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Abstract
Open wound ulcer treatment remains a great challenge in wound care management especially involving elderly patients and
multidrug resistance pathogen. Green-synthesized antibacterial nanocomposites have shown promising benefits in treating
open wound ulcers. The present work studied the phytochemicals, biodegradation, storage, cytocompatibility and wound healing
profiles of chitosan (Cs) film embedded with ZnO/CuO nanocomposites synthesized from of Calotropis gigantea (C. gigantea)
leaf extract. HPLC was used to detect Quercetin bioactive constituent. Our cytocompatibility study demonstrated ZnO/CuO-Cs-
1wt.% nanocomposites displayed highest cell viability (~ 169%) at 72 hours treatment. The biodegradation rate of ZnO/CuO-Cs-
1wt.% increased proportionally with days of immersion and fully dissolved in 8 days while, commercial control degraded
partially. The ZnO/CuO-Cs-1wt.% also exhibited significantly enhanced cell migration (26.81 µm/h) and wound closure (62.35 ± 
9.46%) at 12 hours. This finding is also supported by our in vivo excisional open wound studies in Sprague-Dawley (SD) rats,
which showed progressive recovery in 14 days. The controllable release of multiple metal ions (i. e., Zn2+, Cu2+ and Ca2+),
reactive oxygen species (ROS), and bioactive elements from green synthesized ZnO/CuO-Cs nanocomposites might contribute
to the wound recovery proses. This study highlighted the promising outcomes exhibited from green synthesized ZnO/CuO-Cs-
1wt.% in wound healing technology.

1. Introduction
The biological healing response of open wound ulcers is interrupted and delayed by many local and systemic factors such as
medication, obesity, smoking and alcoholism, microbial infection, age of bedridden and long hospitalized patients, sex
hormones, stress level, history of serious illness like diabetes and oxygenation [1, 2]. Presently numerous scientific studies have
yielded fabrication of an ideal wound dressing materials with biodegradable properties and a detailed in vivo toxicological
investigation using animal model (i. e., rats, mice and rabbits) in tackling deficiencies in chronic wound healing. The reason
hybrid albino male Sprague-Dawley (SD) rats were mostly chosen by scientists because they have calm temperament, easy
handling, hormonal aspect and been widely used in safety test in the biomedicine [3, 4, 5]. Currently, polymer-based wound
dressing material attracts countless attention in wound healing application (Table 1.0).

Microbiologically-mediated biodegradation is another important aspect in producing value-added wound dressing materials.
Currently, non-biodegradable synthetic polymers create more plastic waste and it became biggest environmental threats and
contaminants. This issue driving force amongst scientist in formulating new biodegradable chitosan (Cs) based biomaterials
with enhanced structural properties. This set of experiment was carried out to investigate and compare wound healing
performance of optimized Cs nanocomposites (ZnO/CuO-Cs-1wt.%) using an in vitro wound scratch method and in vivo
excisional open wound in adult male SD rats. The expected outcome of this study to have potential biodegradable and
biocompatible wound dressing materials which encourage faster wound healing; enhance cell proliferation; bring complete re-
epithelialization; giving miraculous scar reduction and effective in treating open wound ulcers.
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Table 1.0
An ideal wound dressing material with biodegradable properties and in vivo animal toxicological investigation.

Wound dressing Animal Size of
created
wound

Wound
closure
rate

(%)

Total
days for
full
recovery

(day)

Wound
stimulation
mechanism

Biodegradation
rate

Refs

AMP- and CeON-loaded catechol-
modified hydrogel

SD rats Ø= 8.0
mm

100 14 ROS (1–10
nmol H2O2)

100% in 14
days

[6]

Oligomer
Chitosan/Polyvinylpyrrolidone

Male
albino
mice

Ø= 10
mm

100 10 Electron-rich
oxygen atoms

Nil [7]

Curcumin grafted hyaluronic acid
modified pullulan polymers

Wistar
rats

Ø= 1.5
cm

100 21 Curcumin and
ROS

Nil [8]

Polygalacturonic/Hyaluronic acid
embedded silver nanoparticles

Male
rats

Ø= 2.5
cm

100 14 Nil Nil [9]

Bilayered multi-functional
electrospun nanofibrous
membrane - quaternized silicone
and quaternized chitosan

Rabbits Ø= 7
mm

97 14 Nil Nil [10]

Gold/perlite nanocomposite using
Urtica dioica extract and its
chitosan-capped derivative

BALB/c
male
mice

7 mm2 100 14 Antioxidant Nil [11]

PVP/PLA-PEO complex
nanofibers

encapsulating collagen and
cefazolin

Albino
Swiss-
Webster
mice

Ø= 10
mm

100 14 Nil Nil [12]

Chitosan/Sodium Alginate/Velvet
Antler Blood Peptides Hydrogel

Male
ICR
mice

Ø= 1
cm

100 14 Numerous
short-chain
peptides in
VBPs

59.26% in 14
days

[13]

Chitosan/PDLLA-PEG-PDLLA
solution

Male SD
rats

Ø= 1
cm

95 7 Complex
hydrophilic
polymers with
a high-water
content

No
degradation

[14]
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Table 1.0
An ideal wound dressing material with biodegradable properties and in vivo animal toxicological investigation (continued).

Wound dressing material Animal Size of
created
wound

Wound
closure
rate

(%)

Total
days for
full
recovery

(day)

Wound
stimulation
mechanism

Biodegradation
rate

Refs

Chitosan-based hydrogel with
MOF-loaded α-lipoic acid

Male SD
rats

Ø= 15
mm

100 11 Nil Nil [15]

Chitosan/poloxamer-based
thermosensitive hydrogels
containing zinc
gluconate/recombinant
human epidermal growth
factor

SD rats Nil 100 21 Zn2+ and rhEGF Slow
degradation till
20 days

[16]

Sprayable thermosensitive
hydrogel coupled with zinc
modified metformin

Male
C57BL/6
mice

Ø= 8 mm 100 11 ZnMet could
inhibit ROS

Nil [17]

ZnO-Fe2O3/kaolinite
nanoclay/poly-(3-
caprolactone)-gelatin

Male
BALB/C
mice

Area of 2
cm2

88 14 Nil Nil [18]

Bionanofiber chitosan/
polyvinyl alcohol
incorporating honey and
Nepeta dschuparensis

Male
Wistar
rats

Ø= 2.2
cm

59.85 21 Nil Nil [19]

Thymoquinone loaded
chitosan-lecithin micelles

Balb/c
mice

1 cm2 100 16 1, 4
benzoquinone
bioactive
constituent

Nil [20]

Carboxymethyl cellulose
nanofibril-loaded
fucoidan/alginate-based
gellan gum

ICR
female
mice

Full
thickness
of 8 mm

100 14 ROS Nil [21]

Copper ions-substituted
hydroxyapatite/polydopamine
nanocomposites

Male
Balb/c
mice

Nil 100 14 Cu2+ Nil [22]

Polysaccharides from
Gracilaria lemaneiformis

Male KM
mice

Ø= 0.5
cm

100 12 Sulfated
polysaccharides

Nil [23]
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Table 1.0

An ideal wound dressing material with biodegradable properties and in vivo animal toxicological investigation (continued).
Wound dressing material Animal Size of

created
wound

Wound
closure
rate

(%)

