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Abstract

Polymer-based sponges loaded with antibacterial agents are potential wound dress-
ings ideal for treating bacteria-infected wounds. Gelatin/poly (ethylene glycol)
(PEG) sponge-based wound dressings loaded with metronidazole and Ag nano-
particles with different degrees of cross-linking were prepared, and their capability
to treat infected wounds in vitro was evaluated. The degree of cross-linking of the
sponges varied, and the porosity of the sponges was in the range of 15.64-91.10%.
The amount of gelatin used to prepare the sponges influenced the porosity of the
sponges. The sponges displayed an initial burst drug release of metronidazole fol-
lowed by a sustained release profile. The sponges exhibited considerable antibac-
terial activity against Gram-positive and Gram-negative bacteria. The % cell via-
bility of the sponges was in the range of 71.17-86.10%, indicating distinguished
biocompatibility. The in vitro experiment showed that the sponge loaded with
metronidazole, SAM2%, displayed a significant reduction of 66.68% in the scratch
area compared to the sponge loaded with a combination of silver nanoparticles
and metronidazole with a closure rate of 46.61% at 96 h. The promising features
of the sponges indicate that they are potential wound dressings for treating infected
wounds.

Keywords Infected wounds - Wound healing - Antibacterial activity - Biopolymers -
Metronidazole - Metal-based nanoparticles

Introduction

Chronic wounds are life-threatening and are characterized by a delayed healing

process, needing special clinical attention [1-3]. Examples of chronic wounds are
ischemic, diabetic foot ulcers, and burns [4]. Microbial infection is the main cause
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of retarded process of wound healing in most chronic wounds, causing the wound
to remain in the inflammatory phase for a prolonged period [5-7]. Infections in
patients with chronic wounds are the cause of extended hospital stays and amputa-
tions in severe cases [8]. The world health organization (WHO) reported that more
than 2 million infections are caused by multi-drug resistant bacteria, with indirect
and direct costs of treatment surpassing 55 billion dollars every year [9]. The cur-
rently used antimicrobial drugs suffer from antibacterial resistance that can subse-
quently result in increased morbidity caused by infected wounds globally [10, 11].
There is a pressing need for the development of effective wound dressings that pos-
sess potent antimicrobial activity. Wound dressings have been developed from dif-
ferent synthetic and biopolymers.

Wound dressings that are mostly fabricated from biopolymers (e.g., gelatin, algi-
nate, cellulose, etc.) and synthetic polymers (e.g., polyvinylpyrrolidone (PVA), poly
(lactic-co-glycolic acid) (PLGA), (polyglycolic acid (PGA), poly(ethylene glycol)
(PEG), etc.) are employed to manage infected chronic wounds. In this study, gela-
tin was explored in combination with gelatin and PEG to prepare potential wound
dressings for treating infected wounds. Gelatin is a solid, tasteless, and colorless
biopolymer produced from the hydrolysis of collagen. It can be categorized based
on its sources, such as fish, bovine, or porcine gelatin [12]. Fish gelatin used in this
research study is made up of 85-92% protein, water, and mineral salt. Gelatin pos-
sesses promising biocompatibility and biodegradability and can be processed in any
shape [13, 14]. PEG, on the other hand, is an inert, hydrophilic, non-immunogenic,
compatible, and non-toxic synthetic polymer, making it appropriate for the design
of wound dressings [15]. Furthermore, it is a water-swellable polymer with a high
degree of elasticity, an excellent feature for tissue regeneration [16]. Some research
studies have demonstrated that PEG-based wound dressings accelerate the wound
healing process, the formation of granulation tissue, re-epithelialization, and neovas-
cularization [17]. Due to the interesting properties of gelatin and PEG, these poly-
mers were used for the formulation of sponge wound dressing scaffolds.

Sponges are flexible and soft wound dressing scaffolds that are characterized by
interconnected microporous structures [18]. Their porous structures promote high
water absorption, high swelling capacity, and hemostatic activity and also provide
moisture for an accelerated process of wound healing and protection of the wound
from bacterial invasion [19, 20]. In addition, sponges exhibit porosity in the range
of 10-100 pm, a feature useful for the high rate of cell adhesion and proliferation
during the wound healing process [21]. This research reports the preparation, char-
acterization, and in vitro studies of gelatin-PEG-based hybrid sponges as promis-
ing wound dressings. The effect of the amount of gelatin and the % of cross-linking
was evaluated on the porosity and biological activity of the sponges. Gelatin-based
sponges have been tailored with varied degrees of cross-linking to control the drug
release profile. The degree of cross-linking of the sponges has been widely reported
to influence some of their features, such as porosity, biocompatibility, biodegrada-
bility, mechanical, and antibacterial properties [22-25]. However, the use of gelatin
for the development of wound dressings is limited by its poor antibacterial activity.

In this study, the sponges were loaded with a combination of an antibiotic, met-
ronidazole and metallic nanoparticles, Ag nanoparticles to promote synergistic
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antibacterial activity. Research findings have demonstrated that the combination of
metal-based nanoparticles with antibiotics enhances the efficacy of the antibiotic
[26]. Metronidazole, a nitroimidazole derivative of antibiotics, is utilized for the
treatment of several infections. It exhibits antibacterial activity against gram-positive
bacilli, sporulated anaerobic cocci, and gram-negative anaerobic bacilli. However,
its mode of action is not completely understood. It has been reported that metronida-
zole inhibits the synthesis of deoxyribose nucleic acid (DNA) and replication in bac-
teria, resulting in bacterial cell death [27-29]. In wound treatment, metronidazole is
known as an effective therapeutic agent in controlling wound odor [30]. Metal-based
nanostructures have also been widely investigated as antimicrobial agents, revealing
their potential applications in the treatment of infected wounds [31, 32]. Ag nano-
particles are metal-based nanoparticles and are effective bioactive agents with good
antimicrobial activities against a wide variety of microorganisms, such as bacteria,
viruses, yeasts, and fungi [33]. The antimicrobial activity of Ag nanoparticles is due
to their ability to destroy proteins of the bacterial cell membrane and interact with
DNA [34-36]. Some preclinical studies have shown improved therapeutic outcomes
of metal-based nanoparticles when combined with antibiotics in gelatin-based
sponges for the treatment of infected wounds, resulting in excellent antibacterial
effects and an accelerated rate of wound healing [37, 38]. Based on the promising
features of gelatin-based sponges loaded with bioactive agents, this current study
presents the efficacy of combining antibiotics and Ag nanoparticles in PEG—gelatin-
based sponges and the effect of the content of gelatin in the sponges on the treatment
of infected wounds.

Materials and methods
Solvents and reagents

Distilled water was utilized for the preparation of the wound dressing sponges. Gela-
tin, polyethylene glycol 4000 (PEG) (M,=4000 Da), metronidazole, silver nitrate
(AgNOy), trisodium citrate, and calcium chloride (CaCl,) were purchased from
(Merck Chemicals, South Africa). The reagents were utilized without additional
purification.

