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Abstract

Objectives: A diabetic ulcer, or delayed wound recovery, is a significant complication of diabetes mellitus (DM), with its
prevalence having risen steadily in recent decades. With the advancement of technology, nanoparticles have been used to treat
wounds. Nanoparticles derived from pumpkin leaves (CmAgNPs) are abundant in antioxidants and vitamins and possess
antimicrobial and antiviral properties. This study highlighted the effectiveness of CmAgNPs in accelerating wound healing.
Methods: Twenty-four male albino rats with partial-thickness wounds were assigned to four groups: the control group (NN), the
untreated diabetes group (DN), the diabetic group treated with (CmAgNPs), and the group treated with silver sulfadiazine (SSD)
cream. Morphological, histopathological, and physiological assessments of inflammation were conducted on all rats at 0-, 7-, 14-,
and 21-days post-treatment.

Results: On days 0, 7, 14, and 21, histological examination was conducted. Also, the activities of glutathione (GSH) and superoxide
dismutase (SOD) were assessed. Histological analysis demonstrated that CmAgNPs significantly increased collagen content in the
wound tissue and facilitated re-epithelialization. On days 7, 14, and 21, the group treated with CmAgNPs exhibited higher GSH
levels compared to the DN and SSD groups. However, CmAgNPs did not have a significant effect on SOD levels.

Conclusion: By stimulating re-epithelialization and collagen synthesis, (Cucurbita maxima) demonstrated superior efficacy in
treating diabetic wound compared to silver sulfadiazine ointment.
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Introduction

Tissue injuries, including wounds, can result from physical,
chemical, or mechanical trauma. Bacterial infections are
prevalent, which impede the process of healing by causing
inflammation and tissue injury. Critical to the health of all
patients, including diabetics, is the issue of wound healing [1].
Diabetes mellitus (DM) is a highly debilitating chronic
metabolic disorder, marked by significant physiological
changes in both cells and tissues [2]. Various factors contribute
to the delayed recovery of wounds, including oxidative stress,
re-epithelialization,  keratinocyte,  fibroblast  migration,
proliferation and growth factor production and inflammatory
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response [3]. Significant characteristics of diabetic vascular
complications include persistent inflammation and elevated
oxidative stress. Enhanced oxidative stress hinders the process
of wound healing in individuals with diabetes through its impact
on a range of cytokines and growth factors [4].

Since most diabetic wound infections are resistant to
medications, they may result in higher expenses, morbidity, and
mortality [5]. Thus, an ongoing endeavor is to identify cost-
effective agents without adverse effects capable of expediting
the healing process of diabetic lesions. Utilizing natural
products in conjunction with nanotechnology to promote the
expeditious healing of wounds [6,7].
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Pumpkin (Cucurbita maxima Duchesne) is a member of the
Cucurbitaceae family. Cucurbita maxima is a plant extensively
cultivated in most temperate regions of the globe, including
India, for both medicinal and vegetable purposes. Additionally,
vitamins and amino acids are abundant in the leaves as
antidiabetic, anti-inflammatory, immuno-modulatory, and
antibacterial agents for wound healing [8].

In vitro studies have demonstrated that silver sulfadiazine
(SSD), a prevalent anti-infective agent utilized to inhibit
bacterial proliferation and hypothesized to be efficacious in
diminishing the inflammatory and granulation phases of the
healing process, is cytotoxic to keratinocytes and fibroblasts. It
is the topical agent most commonly used to treat wounds [9].

Methodology

Preparation of aqueous extract of Pumpkin leaves:

1 gram of finely powdered pumpkin leaves was dissolved in 100
mL of distilled water and heated for 30 minutes at a temperature
of 60-70°C. The resulting extract was filtered using Whatman
No. 1 filter paper and subsequently used in biosynthesis
experiments for nanoparticle production [10].

Biosynthesis of AgNPs using plants (Pumpkin leaves)
aqueous extracts:

The environmentally friendly production of silver nanoparticles
(CmAgNPs) was completed using the method outlined by [11]
with little modification. 1 mM silver nitrate (AgNO3) was added
to plants extract to promote the formation of CmAgNPs. The
plants extract (1, 2, 3, 4 and 5 mL) were added drop by drop
each time to 10 mL of 1 mM silver nitrate solution with constant
stirring for 60 min at 60-70 °C and incubated in a dark bottle to
minimize photo-activation of silver nitrate. The pH value of
resulting solution was measured to be about 7.0. The color of
the solution was changed to dark brown gradually with
increasing time of mixing. After 60 min the complete reaction
was performed indicating the complete reduction of Ag* to Ag®
which was further confirmed by using UV-Visible spectroscopy.
The silver nanoparticles obtained by plants extract were
centrifuged at 15,000 rpm for 10 min and then dispersed in
sterile distilled water and sonicated in a sonication water bath
for 15 min at 65 °C to get rid of any clumsy materials.