Total
days for
full
recovery

(day)

Wound
stimulation
mechanism

Biodegradation
rate

Refs

Chitosan-based polyurethane
hydrogel

Female
Wistar
rats

Ø= 6mm > 90 14 Nil 100% in 8
weeks

[24]

Quaternary ammonium
chitosan nanoparticles (TMC
NPs)/chitosan
(CS)composite sponge

Male
Kunming
mice

1.5cm×1.5cm 100 16 Nil 58.2% in 5
days

[25]

Ag-PCL/GelMA fibrous
membranes

Male SD
rats

Ø= 15 mm > 90 20 Nil Nil [26]

Catechol modified
quaternized chitosan

BALB/c
mice

1.5 cm long 99.4 10 Nil 100% in 6
weeks

[27]

Chitosan biopolymer
encapsulated 1wt.% green
synthesized binary ZnO/CuO
from Calotropis gigantea (C.
gigantea)

Male SD
rats

Area:
2cmᵡ2cm
and 0.2cm
depth

86.44 14 Cu2+ and
Zn2+

Fully
biodegradable
in 8 days

“This
work”

2. Materials And Methods

2.1. Materials
In this study, zinc nitrate hexahydrate (Acros) and copper (II) nitrate trihydrate (99.5%, Merck), from Darmstadt were used as
main precursors. Silver alginate (Ag-Alg) was used as commercial control. Medium molecular Cs flakes (Aldrich) with degree of
deacetylation 75–85% and mean molecular weight of 190,000-310,000 Da was used for Cs nanocomposites formulation. The
fibroblast cells lines model, L929 used in this work was purchased from American Type Culture Collection (ATCC, USA).
Fibroblast was maintained in Roswell Park Memorial Institute (RPMI) 1640 media (Gibco, Life technologies) and the media was
supplemented with other nutrients. The alamarBlueTM cell viability reagent DAL1025 (Invitrogen, United Kingdom) was used for
cell viability assay. The MDR pathogen (MRSA 38591) was obtained from American Type Culture Collection (ATCC). Luria-
bertani (LB) nutrient medium was purchased from Sigma Aldrich (Darmstadt, Germany) and was used to culture MRSA 38591.
Finally, male adult SD rats were purchased from Animal Research Centre (ARC), Advanced Medical and Dental Institute,
Universiti Sains Malaysia.

2.2. Preparation of lyophilized porous ZnO/CuO-Cs-1wt.%
nanocomposites
Green-synthesized dual ionic ZnO/CuO nanocomposites from C. gigantea leaf extract and freeze-thawed porous ZnO/CuO-Cs-
1wt.% nanocomposites were fabricated according to method described in previous works [28, 29]. C. gigantea is also known as
giant milkweed or Lembiaga.

2.3. Characterization of lyophilized porous ZnO/CuO-Cs-1wt.%
nanocomposites

2.3.1. HPLC pre-screening analysis
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High-performance liquid chromatograph (HPLC) with PDA Detector (SHIDMAZU HPLC, PROMINENCE LC-20AT) was used to
determine the finger prints of phenolic compounds. The C. gigantea leaf extract aqueous solution was prepared using deionized
water at boiling condition. This pre-screening method was done using mobile phase of acetonitrile solution (A) and 0.1% v/v
formic acid solution in water (B) at 30°C with different elution gradients and run times (Method C) as recommended by previous
works [30]. The flow rate of the mobile phase was fixed at 0.4 mL/min [31]. Then, 2 µL of diluted extract solution volume was
injected. UV peak absorbance was captured at wavelengths of 280 nm and 360 nm. For method C, linear gradient elution was
set as: 0–12 min, 85% B; 12–22 min, 75% B; 22–30 min, 85% B.

2.3.2. Physical appearance and pH determination
The physical appearance of fabricated samples was captured through visual inspection. The pH of each type of mixing
compound (pure Cs and ZnO/CuO-Cs-1wt.%) was determined using basic bench top pH meter (EUTECH pH 700).

2.3.3. Storage analysis
The stability and bactericidal performance of freeze-thawed pure Cs and ZnO/CuO-Cs-1wt.% (1mm×1mm) was investigated
against MRSA at different storage temperature (25 and 4°C) and different storage time (1 and 2 months) [32]. The samples were
kept inside air tight glass bottle during the treatment. The bactericidal effect of fabricated samples was measured by reading
absorbance of treated sample in 106 cfu/mL bacterial broth culture (200 µL/well) after 24 hours of incubation using microplate
spectrophotometer at optical density wavelength of 580 nm. All treatment groups were carried out in triplicate.

2.3.4. Biodegradation study
The degradation (%) of the 6 mm diametrical disc of pure Cs, ZnO/CuO-Cs-1wt.% and positive commercial control (Ag-Alg)
samples were monitored at regular time intervals (4, 6 and 8 days) by carefully immersing them in a small air tight glass bottle
with 3 mL of phosphate buffer saline (PBS) at physiological pH of 7.4 and incubation temperature at 37°C. The weight loss of
the samples over time were evaluated by recording the initial weight before immersion and final weight after immersion. Final
weight of the sample at each regular time interval was measured after fully removing the excessive water content from the
sample followed by gentle dabbing using tissue paper. This protocol was performed as illustrated by Maiti et al. (2021) [33]. The
degradation (%) was determined using the formula:

Degradation (%) = %

2.3.5. Cytocompatibility assay ISO 10993-5 (2009)
This set of experiment was carried out to evaluate in vitro cytocompatibility for ZnO/CuO-Cs nanocomposite using ATCC
fibroblast cells lines model, L929. Direct contact method (ISO 10993-5) protocol was applied and cell viability was measured
quantitatively via Alamar blue assay. This is a common test method used in evaluating wound healing film [34, 35]. A sample is
classified as cytotoxic if the cell viability is lower than 70% [36]. The cell lines were seeded in to 96-well plates at a seeding
density of 1 × 104 cells/well [37, 38, 39] and incubated for overnight in the following conditions of 5% CO2, 37°C and > 90%
humidity. The test samples with equal size (1mm×1mm) [34, 40] were cut and sterilized under UV for 20–30 mins [41, 42, 43].
The old culture media was removed after formation of confluent and homogeneous cell’s monolayers and then, replaced with
200 µL/well of fresh culture medium [39] along with three replicates samples for each treatment according to the direct seeding
method [35, 37, 44, 45]. Two biological conditions were carried out. The following controls such as pure Cs control, cell control
(L929), commercialized control (Ag-Alg), and a negative control (10% (v/v) DMSO) were presented as well. The cell’s morphology
and migration were analyzed under inverted microscope after different incubation period of 24, 48 and 72 hours. At last, 100 µL
of 10% of Alamar blue solution was placed at respective time intervals and the cell viability absorbance was determined via
microplate spectrophotometer at optical density wavelength between 570 nm and 600 nm.