Experimental
Preparation of Ag nanoparticles

The Ag nanoparticles were prepared using the Turkevich method [39, 40]. Briefly,
silver nitrate (AgNOj;) solution (60 mL, 1 mM) was heated with stirring and covered
with aluminum foil. Trisodium citrate solution (6 mL, 10 mM) was added dropwise
with continuous stirring until a yellow—brown color was formed, confirming the for-
mation of Ag nanoparticles. The solution was allowed to cool at room temperature
and then, stored in the refrigerator until further use.
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Preparation of the sponges

The sponges were prepared using a freeze-drying procedure [41-43]. Gelatin
was dissolved in 20 mL of warm distilled water. PEG was dissolved separately
in 20 mL of distilled water at room temperature. Both solutions were combined
and stirred for 1 h. Metronidazole (80 mg) was added followed by the addition of
10 mL of Ag nanoparticle solution. The reaction was stirred for 1 h at room tem-
perature followed by the addition of 2 or 5% CaCl, as a cross-linking agent. The
solution was frozen at—20 °C overnight and freeze-dried at — 60 °C for 24 h to
afford the sponges. The prepared sponges were stored in a desiccator till further
studies. The amount of polymers and bioactive agents used for the preparation of
the sponges are presented in Table 1.

Characterization techniques
Freeze-drying

The sponges were freeze-dried after preparation on a Vir Tis benchtop K, Gar-
diner, New York.

Table 1 Composition of sponges

Sample name Gelatin (mg) PEG (mg) Metronidazole Ag nanoparticles Cross-

linking agent

(%)
SA'1 200 200 80 mg 10 ml 5
SA 2 200 200 80 mg 10 ml 2
SA3 300 200 80 mg 10 ml 5
SA 4 300 200 80 mg 10 ml 2
SA'S 400 200 80 mg 10 ml 5
SA 6 400 200 80 mg 10 ml 2
SA 6 500 200 80 mg 10 ml 5
SA 8 500 200 80 mg 10 ml 2
SA9 600 200 80 mg 10 ml 5
SA 10 600 200 80 mg 10 ml 2
SA 11 700 200 80 mg 10 ml 5
SA 12 700 200 80 mg 10 ml 2
SAA2% 200 200 - 10 ml 2
SAA5% 200 200 - 10 ml 5
SAM2% 200 200 80 mg - 2
SAB2% 200 200 - - 5
SAB5% 200 200 - - 5
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UV-vis spectroscopy

UV-vis analysis was performed to confirm the formation of the Ag nanoparticles
by evaluating the absorption peak using Lambda 365 UV-vis spectrometer, Perki-
nElmer, Korea.

Fourier transform infrared spectroscopy (FTIR)

Attenuated Total Reflection—Fourier Transform Infrared (ATR-FTIR) spectroscopy
was performed on the sponges to determine the presence of functional groups using
PerkinElmer Spectrum 100 FTIR Spectrometer, USA. The spectra were carried out
in the range of 4000-500 cm™!, running Omnic software for 64 scans and a resolu-
tion of 4 cm™!.

Scanning electron microscopy (SEM)

The sponges were sputtered with gold particles before SEM analysis. SEM analysis
was carried out to evaluate the morphology of the sponges. This analysis was per-
formed at an accelerating voltage of 15 kV on JEOL JSM-6390LV Scanning Elec-
tron Microscope, Japan.

Thermogravimetric analysis (TGA)

TGA was utilized to evaluate the moisture content and thermal stability of sponges.
It was performed using TG-analyzer (TGA-4000, Rheometric Scientific, South
Africa). The amount of sponges used was in the range of 5-14 mg and was loaded
on the TGA analyzer. The profile of weight loss was recorded from 20 to 700 °C at a
heating rate of 10 °C per minute with a constant nitrogen flow of 50 mL/ min.

X-ray diffraction analysis (XRD)

XRD was performed on the metronidazole and the sponges using PANalyticalX’Pert
PRO (USA) at 45 kV and 40 mA. The analysis was performed to determine the
amorphous nature of the sponges and to confirm the successful loading of the bio-
active agents into the sponges. The samples were filled into a hole between 1 and
2 mm in diameter in a piece of metal ~ 1.5 mm thick. The metal piece was then fixed
on a specimen container so that the X-ray beam could pass through. Data were col-
lected within the range of 206 =10-80, scanning at 1.5 min~! with a time-constant
filter of 0.38 s per step and 6.0 mm slit width.

Porosity

The porosity study was performed to determine the degree of porosity of the
sponges by liquid displacement procedure using ethanol as the displacement liquid
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due to its capability to readily penetrate through the pores of the wound dressing
scaffolds without causing shrinking [22, 44, 45]. The freeze-dried sponges (10 mg)
were placed in 2 mL of ethanol and weighed after an hour.

The sponge porosity was calculated using the following Eq. 1:

Porosity = War Wi (D
rv

where W, is the mass of sponges after immersion in ethanol W1 is the mass of
sponges before immersion in ethanol. V is the volume of the sponges. p is the den-
sity of ethanol.

In vitro drug release studies

The in vitro drug release studies were performed on the sponges according to the
method by Wen et al. [42] and Tawfeek et al. [46]. 20 mg of each prepared sponge
was dissolved in 3 mL of phosphate buffer saline (PBS) (pH 7.4) simulating physi-
ological pH. The solution was poured into the dialysis membrane and incubated in
40 mL of PBS at 37 °C with slow shaking. The release media was emptied and
replaced with a fresh buffer solution at 1 h intervals for 8 h followed by 24 and
48 h to determine the concentration of the drug released from the sponges using a
UV-vis spectrometer. The UV-vis experiments of the released bioactive agents from
the sponges were performed at the wavelengths of 320 nm and 430 nm, for metro-
nidazole and Ag nanoparticles, respectively. The obtained data were expressed as %
cumulative drug release. The concentration of metronidazole and Ag nanoparticles
released from the sponges was investigated using a calibration curve. The measure-
ments were performed in triplicate for each sponge. The percentage of drug release
was calculated using Eq. 2:

Amount drug released
%drug release =

X 100%
Amount drug — loaded ’ @

The selected drug release mathematical models that were used to determine the
release mechanisms of the loaded bioactive agents from the sponges are Zero-order,
Korsmeyer—Peppas, and Higuchi equations.

i. Zero-order release equation
The equation of the Zero-order release model is shown in Eq. 3:

0=K-1+0, (3)

where Q is the amount of the bioactive agent dissolved in time ¢, Q, is the ini-
tial amount of the bioactive agent loaded in the sponge, and K is the Zero-order
release constant. This equation refers to a release profile of a bioactive agent that
is independent of the amount of bioactive agent in the sponges at a constant rate.
The data obtained from the in vitro drug release experiments were plotted as %
cumulative drug release versus time.
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ii. Korsmeyer—Peppas release equation
The equation of the Korsmeyer—Peppas release model is shown in Eq. 4:

0= Mt/ Moo

Mt/Mco = K- 1" 4)

where Mt/Mx is the amount of the released bioactive agent at time 7. K and /
are the release rate constant and release exponent, respectively. The n value is
utilized to describe different release profiles of the delivery system This release
model illustrates drug release from a polymeric system. Only the first 60% of
drug release data can be fitted in the Korsmeyer—Peppas model to determine the
drug release mechanism. To evaluate the release kinetics, the data obtained from
the in vitro drug release experiments were plotted as log cumulative percentage
drug release versus log time (Table 2).
iii Higuchi release equations
The equation of the Higuchi release model is shown in Eq. 5:

0= K/t )

where K is the Higuchi dissolution constant and Q is the amount of drug
released in time ¢. This equation refers to a system where the drug release is via
diffusion. This model is suitable for porous delivery systems. The data obtained
were plotted as % cumulative drug release versus square root of time.

In vitro cytotoxicity evaluation

The in vitro cytotoxicity evaluation of the sponges was performed to evaluate their
biocompatibility employing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay. The sponges were screened against HaCaT cells
(immortalized human keratinocytes) which were cultured at a density of 5X10%
cells/mL in a 96-well plate at a volume of 90 uL/well. Twenty-four hours later, the
cells were treated in triplicates with 10 pL. of the sponge solution, making final
concentrations of 100, 50, 25, and 12.2 ug/mL. Cells treated with 1X PBS (phos-
phate-buffered saline) and 10% DMSO served as the negative and positive con-
trols, respectively. The 96-well plates were incubated for 48 h, after which MTT

Table 2 The diffusion

) . Coefficient of diffusion value Mechanism of release
coefficient (n) is used to
determine the mechanism of n<0.5 Quasi-Fickian Diffusion
release . [
n=0.5 Fickian Diffusion
0.5<n<1.0 Anomalous (non-Fickian)
n=1.0 Non-Fickian case II. It
means a zero-order release
profile
n>1 Non-Fickian super case II
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reagent was added. The plates were incubated for 4 h, solubilized overnight using
the solubilization reagent, and the absorbance values were measured at 570 nm. The
experiments were run in triplicate. The cytotoxicity results of the wound dressings
were analyzed by calculating the percentage cell viability of each sponge against the
untreated cells using Eq. (6) shown below:

oD, — OD,

%cell viability = oD 0D,
u b

x 100% 6)

where ODg is the absorbance of the compound and OD, is the absorbance of the
blank. OD,, is the absorbance of the untreated compound.

In vitro antibacterial studies

The minimum inhibitory concentration (MIC) of the sponges was performed accord-
ing to the protocol reported by Fonkui et al. [47]. Each compound was dissolved in
distilled water to a stock concentration of 1 mg/mL. These solutions were then seri-
ally diluted (6 times) in 100 uL of nutrient broth in 96 well plates to the anticipated
concentrations (500, 250, 125, 62.5, 31.25, and 15.625 pg/mL). Then after, 100 puL
of each of these solutions was located in duplicate and incubated with 100 pL of
overnight bacterial culture in a 0.5 Mc Farland in nutrient broth. Ampicillin, nali-
dixic acid, and streptomycin were utilized as positive controls, and the negative con-
trol was formulated to contain 50% of nutrient broth in DMSO.

In vitro scratch wound healing assay

In vitro scratch wound healing is an affordable study utilized to analyze fibroblast
cell migration in two dimensions to induce wound healing. In vitro wound healing
assay was evaluated based on a procedure adapted from Felice et al. [48], Suarez-
Arnedo et al. [49], Cheng et al. [50], and Ranzato et al. [51]. Immortalized human
keratinocyte (HaCaT) cells were cultured in a humidified incubator at 37 °C and 5%
CO, to 90% confluency in Dulbecco’s Modified Eagle’s Medium (DMEM) contain-
ing 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin—streptomycin (Pen-
strep) antibiotics. The cells were then trypsinized, and viable cells were quantified
employing the trypan blue dye elimination method. The cell density was adjusted to
2.5%10° cells/mL, and the cells were incubated in 6-well plates until cell monolay-
ers were formed (48 h later). Single scratch wounds per well were generated utiliz-
ing a 200 pL micropipette tip. The cells were then washed once per well with 2 mL
of 1X phosphate-buffered saline (1X PBS) to remove dislodged cells. Serum-poor
DMEM medium (containing 1% FBS) was added to the wells (1800 uL per well),
and cells were treated with 200 pL of the solution of the wound dressings of various
concentrations that showed the highest viability on the MTT assay screen.

Untreated cells seeded in Dulbecco’s Modified Eagle’s Medium (DMEM) con-
taining 10% FBS were used as positive control while those cultured in 1% Fetal
Bovine Serum (FBS) in DMEM were employed as the negative control. The images
were captured in duplicates at 0, 24, 48, 72, and 96 h using the 4X objective and
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phase-contrast feature of an inverted light microscope (Olympus CKX53, Olym-
pus, Tokyo, Japan). Cell migration was quantified using ImageJ image processing
software.

Statistical analysis

All data obtained for the in vitro studies were analyzed using Student’s unpaired
t-test on GraphPad Prism version 9 (GraphPad Software, Inc., San Diego, CA,
USA). All data are expressed as mean =+ standard deviation in triplicate (n=3), and a
p-value of <0.05 was considered significant.

Results and discussion
UV-vis

UV-vis spectroscopy was employed to confirm the successful formation of Ag nano-
particles by analyzing the absorbance data. The UV-vis spectrum of Ag nanoparti-
cles displayed a wide visible absorbance band at 426 nm (Supplementary Fig. 1).
Alim-Al-Razy et al. prepared Ag nanoparticles utilizing the Turkevich procedure.
The UV-vis results of Ag nanoparticles were reported to exhibit characteristic peaks
between 417 and 444 nm, depending on the concentration of AgNO; [52]. The
Ag nanoparticles synthesized by Singh et al. utilizing green synthesis reported an
absorbance band at 427 nm, confirming the result reported in this study [53]. Anan-
dalakshmi also reported Ag nanoparticles with an absorption peak at 430 nm [54].

FTIR

The FTIR spectra of gelatin—PEG hybrid sponges loaded with metronidazole and Ag
nanoparticles are shown in Fig. 1a—c, including the blank sponge. The FTIR spectra
of hybrid sponges displayed similar characteristic absorption peaks due to their com-
position. The characteristic peaks were visible between 1637 and 1628 cm™! (amide
1), 1545 or 1536 cm™! (amide II), and 1261-1243 cm™! (amide III), due to the C=0
stretching vibrations of amides for gelatin. Furthermore, the C=0 stretching vibra-
tions of amide III of gelatin were visible at 1261-1243 cm™' and overlapped with
C-O0 stretching vibrations that confirmed the presence of PEG in sponges. Several
researchers reported similar FTIR results for gelatin-based scaffolds for wound
dressing applications [55-58].