Experimental Animal

This study was approved by the Research Ethics Committee of
King Abdulaziz University, under the MSF ethical reference
number (Ref: p101-2022). Twenty-four male Albino rats,
ranging in weight from 150 to 250, were utilized in this
research. With a 12-hour light-dark cycle, each rat was
maintained at a controlled temperature of 22 + 1°C. Ample
water was provided to them in addition to standard laboratory
food. Preceding the experiment by three days, each animal was
individually acclimated in a separate cage.

STZ (Wako Chemical Co., Osaka, Japan), a toxin that
specifically targets the cells that produce insulin, was
administered intravenously at a rate of 65 mg/kg in a saline-
sodium citrate buffer (pH 4.5; Sigma, Inc., St. Louis, MO), to
induce diabetes in all experimental groups (DN, SSD, and
CmAgNPs [12]. A swift glucometer (ACCU-CHECK
Active® Germany) was employed to ascertain the blood
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glucose levels [13]. Animals were classified as diabetic and
included in the study if their blood glucose levels exceeded
300 mg/dL one week following STZ injection [14].

Deep Partial-Thickness wound Induction.

For all of the experiments in this investigation, rats were
anesthetized intraperitoneally with ketamine/xylazine (60
mg/kg ketamine and 10 mg/kg xylazine) [15]. On the day of
surgery (day 0), the dorsal epidermis of the animal is shaved and
disinfected with 70% ethanol. Additionally, a sterile medical
scalpel was used to create a 1 cm diameter excision on the dorsal
epidermis. Rats were confined to sanitized individual cages after
their anesthesia recovery [16]. The wound degree was
confirmed histopathologically using H&E staining.

Wound closure rate

Wound closure rate (WCR) was determined by taking
consecutive photos of the wounds on days 0, 7, 14, and 21 after
wounding with a digital camera (Coolpix 5400, Nikon, Japan)
and a scale (as a reference). Using image analysis software
(Imagel Software, USA), the wound area was assessed. During
the experiment, the initial and subsequent areas of the wound
were utilized to compute the rate of wound closure using the
formula below: [17] % wound closure = [(day O area - day (n)
area)/day 0 area] X 100, where n is the number of days (0, 7, 14
and 21).

Wound treatment

For 21 days, each rat in the group treated with Silver
Nanoparticles derived from pumpkin leaf extract (CmAgNPs)
received a topical application of a 1 mL dose. In the SSD group,
wounds were simply covered with a daily layer of silver
sulfadiazine cream (1/16 inch thick) for 21 days, following the
manufacturer's instructions. No treatment was given to the
wounds of the NN and DN groups. During the duration of the
experiment, the wounds remained exposed.

Study Design

Twenty-four rats were categorized into four distinct categories,
six comprising each group. The process of allocating rats to
study groups was as follows: Group (1) functioned as the control
group and did not receive any treatment. Group (2) comprised
diabetic rats that did not receive any form of treatment. Group
(3) consisted of diabetic rats with wounds that were topically
treated with 1 mL of CmAgNPs. The nanoparticles were applied
directly to the wound site and allowed to remain for 5 minutes.
Subsequently, a sterile plastic drape was applied to the wounds
and surrounding tissues once daily. Lastly, Group (4) was
administered silver sulfadiazine cream (Flamazine®) as the
standard wound treatment. The study spanned 21 days, during
which wound induction was designated as day 0, and treatment
commenced on the following day, denoted as day 1. A total of
two rats from each group were subjected to cervical dislocation
as the method of euthanasia after the study period on days 0, 7,
14 and 21.

Morphological Analysis
Following previously established protocols [18,19],
morphological alterations were evaluated concerning redness
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color, edema, and wound bed dryness. Morphological changes
in the skin wounds were documented by acquiring photographs
on days 0, 7, 14, and 21 after the treatment. Every day, the same
researcher observed and documented developments in the
wounds.

Collection of blood samples

Blood specimens were obtained from the jugular vessels of
fasted rats anesthetized with diethyl ether at 0, 7, 14, and 21
days of treatment. Before centrifuging the blood at 3000 rpm
for 15 minutes, it was allowed to coagulate at room
temperature. Three Eppendorf tubes were fractionated, and the
supernatant sera were sucked.