2.3.6. In vitro wound scratch assay using L929 cell line
An in vitro wound scratch method was employed to study wound closure and cell migration rate of the cell lines according to the
established protocol [46, 47]. Briefly, 3×104 cells/well were seeded into 96 well culture plates and incubated for 24 hours in CO2

ₓ100
Initialweight−Finalweight

Initialweight
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incubator at 37°C. A sterile 200 µL pipette tip was used for wound scratch. Suspension containing of pure Cs, ZnO/CuO-Cs-
1wt.% and commercial control (Ag-Alg) with size sample of 1mm×1mm in 200 µL culture media were prepared for treatment.
Meanwhile, 10% (v/v) of dimethyl sulfoxide (DMSO) was used as negative control. At different time interval (0, 12 and 24 hours),
the wound closure distant (µm) and cell migration over time were observed under the inverted microscope and analyzed via
ImageJ software. This assay was carried out with two biological replicates with n = 3. Wound closure % and cell migration rate
(RM) were calculated using recommended Equation [1.0] [47] and Equation [2.0] [48, 49]:

Equation [1.0]:

Wound closure (%) = ×100

Equation [2.0]:

RM =

2.3.7. In vivo wound healing study using SD rat model
In this work, total 12 male SD rats, aged between 6 and 8 weeks which approximately weighs 200 g to 250 g, were utilized in four
different treatment group. The number of the animals per group (n) were based on the method employed by Jamadi et al. (2017)
[50], Ismail et al. (2019) [51], Yeng et al. (2019) [52] and Fu et al. (2021) [53]. In the event, animal need to be euthanized due to
humane consideration, it shall be replaced to meet the minimum 3 animals per treatment. All experimental animals were
approved by USM Institutional Animal Care and Use Committee (USM IACUC) with approval number USM/IACUC/2022/ (134)
(1187). Animals were placed in the individual cage (singly house) with corn cob bedding. Standard laboratory diet food 4 mm
pellets (Altromin) and unrestricted supply of drinking water were given [54]. Daily water and food intake of all animals were
closely monitored. All rats were anesthetized by intraperitoneal injection of 75.0 mg/kg ketamine and 8.0 mg/kg xylazine [54, 55,
56]. Under anaesthesia, the dorsal hair from mid back surface had been shaved carefully using hair clipper and razor.

After that, the skin on the back area were marked on the posterior part of the scapula, and then, using scissors and a surgical
blade, the entire skin was removed so that the 2 mm depth of the wound included a derma and a hypoderm, and the wounds
were washed with normal saline [55]. The size of the shaved area is more than 4 cm square, and the wound size is
2cmᵡ2cmᵡ0.2cm. Each animal was wounded with one square excision wounds on dorsal individually. Analgesic (Meloxicam)
1.0–4.0 mg/kg subcutaneously administrated for maximum 3 days against SD rats for post-surgery. Then the initial wound area
which created on Day 0 was photographed and recorded. In next, the sterilized samples were placed over the created wounds
and fixed in place using an adhesive biological membrane (Tegaderm™ Transparent Film). The wound that is not treated with
bacteria served as Blank or Bare group [57]. The wound that is treated with commercial hydrogel bandage (Ag-Alg) served as
positive control group. For other optimized samples pure Cs and biodegradable porous ZnO/CuO-Cs-1wt.% nanocomposites
were applied in bare wound of rats.

Wound size created on first day (Day 0) will be set as benchmark. The dressing materials were changed at Days 3, 7, 11 and 14.
During the changing of dressings, photographs were taken, and the wound area were measured using a UV sterilized transparent
polyethylene sheet. The sheet was kept on top of the wound and area were marked using a marker pen. The marked area was
then transferred to graph sheet for getting the exact value through analysis using image J software [54, 55, 58]. After day 14, all
animals were euthanized by lab technician with method of asphyxiation using 100% of CO2 inhalation with flow rate 10–20% of
the chamber volume per minute. All major internal organs, including heart, liver, spleen, lung and kidney were harvested after
euthanasia for naked-eye morphological observation (i. e., swelling, tumor growth and discoloration) [44, 58]. The cytotoxicity
effect of nanosized binary ZnO/CuO in Cs biopolymer against internal organs of SD rats can be investigated by comparing
treated group with normal bare control group animals [59, 60, 61, 62, 63].

2.3.8. Quantification of multiple metal ion release
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Perkin Elmer OPTIMA 7300DV) was used to quantify the
total Zn (Zinc), Cu (Copper) and Ca (Calcium) ions release (mg/L) from ZnO/CuO-Cs-1wt.% nanocomposite. Cs sample labelled

Averageinitialdistancescratch−Averagedistancescratchaftertimeinterval

Averageinitialdistancescratch

Averageinitialwoundwidth−Averagefinalwoundwidth

Timespan
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as blank control, while Ag-Alg as commercial control. A standard calibration curve was prepared by running a series of standard
solutions ranging from 1 ppm, 10 ppm, 25 ppm and 100 ppm made from stock solution. Square sample (1cmᵡ1cm) of each
treatment group was immersed in 20 mL deionized water for 24 and 72 hours at room temperature for metal ion facilitation.

2.3.9. Statistical analysis
Two-way ANOVA test was employed to determine the differences among the different treatment’s groups. Data was considered
statistically significant if P value is less than 0.05. All the test data are expressed as the mean ± standard deviation (SD) of three
replicates.

3. Results And Discussion

3.1. HPLC pre-screening analysis
In this pre-screening study, the bioactive constituents such as phenolic and flavonoids in C. gigantea leaf extract solution were
determined. The graph captured several main peaks corresponding to retention time of 3.937 min, 6.659 min and 6.771 min
(Table 2.0). Most prominent and sharp intensity peak of Quercetin bioactive compound was detected at 6.659 min [64] (Figure
S1; Supplementary material). Some minor peaks at RT of 3.937 and 6.771 might be attributed to the presence of Vanillin and
Benzoic acid, respectively [30]. The FTIR and UV-vis results from previous study agree with the finding of formation of flavonoid
compound during green synthesis [28]. In the presence of high content of Quercetin phytocompound in C. gigantea leaf extract
solution, antibacterial properties and antioxidant activities were further improved [65]. Quercetin bioactive compound belongs to
flavonoid group of polyphenols with molecular formula of C15H10O7. Naturally, it has many promising characteristics such as
anticancer, antiviral, antifungal, antimicrobial, anti-inflammatory and antioxidant. In this study, we believed that the Quercetin
phytocompound play an important role in promoting synergistic antibacterial activity towards MDR and non-MDR skin
pathogens [28, 66].

Table 2.0
Several main peaks corresponding to retention

time (RT).
Peak # RT (min) Area (%) Height (%)

1 3.937 10.472 1.916

2 6.659 63.019 89.106

3 6.771 26.269 8.956

4 8.643 0.240 0.022

 

3.2. Physical appearance and pH determination
Porous Cs and Cs biopolymer containing 1 wt.% of binary green-synthesized nanocomposites (ZnO/CuO) samples, were
fabricated by freeze-thawing process appears in white and greyish white, respectively. Both samples show a strong acidic pH
between 4.50 and 4.69. Incorporation of 1 wt.% of binary green-synthesized ZnO/CuO nanocomposites in Cs biopolymer slightly
increase the pH. Enhanced antibacterial effect and speed wound recovery could be achieved by creating an acidic environment.
This could be explained that, an acidic pH level might accelerate wound healing by fighting against wound infection, boosting
bactericidal activity, improving re-epithelization and angiogenesis [67]. Previous studies reported that, the transparent acidic
Chitosan + 75%Honey sample with pH level of 4.34 had highest ZOI towards P. aeruginosa, S. aureus, K. pneumonia and S.
pyogenes and it also has highest healing rate of burn wounds [68]. Other than that, ZnO QDs has rapid dissolution and release
of zinc ions and excellent bactericidal effect at pH below than 5.5 [69].