The C=N stretching vibration at 1545 or 1536 cm™! (overlapped with amide II
of gelatin), N=0 asymmetric stretching at 1472-1436 cm™! (overlapped with amide
1T of gelatin), C—C stretching at 1426 or 1416 cm™', CH; bending vibration at
1371-1343 cm™!, C-N stretching vibration at 1078-1059 cm™', and=C-H bend-
ing at 785-785 cm™!, confirmed the functional groups of metronidazole, reveal-
ing its successful loading in the sponges (SA1-SA12, and SAM2%). Furthermore,
the peaks between 3351 and 3218 cm™! denote the O—H stretching vibrations of

@ Springer



4828 Polymer Bulletin (2024) 81:4819-4849
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metronidazole. These results are similar to those reported by Trivedi et al. for metro-
nidazole [59]. The CH; bending at 1371-1344 cm™! is ascribed to the methyl group
of metronidazole and gelatin. Furthermore, the FTIR spectra of sponges containing
Ag nanoparticles (SA1-SA12, SAA2%, and SAA5%) showed peaks in the range of
3351-3218 cm™! for O-H stretching vibrations (overlapping with the O—H stretch-
ing vibration of metronidazole), 1545 or 1536 cm™! signifying N—H bending vibra-
tion of primary amines overlapped with C=N stretching, 1078-1059 cm™! (stretch-
ing vibrations of all amines), and the peaks between 958 cm™! and 821 cm™! (C-H
bending vibrations out of plane). Arif et al. reported similar results for FTIR spectra
of Ag nanoparticles [60]. The peak at 556 cm™! represents the vibration frequency
of the Ag—O bond [61]. The FTIR spectra of the drug-loaded sponges did not reveal
any interaction of the therapeutic agents with the polymer matrix.

SEM/EDX

The SEM images of gelatin/PEG hybrid sponges are shown in Fig. 2, displaying
the surface morphology of the sponges. The SEM images of SA1, SA3, and SAS
exhibited a combination of plate-like structures and sphere-shaped morphology.
The surface morphology of SA2, SA6, SA12, SAA2%, and SAB2% also displayed
plate-like structures. The SEM images of SA4 and SA7 showed globular morphol-
ogy with microporous structures. The surface morphology of SA10 exhibited swol-
len morphology. The SEM images of SA8, SA9, SA11, and SAM2% showed porous
network structures. The SEM images of SAA5% and SAB5% demonstrated a com-
bination of globular morphology with sphere-shaped morphology. Similar micro-
graphs were reported by Wang et al. for ECM-loaded gelatin sponges. Their SEM
images showed highly porous network structures [62]. Several researchers have
reported similar porous morphology for gelatin-based sponges resulting from the
high amount of gelatin in the prepared sponges [25, 63-66].

The concentration of CaCl, used for cross-linking did not yield any significant
effect on the morphology of the sponges. Ngece et al. reported SEM results of
biopolymer-based sponges cross-linked using CaCl, and the concentration of the
cross-linker did not produce any significant effect on the SEM images of the sponges
[67]. The porous structure of the wound dressing is important for improved gaseous
permeation and is suitable to induce high cell proliferation and attachment, nutrient
migration, and acceleration of wound healing. Furthermore, the porous morphology
also influences the water adsorption capacity of the sponges [14].

The EDX analysis was used to determine the % of AgNPs in the gelatin/PEG
sponges (SA1-SA12) and (SAA2% and SAA5%). The mass percentage of Ag in the
sponges was in the range of 0.10-1.13%. The EDX results revealed the successful
incorporation of AgNPs in the sponges (Table 3).

Thermogravimetric analysis of the sponges

The Thermogravimetric analysis (TGA) was performed to evaluate the moisture
content of the gelatin/PEG sponges. Ideal moisture content is effective in providing
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Table 3 The % of Ag in the

prepared sponges Sponges Silver (Ag) (%)

SAl 0.52
SA2 -

SA3 _

SA4 0.48
SA5 0.92
SA6 0.20
SA7 0.26
SA8 0.85
SA9 -

SA10 0.10
SALL 0.15
SA12 1.13
SAA2% _

SAA5% 0.91

an appropriate environment for accelerated wound healing [68]. The TGA ther-
mographs of the sponges are shown in (Supplementary Fig. 2a—q). Sponges SAI,
SA2, SA4, SA6, and SA8 showed four phases of weight loss of 12.96-22.76%
at 32-125 °C, 9.07-18% at 106-258 °C, 20.10-37.68% at 243-448 °C, and
2.55-26.70% at 250-585 °C. Sponges SA3, SAS, SA7, SA9, SA10, SA1l, and
SA12 exhibited three distinct phases of weight loss of 14.70-28.81% at 28-224 °C,
28.38-44.19% at 126432 °C, and 11.36-26.61% at 399-610 °C. Lastly, the sponges
SAA2%, SAA5%, SAB2%, SAB5%, and SAM2% also displayed three significant
stages of weight loss of 19.51-48.75 at 28-156 °C, 13-38.74% at 135-429, and
7.62-20.92% at 370-568 °C.

The first phase of weight loss of the gelatin/PEG sponges was due to the pres-
ence of moisture. Most of the sponges exhibited ideal moisture content that ranged
between 12.96 and 27.28%, except SAA5% (40.65%) and SAB5% (48.75%), indicat-
ing their capability to offer a moist environment, a crucial feature for accelerated
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Table 4 The moisture content of

the sponges evaluated via TGA Sponges Moisture content (%) Porosity

analysis and porosity SAL 2276 21.59
SA2 14.78 81.84
SA3 27.28 42.85
SA4 13.60 76.70
SAS 25.75 71.76
SA6 13.65 77.99
SA7 28.81 43.44
SA8 12.96 64.60
SA9 18.89 39.71
SA10 15.70 89.81
SAll 14.70 78.71
SA12 19.21 77.39
SAA2% 23.71 91.10
SAAS5% 40.65 15.64
SAB2% 19.51 68.00
SAB5% 48.75 22.56
SAM2% 25.55 81.30

wound healing. The moisture contents of the sponges are summarized in Table 4.
The moisture content of the sponges was observed at a temperature that ranged
between 28 and 224 °C. The final two phases of weight loss are attributed to the
degradation of the sponges. The pattern of weight loss of the sponges was similar to
gelatin-chitosan hybrid sponges fabricated by Lu et al. The TGA analysis of gelatin-
based hybrid sponges exhibited three stages of weight; the first stage of weight loss
at a temperature between 40 and 217 °C is attributed to the moisture content of the
sponges [69]. Wen et al. prepared gelatin/sodium alginate hybrid sponges encapsu-
lated with tetracycline hydrochloride to treat bacteria-infected injuries. The TGA
thermographs showed the first phase of weight loss below 120 °C, due to the evap-
oration of moisture and the weight loss that occurred at the temperature between
180 and 370 °C was due to the degradation of the sponges [42]. Naghshineh et al.
reported a first stage of weight loss at the temperature range of 170-300 °C for cur-
cumin-loaded gelatin-based sponges which were also attributed to the moisture con-
tent of the sponges. The second and third phases were attributed to the release of
volatile compounds, depolymerization of the polymer chain in sponges, degradation,
etc. [63].

