment (1 % silver sulfadiazine), and the group
received AgNPs-DA-loaded (1 %) hydrogel dressing. (B) percent wound contraction. Data are expressed as mean =+ SD. * denotes statistical comparison for the control
group vs. standard group and AgNPs-DA hydrogel group, whereas # denotes comparison for the standard group vs. AgNPs-DA hydrogel group (* and # indicate

statistically significant differences).
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stimulation, and is clinically identified as erythema, oedema, itching,
and discomfort [36]. No signs of redness, swelling, or itching were
observed upon application of the PNG hydrogel dressing, indicating the
biocompatibility of the hydrogel dressings with no harmful effects on
skin cells.

The wound-healing capacity of the AgNPs-DA-loaded hydrogel
dressings was evaluated over 9 days. Fig. 5A illustrates a gradual
decrease in wound size over time in all the groups. Wound diameters
were measured as part of the quantitative examination of wound healing
on 0, 3rd, 5th, 7th and 9th days, and the percent wound contraction was
estimated (Fig. 5B). The percentage of wound contraction in the control
group was 10.59 % + 0.916, 20.07 % =+ 2.75, 51.90 % =+ 3.65, and
65.51 % + 2.06 on the 3rd, 5th, 7th and 9th days, respectively, which
was the slowest among all experimental groups. The rats in group 2 (the
commercial product group), which were treated with the commercial
product Quench cream (1 % w/w silver sulfadiazine), showed wound
contractions of 17.50 % =+ 2.69, 43.67 % 4+ 2.04, 63.16 % + 3.56, and
74.85 % + 2.92 on the 3rd,5th,7th and 9th days, respectively. Group 3
rats (AgNP hydrogel group), which were dressed with the AgNPs-DA-
loaded PNG hydrogel formulation (1 %) on a daily basis, showed
wound healing percentages of 19.98 % + 2.19, 47.65% + 1.82,
74.14 % =+ 3.58, and 87.44 + 4.12 on the 3rd, 5th, 7th, and 9th days,
respectively. These results indicated that wound healing was signifi-
cantly better in groups 2 and 3 than in rats in the control group. On day
3, although the percent wound contraction in the hydrogel group (group
3) was slightly better than that in the commercial product group, the
difference was statistically insignificant (p < 0.05). On days 5, 7, and 9
of the study, wound healing was significantly accelerated in the group
treated with the hydrogel formulation compared to that in the com-
mercial product group (p < 0.05). The highest wound closure was
observed on day 9 in Group 3, with a marked decrease in wound
diameter, almost complete re-epithelization, and evidence of keratini-
zation (Fig. 5). These results suggest that an optimum level of moisture
was present on the wound, and the release of AgNPs-DA from the
hydrogel dressing created an ideal environment for accelerated regen-
eration of epithelial cells. The presence of moisture maintains an elec-
trical gradient between the wound and the surrounding area of the skin,
which may stimulate epidermal migration [37]. The matrix formed by
blending polymers manifests an efficient haemostatic effect, which
renders hydrogels an effective wound dressing material [38]. The rats in
all groups survived the study period, with no evidence of necrosis,
inflammation, or haemorrhage. In the current study, PNG hydrogels
loaded with AgNPs-DA greatly improved wound healing compared to
conventional product (commercial). Application of the formulated
hydrogel dressing on the surface of wounds might act as a biomechanical
barrier, which is a great advantage, as well as exhibiting antibacterial
activity. The antibacterial effect of Ag has been associated with its
ability to interact with bacterial plasma membranes, proteins, and en-
zymes involved in vital cellular processes, such as the electron transport
chain [39]. The silver nanoparticles formulated in this study, along with
other recently reported greenly synthesized metallic nanoparticles, such
as iron, palladium, copper, and gold-pectin-iron nanocomposites
[40-43], could serve as potential new therapeutic agents in real life.

4. Conclusion

This study aimed to formulate safe, cost-effective, and biocompatible
AgNP-based hydrogel dressings for wound healing. The biologically
produced nanoparticles using a plant extract involved simple, sustain-
able, and environmentally friendly methodology without the use of
organic solvents. FT-IR analysis confirmed the caping effect of the used
plant extract. The synthesized nanoparticles were crystalline in nature,
with an average crystallite size of 28.03 nm. The optimal nanoparticle
synthesis conditions were found to be 10 mM AgNOj3 solution, which
provided more ions for particle stabilization, and 5 % plant extract
concentration, which resulted in a higher nanoparticle yield. AgNPs-DA
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have demonstrated antibacterial activity in vitro against S. aureus,
P. aeruginosa, K. pneumoniae, and E. coli, which is advantageous because
open wounds are more prone to bacterial infections. The formulated
hydrogels containing AgNPs-DA (1 %) showed promising wound heal-
ing ability in a rodent model. Our study suggests that the AgNPs-DA-
incorporated hydrogel dressing is a novel product with potential im-
plications for wound treatment.
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