3.3. Storage analysis



Page 9/22

The storage analysis (Tables 3.0 and Table 4.0) revealed that, the different storage temperature (25 and 4°C) and different
storage time (1 and 2 months) of the Cs and ZnO/CuO-Cs-1wt.% samples were able to tune the bactericidal performance against
multi-drug resistant pathogen (MRSA). Particularly, the 1 month treated-storage group (ZnO/CuO-Cs-1wt.%) at different storage
temperature exhibited a significant antibacterial effect with low optical density between 0.37 ± 0.05 and 0.48 ± 0.06, while
control MRSA strain showed highest absorbance of 0.95 ± 0.04. The material shelf life might be deteriorated if it is kept at longer
period. So far very limited research works only investigated on bactericidal performance of storage condition-dependent wound
dressing material [32].

Table 3.0
Absorbance for storage room temperature at

different storage time (1 and 2 months).
Stored at room temperature

Sample 1 month 2 months

Control MRSA 0.95 ± 0.04 0.93 ± 0.01

Cs 0.8 ± 0.05 0.85 ± 0.08

ZnO/CuO-Cs-1wt.% 0.37 ± 0.05 0.49 ± 0.09

 
Table 4.0

Absorbance for freezing temperature at different
storage time (1 and 2 months).

Stored at 4°C inside freezer

Sample 1 month 2 months

Control MRSA 0.95 ± 0.04 0.93 ± 0.01

Cs 0.55 ± 0.01 0.97 ± 0.02

ZnO/CuO-Cs-1wt.% 0.48 ± 0.06 0.53 ± 0.16

 

3.4. Biodegradation study
Degradation rate (%) of the prepared biomaterials are depicted in Table 5.0. The degradation rate for Cs, ZnO/CuO-Cs-1wt.% and
commercial control samples were 100 ± 0.00, 100 ± 0.00 and 50.35 ± 11.20%, respectively. The degradation rate of ZnO/CuO-Cs-
1wt.% sample was greater than commercial control sample where it could be fully dissolved in 8 days, while commercial control
sample degraded partially. As per observed, the percentage of degradation of these samples were time-dependent and increases
proportionally. In the present study, we found that the pure Cs sample was degraded partially at 3 hours of immersion time and
fully dissolved at 8 hours of immersion time which may indicate that pure Cs without an addition of green-synthesized binary
nanocomposites has very weak polymer chain and structural properties resulting in prominent degradation rate. Based on our
findings, ZnO/CuO-Cs-1wt.% sample were highly swelled on 1–2 days of immersion time and the water content of the sample
cannot be fully dabbed with tissue paper where it might destroy the nanoparticulated polymer structures. However, ZnO/CuO-Cs-
1wt.% sample have considerable biodegradation properties which play an important role in eliminating medical waste and
create green environment without soil pollution.
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Table 5.0
Degradation (%) of the prepared biomaterials.

Sample Degradation (%)

4 Days 6 Days 8 Days

Cs 100 ± 0.00 100 ± 0.00 100 ± 0.00

ZnO/CuO-Cs-1wt.% 17.18 ± 13.44 82.17 ± 5.65 100 ± 0.00

Ag-Alg 1.19 ± 0.32 29.36 ± 20.82 50.35 ± 11.20

 

3.5. In vitro cytocompatibility investigation at different incubation time
The investigation of nanoparticulated polymer biomaterial (ZnO/CuO-Cs-1wt.%) in vitro was studied against fibroblast cell line
at different incubation time (24, 48 and 72 hours) and the results are depicted in Fig. 1.0. These results demonstrated that,
(ZnO/CuO-Cs-1wt.%) sample had no apparent cytotoxic effects (~ 169%) along with normal elongated filopodia cell morphology
at 72 hours treatment, indicating that this bactericidal and wound healing agent owned an excellent wound closure rate and
cytocompatibility nature. This was owing to the high porosity and improved swelling characteristic of ZnO/CuO-Cs-1wt.%
sample which increases absorption capacity of exudate from chronic wounds and provides passages for intake of nutrients and
body fluid for wound recovery and re-epithelization [70].

Besides of that, successful control on steady and slow release of free radicals such as •O2− and •OH− from this ZnO/CuO-Cs-
1wt.% nanocomposites might present with cytocompatibility properties towards human cells and can accelerate wound healing
properties [71]. We believed that, smaller size irregular oval and quasi-spherical shape green-synthesized binary 75ZnO/25CuO-
300C nanocomposites might further accelerate controllable amounts of metal ions release and promote cell proliferation [58,
72]. In line with this study, pure Cs sample exhibited cell viability of 129%, which was slightly lower to the (ZnO/CuO-Cs-1wt.%)
sample, while the negative control does not promote the cell's augmentation. Collectively, these outcomes exhibited that
ZnO/CuO-Cs-1wt.% would be suitable candidates for wound healing application.

3.6. In vitro wound healing profile: scratch assay
The wound healing efficacy of an optimized ZnO/CuO-Cs-1wt.% nanocomposites sample was further evaluated against
fibroblast cell lines at different time intervals (12 and 24 hours). The findings on wound closure (%) and cell migration rate over
time was shown in Table 6.0 and Fig. 2.0. The wound closure for ZnO/CuO-Cs-1wt.% nanocomposite is equivalent to the
commercial control (Ag-Alg) which is around 62% at 12 hours. Meanwhile, a slightly improved wound healing extent (45%) were
seen in the pure Cs group in comparison with the cell control (L929). This might be linked to the release of positively charged Ca
ions (Ca2+) from Cs polymer, which was revealed from EDAX, XRD and ICP analysis [29]. These ions might help in promoting cell
proliferation and wound healing [73]. But it was noted that, all treated groups have complete wound closure at 24 hours except
negative control has shown no sign of wound healing. Rapid wound closure rate was clearly seen for the ZnO/CuO-Cs-1wt.%
treated group. Moreover, ZnO/CuO-Cs-1wt.% treated group has exhibited remarkable cell migration rate of 26.81 µm/h at 12
hours. This might be due to the effectiveness of optimized ZnO/CuO-Cs-1wt.% biomaterial in stimulating wound healing and
angiogenesis process via synergistic activity with presence of multiple ionic system (Cu2+, Zn2+ and Ca2+) [58, 74, 75] and
hydrophilic nature of Cs molecules as it was proven before in contact angle analysis [76]. From the above discussion, it was
clear that ZnO/CuO-Cs-1wt.% has remarkable wound healing characteristic for biomedical applications.
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Table 6.0
Wound closure (%) and cell migration rate for different control

and treatment group against fibroblast cell lines. “NA”
symbolizes as no wound closure was observed.