XRD analysis of the sponges
The XRD spectrum of metronidazole revealed significant crystalline characteristic
peaks at 206=12.50, 13.90, 21.50, 24.90, 29.50, and 33.95 (Supp 3a). The XRD

spectra of gelatin/PEG sponges showed broad peaks, demonstrating the amorphous
nature of the sponges (Supp 3b—k). Some of the characteristic crystalline peaks of
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metronidazole were not significant in the XRD graphs of the sponges. However, a
distinctive peak was visible in all the sponges at 20 =12.50, revealing the success-
ful encapsulation of metronidazole in the sponges. Some researchers that prepared
drug-loaded gelatin-based hybrid scaffolds for wound treatment reported the amor-
phous nature of the sponges [43, 70].

Porosity evaluation of the sponges

The % porosity of the gelatin-based hybrid sponges is shown in Table 4. The poros-
ity of the hybrid sponges ranged between 15.64 and 91.10%. The increasing amount
of gelatin utilized for the formulation of the hybrid sponges enhanced the % poros-
ity of most of the hybrid sponges. In the case of sponges prepared using the same
amount of gelatin, the sponges cross-linked with 2% CaCl, led to higher porosity
than the sponges cross-linked with 5% CaCl,, suggesting that the percentage of
cross-linking agent affected the porosity of wound dressing. Sponge SAA2% dis-
played the highest porosity and was cross-linked with 2% CaCl, when compared to
all the sponges, and it was loaded with only Ag nanoparticles. The sponge, SAA5%,
displayed the lowest porosity and was cross-linked with 5% CaCl,. These results
demonstrate that the percentage of the cross-linking agents influenced the porosity
of the sponges. Furthermore, the high % porosity of the sponges demonstrates that
gelatin, a biopolymer plays a crucial role in enhancing the porosity of the wound
dressings.

Ngece et al. formulated sponges from sodium alginate and gum acacia using
CaCl, as a cross-linking agent. The porosity studies showed that the increase in
the content of biopolymers used for the preparation of the sponges significantly
improved the % porosity of the sponges. Furthermore, utilizing 2% of CaCl, for
cross-linking of the sponges led to higher porosity than those cross-linked with 1%
of CaCl, [67]. Most of the reported gelatin-based hybrid sponges exhibited good
porosity, a feature useful for gaseous diffusion, migration of nutrients to the injury,
permitting the exchange of substances between the cells of the skin, promoting the
absorption of wound exudates, and stimulating high cell adhesion and proliferation
useful for an acceleration of wound healing [71].

In vitro biodegradability studies

The in vitro biodegradability experiments were performed at pH 7.4 and 5.5, simu-
lating physiological pH and a chronic wound environment, respectively. The bio-
degradability of the sponges was analyzed and confirmed by FTIR and SEM. The
sponge selected for in vitro biodegradability are SA3, SA4, SA11, SA12, SAB2%,
and SAB5% due to the different polymer compositions and percentages of the cross-
linking agent. The FTIR spectra of the samples after biodegradation experiments at
pH 7.4 are shown in Supp Fig. 4a—f.

The O-H stretching vibration at 3351-3218 cm™! attributed to the O-H
stretch of metronidazole was replaced by new and multiple peaks in all sponges
after biodegradation. New peaks that appeared for SA3 were at 3377, 3130, and
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3689 cm! after 1, 2, and 3 weeks of the biodegradation studies, respectively,
revealing the degradable nature of the sponges. The O—H vibration peak on SA4
was not visible after one week, and two new peaks were formed at 3355 and
3376 cm™! after 1 weeks of biodegradation studies. Also, the intensity of the
O-H vibration peak of the SA4 was significantly reduced after three weeks. The
O-H vibration peak of the SA11 was broad after three weeks of the biodegrada-
tion studies with the appearance of a new peak at 2429 cm~!. The O-H peak
of SA12 was much broader during weeks 1 and 2 of biodegradation, and a new
vibration peak was formed at 2409 cm™! after 3 weeks of biodegradation studies.

The O-H peak of SAB2% was broader after 1-2 weeks of biodegradation
experiments, and a new peak was visible at 2434 cm™! after 3 weeks of biodeg-
radation. Furthermore, 2 new peaks were visible in the O-H range (3432 and
3376 cm™)) during the third week of biodegradation studies. For SAB5%, the
intensity of O—H vibration stretching was reduced during the 1 and 2 weeks of
biodegradation, and 2 new peaks were visible at 3451 and 3377 cm™!. A new
broad peak was visible at 2397 cm™! after 3 weeks of the biodegradation stud-
ies. The C=0 vibration stretching at 1637-1628 cm™' in all the gelatin-hybrid
sponges loaded with metronidazole was less intense after degradation. The sig-
nificant changes and the formation of new peaks after the 3 weeks of biodegra-
dation studies confirmed that the sponges are biodegradable under physiologi-
cal conditions. The SEM micrographs of the sponges after biodegradation at pH
7.4. are shown in Supp 5a—f. The SEM images showed rough surfaces for all the
sponges after 1, 2, and 3 weeks of the biodegradation experiments. The signifi-
cant change in the morphology of the sponges further confirmed the biodegrada-
ble nature of the sponges. The biodegradable nature of the sponges reveals their
potential capability to induce skin regeneration.

The FTIR spectra of the sponges at the pH of 5.5 after biodegradation studies
are shown in Supp 6a—f. The peaks between 3351 and 3218 cm™! that denote the
O-H stretching vibrations of metronidazole and Ag nanoparticles were absent in
all the sponges after three weeks. The following peaks were reduced after three
weeks in most of the sponges: the C=N stretching at 1545 or 1536 cm™! (over-
lapped with amide II of gelatin), N=0O asymmetric stretching at 1472—1436 cm™!
(overlapped with amide III of gelatin), CH; bending at 1371-1344 cm™!, C-C
stretching at 1426 or 1416 cm™!, CH; bending vibration at 1371-1343 cm™!,
C-N stretching at 1078-1059 cm™!, and =C-H bending at 785-785 cm™".

These changes confirmed that the sponges are degradable. The SEM micro-
graphs of the sponges after biodegradation at pH 5.5 further confirmed the bio-
degradability of the sponges (Supp Fig. 7a—f). The morphology of SA3 changed
from plate-shaped to rough surfaces at weeks 1 and 2, and a mixture of a sphere-
shaped and rod-shaped morphology at week 3. SA4 SEM image displayed
rod-shaped morphology at week 1, globular morphology at week 2, and block-
shaped surface. SA11 displayed a rough surface in weeks 1 and 3. SA12 and
SAB2% also exhibited a rough surface at weeks 1 and 3 of the biodegradation
studies.
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In vitro drug release

The in vitro drug release studies were performed on selected gelatin/PEG sponges
(SA1, SA2, SAS, SA6, SA11, SA12, SAM2%, SAA2%, and SAA5%) loaded with
bioactive agents (metronidazole and Ag nanoparticles). These studies were per-
formed to evaluate the mode of drug release from the sponges at physiological con-
ditions (pH 7.4, 37 °C). The graphs that display the release of metronidazole and Ag
nanoparticles are shown in Supp Fig. 8a—i. The % cumulative drug release of met-
ronidazole was 78.95%, 89.88%, 85.88%, 91.76%, 80.45%, 88.61%, and 86.41% for
sponges SA1, SA2, SAS5, SA6, SA11, SA12, and SAM2% for 24 h, respectively. The
% cumulative drug release of metronidazole was 88.35%, 95.02%, 97.22%, 97.16%,
94.64%, 98.00%, and 98.64% from sponges SA1, SA2, SAS, SA6, SA11, SA12, and
SAM2% for 48 h, respectively, indicating that almost all the loaded metronidazole
was released from the sponges within 48 h.

An initial burst drug release was observed in the first hour from SA1, SA2, SAS,
SA6, SA11, SA12, and SAM2%, respectively, resulting from the high drug solubility
in aqueous systems, making it easily released through the porous scaffolds [72]. The
burst drug release effect was followed by a sustained drug release profile for 48 h.
The initial rapid release is advantageous for the management of wounds by offer-
ing immediate relief followed by sustained release to stimulate a continued healing
process. The initial burst release followed by the sustained drug release significantly
induced the fast killing of bacteria and the inhibition of persisting bacteria, as well
as protecting the wound from further bacterial invasion [68]. Ye et al. reported the
drug release profile of ampicillin from gelatin/bacterial cellulose hybrid sponges for
antibacterial wound dressing application. An initial burst release of ampicillin in the
first hour was attributed to the accumulation of the antibiotic on the surface of com-
posite sponges, followed by a sustained drug release for 48 h [73].

The mathematical models utilized to evaluate the mechanisms of drug release
from the sponges are Zero-order, Higuchi, and Korsmeyer—Peppas models. The val-
ues of R%, n, and K of the drug release models of each sponge are summarized in
Table 5. The correlation of coefficient (R?) was used to evaluate the most appropriate
model that describes the mechanism of drug release. The drug release mechanisms
of the sponges (SA1, SA2, SAS, SA6, SA11, SA12, and SAM2%) for metronida-
zole fitted best into the Korsmeyer—Peppas model with R ranging between 0.9189
and 0.9964, and n values of 0.9616, 0.8671, and 0.9118 for SA1, SA5, and SA12,
respectively, representing a non-Fickian release mechanism (n values greater than
0.5). The n values of SA1, SA6, SA11, and SAM2% were 1.2383, 1.3771, 1.108,
and 1.296, representing a non-Fickian super case II release mechanism (n values
greater than 1).

The release of Ag nanoparticles from the sponges was sustained in the first hour
with a % cumulative release of 10.46% for SA1, 10.20% for SA2, 8.69% for SAS5,
10.75% for SA6, 15.56% for SA11, 10.34% for SA12, 13.62% for SAA2%, and
15.77% for SAA5%. The sustained drug release profile protects the wound from bac-
terial invasion and inhibits bacteria invasion during the wound healing process. The
gelatin hybrid sponges exhibited slow and sustained drug release of Ag nanoparti-
cles for 48 h with % cumulative drug release of 94.09%, 95.13%, 93.85%, 96.69%,
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Table5 The drug release analysis constants of sponges for the Zero-order, Higuchi, and Korsmeyer—Pep-
pas

Sponge Loaded drug Zero-order model  Higuchi model Korsmeyer—Peppas model
K 7 K 2 K n ?

SAl Metronidazole 0.067 0.9012  0.719 0.7072  0.2475 1.2383  0.9766
Ag nanoparticles  0.1277  0.9981  3.8366 0.9881 0.8767 0.5405  0.9992

SA2 Metronidazole 0.0953 0.8668  2.9981 0.9407 0.3763 09616  0.9543
Ag nanoparticles  0.1264  0.9884  3.7521 0.9555 0.8535 0.5213  0.9861

SAS Metronidazole 0.098 0.9704  2.9906 0.9909 03783 0.8671 0.9891
Ag nanoparticles  0.1265  0.9986  3.7744 0.9745 09345 0.7383  0.9964

SA6 Metronidazole 0.059 0.7429  0.668 0.6668 02198 1.3771 0.9189
Ag nanoparticles  0.1083  0.9168  3.29240 0.9894 0.8025 0.3526  0.9750

SAll Metronidazole 0.0958 09741 2.9231 0.9944 02743  1.108 0.9622

Ag nanoparticles  0.0906  0.9842  2.7186 09726  0.5638 0.1896  0.9760
SA12 Metronidazole 0.096 0.9044  1.086 0.7379 03832 09118 0.9733
Ag nanoparticles  0.0995  0.9886  3.0004 0.9870 0.7733 03443  0.9944
SAM2%  Metronidazole 0.068 0.9127  0.860 0.8082  0.2346  1.296 0.9964
SAA2%  Agnanoparticles  0.1378  0.9948  4.1551 09924 0.7973 02716  0.9967
SAA5%  Agnanoparticles  0.1004  0.9931  3.0239 0.9879  0.6023  0.1338 0.9913

95.10%, 96.46%, 97.01%, and 96.05% for sponges SA1l, SA2, SAS, SA6, SAll,
SA12, and SAA2%, and SAAS5%, respectively, over 48 h.

The values of R, n, and K of Ag nanoparticles released from the sponges are
summarized in Table 5. The drug release mechanisms of the nanoparticles from the
sponges (SA1, SA2, SAS, SA6, SA11, SA12, SA2%, and SAAS5%) were best fitted
into the Korsmeyer—Peppas model with R? ranging between 0.9750 and 0.9992. The
n values were 0.5405, 0.5213, and 0.7383 for SA1, SA2, and SAS, respectively, rep-
resenting a non-Fickian release mechanism (n values greater than 0.5). The n values
for SA6, SA11, SA12, SAA2%, and SAA5% were 0.3526, 0.1896, 0.3443, 0.2716,
and 0.1338, representing quasi-Fickian diffusion release mechanism (n values less
than 0.5).