Sample Wound closure

(%)

Cell migration rate

(µm/h)

L929 Control 42.56 ± 7.41 21.8

Cs 45.95 ± 0.76 14.45

ZnO/CuO-Cs-1wt.% 62.35 ± 9.46 26.81

Commercial Control 62.80 ± 5.86 23.39

DMSO Control NA NA

 

3.7. In vivo wound healing profile: excisional open wound in animal SD
rats
In this work, Cs biopolymer containing 1 wt.% of binary green-synthesized nanocomposites (ZnO/CuO) sample has shown
remarkable wound closure rate within 14 days. The efficacy of wound dressing material was investigated in the SD rats wound
model (n = 3). Changes on initial wound area at day 3, 7, 11 and 14 were observed and captured as shown in Fig. 3.0. Dry
surface and scab formation without accumulation of pus were clearly seen for all created wounds after administration of
dressing material. Bare/blank control group and Cs control group exhibited slower wound healing than other treated groups.
However, by day 3 the wound healing for ZnO/CuO-Cs-1wt.% treated group showed faster reduction in wound closure (44.05 ± 
4.77%) while bare/blank control, Cs control and commercial positive control treated groups have lower wound closure rate which
was approximately between 20.63 ± 7.99 and 28.41 ± 8.29%. This could be explained due to the high porosity and swelling index
of porous Cs biopolymer containing 1 wt.% of binary green-synthesized nanocomposites (ZnO/CuO) than Cs control and
commercial positive control [29].

The average wound closure rate (%) on day 14 was 75.64 ± 7.83 in the bare/blank control group, 80.86 ± 2.18 in the commercial
positive control group, 75.58 ± 2.60 in the Cs control group and 86.44 ± 6.48 in the ZnO/CuO-Cs-1wt.% treated group. Among all
groups, wound treated with biodegradable porous ZnO/CuO-Cs-1wt.% nanocomposites provide an ideal wound healing
environment and superficial fibroblast proliferation. Thus, low-concentrated Cu, Zn an Ca ions play an important role in
stimulating cell migration in open wound [58, 72]. In all treated SD rats, there was no evidence of behavioral sign of illness or
pain such as guarding, vocalizing, biting, restlessness, abnormal resting position, failure to groom, lack of mobility. All
experimental SD rats administrated with ZnO/CuO-Cs-1wt.% displayed “0” grimace scale, and there were no treatment related
morbidity and mortality. Besides of that, no any abnormalities were seen on the skin, fur, eyes, mucous membrane, stool and
urine for all treated group of SD rats.

Moreover, the use of ZnO/CuO-Cs-1wt.% is advantageous to increase the material absorption on wound area through melting
and slow degradation, whereas the positive control hardly absorbed on wound surface due to the slow degradation as positively
captured in biodegradation study (Figure S2; Supplementary material). In addition, all SD rats gained their body weight during 14
days of treatment period (Fig. 4.0a). No significant differences were captured in food and water intake for all treated and bare
control group during the treatment period (Figs. 4.0b and 4.0c). All harvested major internal organs such as spleen, kidneys,
heart, lungs and liver were identically healthy and revealed normal morphological appearance in term of size, shape and colour
without any tumor growth and swelling (Fig. 5.0).

Previously, several studies have shown that the formulated wound healing agent such as AMP- and CeON-loaded catechol-
modified hydrogel [6], Chitosan-based hydrogel with MOF-loaded α-lipoic acid [15], Chitosan/poloxamer-based thermosensitive
hydrogels containing zinc gluconate/recombinant human epidermal growth factor [16] and Ag-PCL/GelMA fibrous membranes
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[26] dramatically cured the created initial wound size (0.8–1.5 cm in diameter) within 11 to 21 days. However, this developed
biodegradable porous ZnO/CuO-Cs-1wt.% nanocomposites in the current work were found to be best formulation than other
reported wound dressing products, since it managed to heal the larger size (square shape: 2cmᵡ2cm) of created wound on day 0
quickly in total 14 days. Conclusively, this developed green wound dressing has emerged a promising potential in biomaterials
for open wound healing application.

3.8. Multiple metal ion release
The release of Zn, Cu and natural Ca ion derivatives concentration in deionized water were quantified in line with the material
degradation at Day 1 and Day 3. Concentration of metal oxide ions was a very important factor in promoting synergistic killing
activity towards skin pathogens. It could be seen from Fig. 6.0 that the dissolution of Zn and Cu ions was slightly affected by
the different immersion days of biodegradable porous ZnO/CuO-Cs-1wt.% nanocomposites. The detected Zn, Cu and Ca
concentration after immersion of 3 days for ZnO/CuO-Cs-1wt.% nanocomposites sample were 3.23 ± 0.063 mg/L, 0.37 ± 0.014
mg/L and 2.09 ± 0.042 mg/L, respectively. It demonstrates that, Zn and Ca ions release concentration peaked on day 1 and then
gradually declined after 3 days. The rate of metal oxide ions (i. e., Zn2+ and Ca2+) release slightly reduced with longer immersion
days [77]. The detected Zn concentration was significantly higher than Cu and Ca element due to the high reactivity and
solubility of ZnO in deionized water. Conclusively, these multiple metal ions derivatives release from nanocomposites could be a
viable solution to combat antibiotic resistance by killing the skin pathogens.

4. Conclusion
Development of a synergistic biodegradable ZnO/CuO-Cs-1wt.% nanocomposite has shown an enhanced in vitro and in vivo
wound healing characteristics and migration rate. The wound healing properties greatly improved with multi-ionic systems (i.e.,
Cu2+, Zn2+ and Ca2+). Besides, the degradation rate of ZnO/CuO-Cs-1wt.% sample was greater than commercial control sample
where it could be fully dissolved in 8 days, while commercial control sample degraded partially. Thus, technology from this
medicinal plant C. gigantea especially in development of advanced transdermal ZnO/CuO-Cs wound dressing could provide
efficient wound healing response.

Abbreviations
Cs: Chitosan, C. gigantea: Calotropis gigantea, CuO: copper oxide, ZnO: zinc oxide, ROS: reactive oxygen species, MDR: multi
drug resistant, MRSA: Methicillin-resistant Staphylococcus aureus

Declarations
Acknowledgements

The authors would like to thank Universiti Sains Malaysia for sponsoring this work under Research University Grant (RUI)
EKSESAIS TAHUN 2019 (1001/CIPPT/8012338). The support of all the technical staff of Animal Research and Service Centre
(ARASC- Mrs. Adilah Abdul Khalil team), Advanced Medical and Dental Institute (AMDI) and School of Materials and Mineral
Resources Engineering (SMMRE), Universiti Sains Malaysia, Pulau Pinang, Malaysia, in the characterization of the sample is
also acknowledged.

Funding

This research was funded by the Research University Grant (RUI) EKSESAIS TAHUN 2019 (1001/CIPPT/8012338) from
Universiti Sains Malaysia.

Consent for publication

Not applicable.



Page 13/22

Availability of data and materials

The datasets generated and/or analyzed during the current study are not publicly available due to the patent application but are
available from the corresponding author on reasonable request.

Competing interests

The authors declare no conflict of interest.

Authors’ contributions

Rabiatul Basria S. M. N. Mydin is the principal investigator who contributed in the concept, idea, experimental design, and writing
process and gave final approval of this paper for publication. G Ambarasan Govindasamy carried out all experimental works
and prepared the manuscript. Nasrin K Ramtan Gadaime assisted in animal monitoring work. Srimala Sreekantan guides in the
material characterization procedures. All authors have given approval to the final version of the manuscript.

References
1. Guo S & Dipietro LA. Factors affecting wound healing. Journal of dental research. 2010; 89(3):219-229.

2. Beyene RT, Derryberry SL, Jr & Barbul A. The Effect of Comorbidities on Wound Healing. The Surgical clinics of North
America. 2020; 100(4):695-705.

3. Jeong H, Lee J, Cha E, Park M, Son I, Song B & Kim S. A Study on the Oral Toxicity of Mecasin in Rats. Journal of
Pharmacopuncture. 2014; 17(4):61-5.

4. Zhou T, Yang Z, Chen Y, Chen Y, Huang Z, You B, Peng Y & Chen J. Estrogen Accelerates Cutaneous Wound Healing by
Promoting Proliferation of Epidermal Keratinocytes via Erk/Akt Signaling Pathway. Cell Physiol Biochem. 2016; 38(3):959-
68.

5. Yang M, Lee S, Wang T, Cha E, Jang J, Kim D, Song B, Son I, Kim J, Kang HW & Kim S. 26-Week Repeated Dose Oral Toxicity
Study of KCHO-1 in Sprague-Dawley Rats. Journal of Pharmacopuncture. 2019; 22(3):192-199.

6. Cheng H, Shi Z, Yue K, et al. Sprayable hydrogel dressing accelerates wound healing with combined reactive oxygen
species-scavenging and antibacterial abilities. Acta Biomaterialia. 2021; 124:219-232.

7. Doan, V. K., Tran, C. M., Ho, T. T. -P., Nguyen, L. K.-K., Nguyen, Y. N., Tang, N. T., et al. (2022). Optimization of Oligomer
Chitosan/Polyvinylpyrrolidone Coating for Enhancing Antibacterial, Hemostatic Effects and Biocompatibility of Nanofibrous
Wound Dressing. Polymers. 14, 3541.

8. Duan Y, Li K, Wang H, et al. Preparation and evaluation of curcumin grafted hyaluronic acid modified pullulan polymers as a
functional wound dressing material. Carbohydrate Polymers. 2020; 238: 116195.

9. El-Aassar MR, Ibrahim OM, Fouda MMG, El-Beheri NG, Agwa MM. Wound healing of nanofiber comprising
Polygalacturonic/Hyaluronic acid embedded silver nanoparticles: In-vitro and in-vivo studies. Carbohydrate Polymers. 2020;
238:116175.

10. Gao Z, Su C, Wang C, Zhang Y, Wang C, Yan H & Hou G. Antibacterial and hemostatic bilayered electrospun nanofibrous
wound dressings based on quaternized silicone and quaternized chitosan for wound healing. European Polymer Journal.
2021; 159: 110733.

11. Gharehpapagh AC, Farahpour MR & Jafarirad S. The biological synthesis of gold/perlite nanocomposite using Urtica dioica
extract and its chitosan-capped derivative for healing wounds infected with methicillin-resistant Staphylococcus aureus.
International Journal of Biological Macromolecules. 2021; 183;447-456.

12. Hajikhani M, Emam-Djomeh Z & Askari G. Fabrication and characterization of mucoadhesive bioplastic patch via coaxial
polylactic acid (PLA) based electrospun nanofibers with antimicrobial and wound healing application. International Journal
of Biological Macromolecules. 2021; 172:143-153.



Page 14/22

13. Hao M, Peng X, Sun S, Ding C & Liu W. Chitosan/Sodium Alginate/Velvet Antler Blood Peptides Hydrogel Promoted Wound
Healing by Regulating PI3K/AKT/mTOR and SIRT1/NF-κB Pathways. Frontiers in Pharmacology. 2022; 13:913408.

14. Jin X, Fu Q, Gu Z, Zhang Z & Lv H. Chitosan/PDLLA-PEG-PDLLA solution preparation by simple stirring and formation into a
hydrogel at body temperature for whole wound healing. International Journal of Biological Macromolecules. 2021; 184:787-
796.

15. Li Q, Liu K, Jiang T, Ren S, et al. Injectable and self-healing chitosan-based hydrogel with MOF-loaded α-lipoic acid promotes
diabetic wound healing. Materials Science and Engineering: C. 2021; 131:112519.

16. Lin S, Pei L, Zhang W, Shu G, et al. Chitosan-poloxamer-based thermosensitive hydrogels containing zinc
gluconate/recombinant human epidermal growth factor benefit for antibacterial and wound healing. Materials Science and
Engineering: C. 2021; 130: 112450.

17. Liu Z, Tang W, Liu J, et al. A novel sprayable thermosensitive hydrogel coupled with zinc modified metformin promotes the
healing of skin wound. Bioactive Materials. 2022; 20:610-626.

18. Long M, Liu Q, Wang D, et al. A new nanoclay-based bifunctional hybrid fiber membrane with hemorrhage control and
wound healing for emergency self-rescue, Materials Today Advances. 2021; 12: 100190.

19. Naeimi A, Payandeh M, Ghara AR & Ghadi FE. In vivo evaluation of the wound healing properties of bio-nanofiber chitosan/
polyvinyl alcohol incorporating honey and Nepeta dschuparensis. Carbohydrate Polymers. 2020; 240:116315.

20. Negi P, Sharma G, Verma C, et al. Novel thymoquinone loaded chitosan-lecithin micelles for effective wound healing:
Development, characterization, and preclinical evaluation. Carbohydrate Polymers. 2020; 230:115659.

21. Shanmugapriya K, Kim H & Kang HW. Fucoidan-loaded hydrogels facilitates wound healing using photodynamic therapy by
in vitro and in vivo evaluation. Carbohydrate Polymers. 2020; 247:116624.

22. Tao B, Lin C, Guo A, Yu Y, Qin X, Li K, et al. Fabrication of copper ions-substituted hydroxyapatite/polydopamine
nanocomposites with high antibacterial and angiogenesis effects for promoting infected wound healing. Journal of
Industrial and Engineering Chemistry. 2021; 104: 345-355.

23. Veeraperumal S, Qiu HM, Zeng SS, Yao WZ, et al. Polysaccharides from Gracilaria lemaneiformis promote the HaCaT
keratinocytes wound healing by polarised and directional cell migration. Carbohydrate Polymers. 2020; 241:116310.

24. Viezzer C, Mazzuca R, Machado DC, et al. A new waterborne chitosan-based polyurethane hydrogel as a vehicle to
transplant bone marrow mesenchymal cells improved wound healing of ulcers in a diabetic rat model. Carbohydrate
Polymers. 2020; 231:115734.

25. Xia G, Zhai D, Sun Y, et al. Preparation of a novel asymmetric wettable chitosan-based sponge and its role in promoting
chronic wound healing. Carbohydrate Polymers. 2020; 227:115296.

26. Zhang W, Xia S, Weng T, et al. Antibacterial coaxial hydro-membranes accelerate diabetic wound healing by tuning surface
immunomodulatory functions. Materials Today Bio. 2022; 16:100395.

27. Zheng Z, Bian S, Li Z, et al. Catechol modified quaternized chitosan enhanced wet adhesive and antibacterial properties of
injectable thermo-sensitive hydrogel for wound healing. Carbohydrate Polymers. 2020; 249:116826.

28. Govindasamy GA, Mydin RBSMN, Sreekantan S, et al. Compositions and antimicrobial properties of binary ZnO–CuO
nanocomposites encapsulated calcium and carbon from Calotropis gigantea targeted for skin pathogens. Scientific
Reports. 2021; 11:99.