In vitro cytotoxicity studies

Three sponges (SA1, SAM2%, and SAB2%) were selected for in vitro cytotoxic-
ity studies to illustrate the cell viability of the sponges with either a single drug or
a combination of metronidazole with Ag nanoparticles (Fig. 3). The cytotoxicity
of the sponge loaded with a combination of metronidazole and Ag nanoparticles
(SA1), the sponge loaded with only metronidazole (SAM2%), and the plain sponge
(SAB2%) was evaluated by screening these sponges at the concentration of 12.2,
25, 50, and 100 uM of sponges against immortalized human keratinocytes (HaCaT
cells). The calculated % cell viability of each sponge against the untreated cells was
used to analyze the cytotoxicity results of the sponges. The sponge that retained the
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Fig.3 % Cell viability of sponges at different concentrations (incubated with HaCaT cells for 48 h
(p-value=0.0013 for SA1, p-value=0.0105 for SAM2% and p-value=0.0001 for SAB2%)

highest cell viability at the highest concentration (100 uM) was SA1, with a % cell
viability of 86.10%, followed by SAM2% with a % cell viability of 81.51%, and
SAB2% with a % cell viability of 71.71%. The loading of bioactive agents (met-
ronidazole and Ag nanoparticles) into the sponges revealed a high % cell viability,
suggesting that loading the drugs into the wound dressings did not induce any signif-
icant cytotoxic effect. All the sponges exhibited good cell viability, indicating non-
toxicity and good biocompatibility, which are the ideal features for wound dressing
for treating infected wounds.

Zou et al. fabricated gelatin/konjac sponges loaded with gentamicin sulfate and
Au nanoparticles for wound healing applications. The in vitro cytotoxicity studies
employing MTT assay showed that the cell viability of the murine fibroblast cell
line (L929 cells) was more than 80% when incubated with dual drug-incorporated
gelatin-based sponges, suggesting good biocompatibility and non-cytotoxicity [37].
These results are similar to the results reported in this study, revealing the non-toxic
nature of the wound dressings. Lan et al. demonstrated that gelatin/chitosan sponge-
induced cell growth and adhesion of L.929 cells, suggesting that these gelatin-based
hybrid sponges are biocompatible and non-cytotoxic [74]. Gelatin-based scaffolds
have been reported by some researchers to be biocompatible and suitable for bio-
medical applications without causing toxic side effects. The gelatin/alginate wound
dressing materials loaded with silicon carbide nanoparticles reported by Ghanbari
et al. demonstrated cell viability that range between 87.9% and 90.3% when incu-
bated with L929 fibroblast cell lines for 72 h, indicating excellent cytocompatibility
and non-toxicity [75]. Ghanbari et al. prepared gelatin/alginate scaffolds incorpo-
rated with zirconium oxide nanoparticles. The cytotoxicity results showed the capa-
bility of these scaffolds to induce cell proliferation and adhesion [76]. Another study
by Ghanbari et al. showed that the incorporation of nanoparticles into the gelatin/
alginate scaffold-induced significant cell proliferation and viability [77]. Gelatin-
alginate scaffolds loaded with carbon nitride quantum dots showed more than 88%
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cell viability when cultured with osteosarcoma cell lines, indicating excellent bio-
compatibility and non-toxicity [78].

In vitro antibacterial analysis

The antibacterial studies were performed to evaluate the antibacterial activity of
gelatin/PEG sponges loaded with metronidazole and Ag nanoparticles. The anti-
bacterial efficacy of the sponges against Gram-negative and Gram-positive bacteria
strains was observed by comparing their minimum inhibition concentrations (MIC)
values to those of the controls (Table 6). The lowest MIC values of the sponges,
when compared to the control, were considered to be more effective. The antibacte-
rial activity of the loaded metronidazole in the sponge was retained. The co-loading
of metronidazole and Ag nanoparticles into the sponges did not result in improved
antibacterial efficacy. All the sponges displayed superior antibacterial efficacy
against Staphylococcus aureus (SA) except for SA12 than the controls, ampicillin
(AMP), streptomycin and nalidixic acid. The antibacterial efficacy of all the sponges
was excellent against Bacillus subtilis (BS) and Enterococcus faecalis (EF) than all
the controls employed in the study, except SA6. SA7 and SA10 showed significant
antibacterial efficacy against Staphylococcus epidermidis (SE) than the controls.

The sponges exhibited good antibacterial efficacy against Enterobacter cloacae
(ECL) except SA10, SA11, and SA12, than the controls. The antibacterial activity
of sponges SA3, SA4, SAA5%, SAM2%, and SAB5% against Proteus vulgaris (PV)
was excellent when compared to the controls. All the gelatin hybrid sponges showed
significant antibacterial activity against Klebsiella oxytoca (KO) and Proteus mira-
bilis (PM). SA1, SAS, and SA6 showed MIC values of 31.25 pg/mL against Pseu-
domonas aeruginosa (PA), while SA2, SA3, SA4, SA10, and SA12 MIC value
was 15.625 pg/mL, suggesting that they displayed superior antibacterial activity
than controls AMP (64 pg/mL), STM (128 pg/mL), and NLD (128 pg/mL). The
hybrid sponges SA1, SA2, SA3, SA4, SA8, SA9, SAA2%, SAA5%, and SAM2%
displayed good antibacterial efficacy against Escherichia coli (EC) with MIC values
of 15.625 pg/mL than AMP (26 pg/mL), STM (64 pg/mL), and NLD (512 pg/mL).
Sponge SAM2% demonstrated superior antibacterial efficacy against Klebsiella
pneumonia (KP) with a MIC value of 15.625 pg/mL than AMP, STM, and NLD,
with MIC values of 26, 512, and 256 pg/mL, respectively.

Almost all the sponges showed significant and selective antibacterial efficacy
against most of the gram-positive bacteria (BS, EF, SE, and SA) and gram-posi-
tive bacteria (ECL, KO, PM, PA, and EC) than the controls used. The gelatin/PEG
sponges loaded with metronidazole and Ag nanoparticles demonstrated good anti-
bacterial efficacy against the strains of bacteria (S. epidermidis, P. aeruginosa, S.
aureus, E. coli, and P. vulgaris) that commonly cause wound infections [79, 80],
demonstrating that these sponges are potential scaffolds that can be utilized for the
management of infected chronic injuries. P. vulgaris and S. epidermidis are responsi-
ble for antibiotic resistance genes, and they can cause biofilms that result in chronic
wounds [81]. Biofilms caused by P. aeruginosa are generally classified as difficult-
to-heal chronic wounds [82]. Metronidazole is effective against resistant strains of
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P. aeruginosa when utilized in combination therapies [83]. However, it suffers from
drug resistance and adverse side effects.