29. Govindasamy GA, Mydin RBSMN, Sreekantan S, et al. Novel Dual-ionic ZnO/CuO Embedded in Porous Chitosan Biopolymer
for Wound Dressing Application: Physicochemical, Bactericidal, Cytocompatibility and Wound Healing Profiles. Materials
Today Communications. 2022; 104545.

30. Mradu G, Saumyakanti S, Sohini M, & Arup M. HPLC Profiles of Standard Phenolic Compounds Present in Medicinal Plants.
International Journal of Pharmacognosy and Phytochemical Research. 2012; 4(3):162-167.

31. Li Z, Shi Y, Zhang X, Xu J, Wang H, Zhao L & Wang Y. Screening Immunoactive Compounds of Ganoderma lucidum Spores
by Mass Spectrometry Molecular Networking Combined With in vivo Zebrafish Assays. Frontiers in Pharmacology. 2020;
11:287.



Page 15/22

32. No HK, Kim SH, Lee SH, Park NY, & Prinyawiwatkul W. Stability and antibacterial activity of chitosan solutions affected by
storage temperature and time. Carbohydrate Polymers. 2006; 65(2):174-178.

33. Maiti S, Khillar PS, Mishra D, Nambiraj NA & Jaiswal AK. Physical and self–crosslinking mechanism and characterization of
chitosan-gelatin-oxidized guar gum hydrogel. Polymer Testing. 2021; 97:107155.

34. Anisha BS, Biswas R, Chennazhi KP & Jayakumar R. Chitosan–hyaluronic acid/nano silver composite sponges for drug
resistant bacteria infected diabetic wounds. International Journal of Biological Macromolecules. 2013; 62:310-320.

35. Tyliszczak B, Drabczyk A, Kudłacik‐Kramarczyk S, Rudnicka K, Gatkowska J, Sobczak‐Kupiec A & Jampilek J. In vitro
biosafety of pro‐ecological chitosan based hydrogels modified with natural substances. Journal of Biomedical Materials
Research Part A. 2019; 107(11):2501-2511.

36. Cannella V, Altomare R, Chiaramonte G, et al. Cytotoxicity Evaluation of Endodontic Pins on L929 Cell Line. BioMed
Research International. 2019; 2019:3469525.

37. Konwar A, Kalita S, Kotoky J & Chowdhury D. Chitosan-iron oxide coated graphene oxide nanocomposite hydrogel: A robust
and soft antimicrobial bio-film. ACS Applied Materials & Interfaces. 2016; 8(32):20625-20634.

38. Luo Z, Liu J, Lin H, Ren X, Tian H, Liang Y, et al In situ Fabrication of Nano ZnO/BCM Biocomposite Based on MA Modified
Bacterial Cellulose Membrane for Antibacterial and Wound Healing. International Journal of Nanomedicine. 2020; 15:1-15.

39. Afrasiabi S, Bahador A & Partoaza A. Combinatorial therapy of chitosan hydrogel-based zinc oxide nanocomposite
attenuates the virulence of Streptococcus mutans. BMC Microbiology. 2021; 21(62).

40. Mohandas A, Sudheesh Kumar P, Jayakumar R, Lakshmanan V-K & Biswas R. Exploration of alginate hydrogel/nano zinc
oxide composite bandages for infected wounds. International Journal of Nanomedicine. 2015; 53.

41. Archana D, Singh BK, Dutta J & Dutta PK. Chitosan-PVP-nano silver oxide wound dressing: In vitro and in vivo evaluation.
International Journal of Biological Macromolecules. 2015; 73:49-57.

42. Regiel-Futyra A, Kus-Liśkiewicz M, Sebastian V, Irusta S, Arruebo M, Kyzioł A & Stochel G. Development of noncytotoxic
silver–chitosan nanocomposites for efficient control of biofilm forming microbes. RSC Advances. 2017; 7(83):52398-52413.

43. Khorasani MT, Joorabloo A, Moghaddam A, Shamsi H & MansooriMoghadam Z. Incorporation of ZnO nanoparticles into
heparinised polyvinyl alcohol/chitosan hydrogels for wound dressing application. International Journal of Biological
Macromolecules. 2018; 114:1203-1215.

44. Lu Z, Gao J, He Q, Wu J, Liang D, Yang H & Chen R. Enhanced antibacterial and wound healing activities of microporous
chitosan-Ag/ZnO composite dressing. Carbohydrate Polymers. 2017; 156:460-469.

45. Venkatesan J, Lee J-Y, Kang DS, Anil S, Kim S-K, Shim MS & Kim DG. Antimicrobial and anticancer activities of porous
chitosan-alginate biosynthesized silver nanoparticles. International Journal of Biological Macromolecules. 2017; 98:515-
525.

46. Balasubramaniam MP, Murugan P, Chenthamara D, Ramakrishnan SG, Salim A, Lin FH, Robert B & Subramaniam S.
Synthesis of chitosan-ferulic acid conjugated poly(vinyl alcohol) polymer film for an improved wound healing. Materials
Today Communications. 2020; 25:101510.

47. Felice F, Zambito Y, Belardinelli E, Fabiano A, Santoni T & Di Stefano R. Effect of different chitosan derivatives on in vitro
scratch wound assay: A comparative study. International Journal of Biological Macromolecules. 2015; 76:236-241.

48. Grada A, Otero-Vinas M, Prieto-Castrillo F, Obagi Z & Falanga V. Research Techniques Made Simple: Analysis of Collective
Cell Migration Using the Wound Healing Assay. Journal of Investigative Dermatology. 2017; 137(2):e11–e16.

49. Suarez-Arnedo A, Torres Figueroa F, Clavijo C, Arbelaez P, Cruz JC & Munoz-Camargo C. An image J plugin for the high
throughput image analysis of in vitro scratch wound healing assays. PLoS ONE. 2020; 15(7):e0232565.

50. Jamadi M, Shokrollahi P, Houshmand B, Joupari MD, Mashhadiabbas F, Khademhosseini A & Annabi N. Poly (Ethylene
Glycol)-Based Hydrogels as Self-Inflating Tissue Expanders with Tunable Mechanical and Swelling Properties.
Macromolecular Bioscience. 2017; 17(8):1600479.

51. Ismail NA, Amin KAM, Majid FAA & Razali MH. Gellan gum incorporating titanium dioxide nanoparticles biofilm as wound
dressing: Physicochemical, mechanical, antibacterial properties and wound healing studies. Materials Science and



Page 16/22

Engineering: C. 2019; 103:109770.

52. Yeng NK, Shaari R, Nordin ML & Sabri J. Investigation of Wound Healing Effect of Acalypha Indica Extract in Sprague
Dawley Rats. Biomedical & Pharmacology Journal. 2019; 12(4):1857-1865.

53. Fu C, Qi Z, Zhao C, Kong W, Li H, Guo W & Yang X. Enhanced wound repair ability of arginine-chitosan nanocomposite
membrane through the antimicrobial peptides-loaded polydopamine-modified graphene oxide. Journal of Biological
Engineering. 2021; 15(1).

54. Kumar PTS, Lakshmanan V, Anilkumar TV, Ramya C, Reshmi P, Unnikrishnan AG, Nair SV & Jayakumar R. Flexible and
Microporous Chitosan Hydrogel/Nano ZnO Composite Bandages for Wound Dressing: In Vitro and In Vivo Evaluation. ACS
Appl. Mater. Interfaces. 2012; 4(5):2618-29.

55. Baghaie S, Khorasani MT, Ali Zarrabi & Moshtaghian J. Wound healing properties of PVA/ starch /chitosan hydrogel
membranes with nano Zinc oxide as antibacterial wound dressing material. Journal of Biomaterials Science, Polymer. 2017;
28(18):2220-2241.

56. Okur NU, Hokenek N, Okur ME, Ayla S, Yoltas A, Siafaka PI & Cevher E. An alternative approach to wound healing field; new
composite films from natural polymers for mupirocin dermal delivery. Saudi Pharmaceutical Journal. 2019; 27(5):738-752.

57. Liu M, Liu T, Chen X, Yang J, Deng J, He W, Zhang X, Lei Q, Hu X, Lu G & Wu J. Nano‑silver‑incorporated biomimetic
polydopamine coating on a thermoplastic polyurethane porous nanocomposite as an efficient antibacterial wound
dressing. Journal of Nanobiotechnology. 2018; 16(1):89.

58. Gopal A, Kant V, Gopalakrishnan A, Tandan SK & Kumar D. Chitosan-based copper nanocomposite accelerates healing in
excision wound model in rats. European Journal of Pharmacology. 2014; 731:8-19.

59. Chang YN, Zhang M, Xia L, Zhang J & Xing G. The Toxic Effects and Mechanisms of CuO and ZnO Nanoparticles. Materials
(Basel). 2012; 5(12):2850-2871.

60. Ates M, Arslan Z, Demir V, Daniels J & Farah IO. Accumulation and to xicity of CuO and ZnO nanoparticles through
waterborne and dietary exposure of goldfish Carassius auratus. Environmental Toxicology. 2015; 30(1):119-128.

61. Goyal VK, Pandey SK, Kakade S & Nirogi R. Evaluation of clinical chemistry analytes from a single mouse using diluted
plasma: effective way to reduce the number of animals in toxicity studies. Laboratory Animals. 2015; 0(0):1-8.

62. Kaid F, Alabsi AM, Alafifi N, Ali-Saeed R, Al-koshab MA, Ramanathan A & Ali AM. Histological, Biochemical, and
Hematological Effects of Goniothalamin on Selective Internal Organs of Male Sprague-Dawley Rats. Hindawi Journal of
Toxicology. 2019; 2019:6493286.

63. Huang R, Hu J, Qian W, Chen L & Zhang D. Recent advances in nanotherapeutics for the treatment of burn wounds. Burns &
Trauma. 2021; 9:tkab026.

64. Oraibi AI & Hamad MN. Phytochemical Investigation of Flavanoid of Calotropis Procera in Iraq, Isolation and Identification
of Rutin, Quercitin and Kampferol. Journal of Pharmaceutical Sciences and Research. 2018; 10(9):2407-2411.

65. Ullah A, Munir S, Badshah SL, Khan N, Ghani L, Poulson BG, Emwas A-H, Jaremko M. Important Flavonoids and Their Role
as a Therapeutic Agent. Molecules. 2020; 25:5243.

66. Nguyen TLA & Bhattacharya D. Antimicrobial Activity of Quercetin: An Approach to Its Mechanistic Principle. Molecules.
2022; 27:2494.

67. Nagoba B, Wadher B, Suryawanshi N & Selkar S. Acidic Environment and Wound Healing: A Review. Wounds. 2015; 27(1):5-
11.

68. El-Kased RF, Amer RI, Attia D & Elmazar MM. Honey-based hydrogel: In vitro and comparative In vivo evaluation for burn
wound healing. Scientific Reports. 2017; 7(1):9692.

69. Liang Y, Wang M, Zhang Z, Ren G, Liu Y, Wu S & Shen J. Facile Synthesis of ZnO QDs@GO-CS Hydrogel for Synergetic
Antibacterial Applications and Enhanced Wound Healing. Chemical Engineering Journal. 2019; 378:122043.

70. Zhai M, Xu Y, Zhou B & Jing W. Keratin-chitosan/n-ZnO nanocomposite hydrogel for antimicrobial treatment of burn wound
healing: Characterization and biomedical application. Journal of Photochemistry and Photobiology B: Biology. 2018;
180:253-258.



Page 17/22

71. Sung T, Wang Y, Liu K, Chou C, Lai P & Hsieh C. Pholiota nameko Polysaccharides Promotes Cell Proliferation and Migration
and Reduces ROS Content in H2O2-Induced L929 Cells. Antioxidants. 2020; 9(65).

72. Hassan A, Elebeedy D, Matar ER, Fahmy Mohamed Elsayed A & Abd El Maksoud AI. Investigation of Angiogenesis and
Wound Healing Potential Mechanisms of Zinc Oxide Nanorods. Frontiers in pharmacology. 2021; 12:661217.

73. Rahman MA, Islam MS, Haque P, et al. Calcium ion mediated rapid wound healing by nano-ZnO doped calcium phosphate-
chitosan-alginate biocomposites. Materialia. 2020; 13:100839.

74. Bui Vu, Park D & Lee YC. Chitosan Combined with ZnO, TiO2 and Ag Nanoparticles for Antimicrobial Wound Healing
Applications: A Mini Review of the Research Trends. Polymers. 2017; 9(12):21.

75. Venkataprasanna KS, Prakash J, Vignesh S, Bharath G, Venkatesan M, Banat F, Sahabudeen S, Ramachandran S &
Devanand Venkatasubbu G. Fabrication of Chitosan/PVA/GO/CuO patch for potential wound healing application.
International Journal of Biological Macromolecules. 2019; 143:744-762.

76. Feng P, Luo Y, Ke C, Qiu H, Wang W, Zhu Y, Hou R, Xu L & Wu S. Chitosan-Based Functional Materials for Skin Wound Repair:
Mechanisms and Applications. Frontiers in Bioengineering and Biotechnology. 2021; 9:650598.

77. Hassan M, Sulaiman M, Yuvaraju PD, Galiwango E, Rehman I.u, Al-Marzouqi AH, Khaleel A & Mohsin S. Biomimetic
PLGA/Strontium-Zinc Nano Hydroxyapatite Composite Scaffolds for Bone Regeneration. Journal of Functional
Biomaterials. 2022; 13:13.

Figures

Figure 1
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Cytocompatibility investigation on mouse fibroblast cell line at different incubation time.

Figure 2

Wound closure and cell migration over time for pure Cs, ZnO/CuO-Cs-1wt.% and commercial control (Ag-Alg).
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Figure 3

Wound area closure image at day 0, 3, 7, 11 and 14.
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Figure 4

Observed weight gain, water and food intake for all treated and bare control group during the treatment period. (a) body weight
gain, (b) water intake and (c) food intake.
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Figure 5

All harvested major internal organs such as spleen, kidneys, heart, lungs and liver after euthanasia.

Figure 6
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Multiple metal ion release. (a) concentration ions (mg/L) at day 1 and (b) concentration ions (mg/L) at day 3. No metal ion
release was detected for deionized water.
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