Some research reports have shown that metronidazole-loaded wound dressing
scaffolds are effective for the treatment of infected wounds. Brako et al. reported
PVP/PCL nanofibers wound dressings loaded with metronidazole. The nanofib-
ers were more effective against P. aeruginosa cells than the control, metronida-
zole creams [84], indicating that the nanofibers are potential wound dressings for
the management of bacteria-infected wounds. Metronidazole-loaded gelatin/poly
(3-hydroxy butyrate) nanofibrous scaffolds were reported by El-Shanshory et al.
with excellent antibacterial activity against E. aureus with a diameter of inhibi-
tion zone of 5.42 mm [85]. El-Newehy et al. prepared PVA/PEO nanofibers loaded
with metronidazole that displayed superior antimicrobial effects against P. aerugi-
nosa, E. coli, Penicillium notatum, Aspergillus niger, and Aspergillus flavus [86].
Metronidazole-loaded gelatin/PEG-based composite hydrogels prepared by Khade
et al. also showed good antibacterial activity against E. coli [87]. These preclinical
research reports demonstrate that wound dressings loaded with metronidazole are
promising systems for treating infected wounds. Many studies have also evaluated
the therapeutic efficacy of Ag nanoparticles-loaded materials as potential antibacte-
rial wound dressings.

Ye et al. fabricated gelatin—gelatin sponges cross-linked with tannic acid and
incorporated them with Ag nanoparticles. The antimicrobial experiments demon-
strated that the addition of Ag nanoparticles improved the antibacterial effects of
the sponges against E. coli and S. aureus [88]. The Ag nanoparticles-loaded gela-
tin-based sponges reported by Wu et al. showed excellent and sustained antibacte-
rial activity against Streptococcus mutans (gram-positive bacteria) with MIC values
ranging between 0.5 and 2.1 mm [89]. Other antibacterial studies reported by Rat-
tanaruengsrikul et al. showed that gelatin wound dressings loaded with Ag nano-
particles inhibited 99.7% bacterial growth of P. aeruginosa, S. aureus, and E. coli,
common bacterial strains that cause wound infections [90]. Khanha et al. prepared
gelatin-based composites loaded with a combination of Ag nanoparticles and cur-
cumin that promoted excellent antibacterial effects against S. aureus and P. aerugi-
nosa than the composites incorporated with only curcumin [91].

Aktiirk et al. synthesized PVA nanofibrous mats incorporated with starch and
coated with Ag nanoparticles that exhibited potent growth-inhibitory and excellent
antibacterial effects against S. aureus and E. coli [92]. Kohsari et al. prepared PEO-
chitosan antibacterial nanofibrous mats loaded with Ag nanoparticles with more
than 99% inhibition effects against E. coli and S. aureus [93]. Thomas et al. formu-
lated PCL nanofibrous membranes incorporated with Ag nanoparticles with supe-
rior antimicrobial activity against Staphylococcus haemolyticus and S. epidermidis
than the pristine membranes [94].

In vitro scratch wound healing assay
In vitro scratch wound-healing assay was performed on sponges SAl (sponge

loaded with metronidazole and Ag nanoparticles) and SAM2% (sponge loaded
with Metronidazole only). Both wound dressings displayed high % cell viability.
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Wound healing studies were performed at time points of 0, 24, 48, 72, and 96 h
to compare the rate of closure of the treated and untreated cells. The wound
healing results are shown in Fig. 4a—o. The cells treated with sponge SAM2%
exhibited a higher rate of closure than the untreated cells and SA1 treated with
HaCaT cells for 96 h as shown in Table 7. SAM2% and SAI treated with cells
exhibited a reduction in the scratch area with a closure rate of 66.68 and 46.61%,
respectively, while the untreated cells displayed a closure rate of 29.93% for 96 h
(4 days). These results revealed that the sponge loaded with a combination of
metronidazole and Ag nanoparticles or loaded with metronidazole alone, signifi-
cantly accelerated the rate of wound closure in vitro than the untreated scratch
cells. SAM2% showed a significant reduction in the scratch area than SA1. Met-
ronidazole loaded in the sponges acts as a chemoattractant to improve cell migra-
tion of HaCaT cells, an important feature to restore skin integrity.

Raja and Fathima reported gelatin-based composite wound dressings incorpo-
rated with cerium oxide nanoparticles. The in vitro scratch wound healing assay
employing scratched NIH-3T3 fibroblast cells that were visualized using a light
microscope showed the fastest % reduction in lesion area of 49.4 +0.2% for drug-
loaded gelatin composite when compared to the plain gelatin-based composite
(47.3+£0.3%) and untreated stretched cells (44.8 +0.2%) for 10 h of the assay
[95]. Zhang et al. fabricated gelatin sponges for the treatment of wounds. The
in vitro scratch healing analysis showed an accelerated rate of closure of 78% on
day 2 of scratch human skin fibroblasts, demonstrating the potential application
of gelatin-based sponges in wound healing [96]. Growth factor was loaded to gel-
atin methacryloyl/poly(3-hydroxybutyrate-co-3-hydroxyvalerate) hybrid patches
by Augustine et al. which significantly promoted accelerated wound closure [97].

Conclusion

Gelatin/PEG sponges loaded with metronidazole and Ag nanoparticles were suc-
cessfully formulated. The porosity of the gelatin-based hybrid sponges was in the
range of 15.64-91.10%, and it increased with an increase in the gelatin content
used to prepare the sponges, revealing that these sponges can improve cell pro-
liferation and gaseous exchange during wound dressing applications. The in vitro
studies (i.e., biodegradability, drug release, cytotoxicity, antibacterial, and scratch
wound healing) revealed high % cell viability and promising antibacterial effi-
cacy against Gram-positive bacteria and Gram-negative bacteria, ideal features
for wound dressings effective in treating infected wounds. In vitro scratch wound
healing studies showed that the cells treated with the sponges promoted cell pro-
liferation, an important feature useful in wound closure than the untreated cells
for 96 h, revealing their potential to induce wound healing.
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Fig.4 Wound scratch images a Untreated cells at 0 h b SA1 at 0 h ¢ SAM2% at 0 h d untreated cells
at 24 h e SAI at 24 h f SAM2% at 24 h. Wound scratch images g Untreated cells at 48 h h SA1 at 48 h
i SAM2% at 48 h j untreated cells at 72 h k SA1 at 72 h 1 SAM2% at 72 h. Wound scratch images m
Untreated cells at 96 h n SA1 at 96 h o SAM2% at 96 h
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Fig. 4 (continued)

Table 7 Area of the scratch wound for the sponges (0-96 h)

Time (h) Area (mm?)
Untreated cells SAM2% SA1

0 881.032 876.272 823.383

24 758.655 419.124 607.580

48 729.597 311.258 538.212

72 647.623 215.126 481.316

96 617.324 292.061 439.603

Total reduction 263.708=29.93% 584.211=66.68% 383.78=46.61%

(p-value=0.0037 for SAM2% and 0.0060 for SA1)
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