Determination of oxidant/antioxidant system parameters
The activity of glutathione peroxidase (GSH) was evaluated
by preparing tissue homogenates and applying a colorimetric
assay reagent (Cat. No. 703102, Bayman Chemical, Michigan,
USA) as described by [20].
Superoxide dismutase (SOD) levels in the tissue homogenates
were measured using spectrophotometric techniques,
following the method outlined by [21]. Malondialdehyde
(MDA) concentrations were determined
spectrophotometrically using the thiobarbituric acid method,
summarized as per the protocol in [23].

Histopathological Evaluation of Inflammation

Histological examination of wound tissue was conducted on
days 0, 7, 14, and 21 for all experimental groups to acquire
high-quality sections suitable for microscopy. Another

segment of cutaneous tissue was preserved for 24 hours in 10%
formalin. Then, the fixed tissues were dehydrated in a gradual
series of ethyl alcohol from 70%, 80%, 90%, 96%, and 100%
for 2 h, respectively. The samples were cleared in xylene to
remove aqueous fixative and tissue water. In conclusion, fixed
skin samples from every group were embedded in paraffin,
sectioned into Spm thick sections and stained using
hematoxylin and eosin (H&E) [24].

Statistical Analysis

The mean (M) was calculated for both the control and treated
groups, along with the standard error (SE) for means. Analysis
of variance (ANOVA) tests and t-tests were conducted at a 5%
significant level. Additionally, the percentage of change
compared to the control was determined [25,26].

Results

Characterization of Pumpkin-Derived Silver Nanoparticles
(CmAgNPs)

Following established protocols, the synthesized silver
nanoparticles displayed a distinct surface plasmon resonance
(SPR) peak at around 442.04 nm, confirming their successful
formation. Transmission Electron Microscopy (TEM) analysis
revealed spherical nanoparticles with an average diameter of
16.05+£0.02 nm. Fourier-transform infrared spectroscopy
(FTIR) analysis revealed the presence of functional groups from
the Cucurbita maxima extract, which are likely responsible for
facilitating the biosynthesis and stabilization of nanoparticles.
Comprehensive characterization details are available in the
supplementary materials (Fig. S1).
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Fig. 1. Macroscopic images of wounds from all groups, illustrating the progression of wound closure on days 0, 7, 14, and
21. NN: non-diabetic untreated group; DN: diabetic untreated group; Pumpkin leaves nano silver-treated group; SSD:
silver sulfadiazine cream-treated diabetic group.

Morphology studies

In both undiabetic and diabetic rats, in the SSD group and
diabetic groups treated with pumpkin leaves nano silver, there
was a gradual reduction and contraction of the wound area
observed by day 7.
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Furthermore, diabetic rats exhibited increased wound
contraction at days 14 and 21 post-injury and slightly improved.
In conclusion, rats from the diabetic groups treated with
pumpkin leaves (Cucurbita maxima) nanoparticles (CmAgNPs)
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demonstrated the most significant healing among all groups =~ Wound closure rate.
(Fig. 1). WCR in the pumpkin leaf nanoparticles (CmAgNPs) group was

significantly (P<0.05) higher compared to both DN and SSD
groups on day 14 and 21 as well as to NN group on day 7. SSD
group showed significant (P<0.05) higher WCR on all days
compared to DN group (Fig. 2).
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Fig. 2. Wound Closure Rate (WCR) of all groups on days 7, 14, and 21. The WCR of the pumpkin leaf nanoparticles
group (CmAgNPs) was significantly higher compared to the DN group on all days and to the SSD group on days 14 and
21 (P<0.05). *Indicates a significant difference compared to the SSD group (P<0.05). # Indicates a significant difference

compared to the DN group (P<0.05).

Plasma glucose values diabetic rats. Mean blood glucose levels for each group were
Diabetic and non-diabetic rats were enrolled in the experiment.  measured on the initial day of treatment with CmAgNPs and
Twenty-four rats were initially enlisted. As described in the  SSD. Moreover, these values were recorded on days 7, 14, and
Research Design and Method section, STZ induced diabetes in 21 of treatment (following injury) and immediately before their
half of the rats. demise. The data are presented in (Fig. 3) Table (1).

The administration of treatments was conducted in the group of
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Fig. 3. The effect of Biogenic applications on wound healing was evaluated by measuring blood glucose levels (mg/dL) in
normal and diabetic rats.
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Table (1). Effect of Biogenic Nano Silver (CmAgNPs) on Wound Healing by Measuring Blood Glucose Levels (mg/dL) in

Normal and Diabetic Male Rats.

Treatment
Control Diabetic rats | Pumpkin leaves | Silver Sulfadiazine
untreated nano silver
No. of days

0 97 £6.03 450 + 34.922 460 + 66.683 455 + 50.207

7th 95 + 6.675 479 + 42.224 | 433 + 42.435 497 + 39.865
14th 95 + 6.675 497 £ 42.224 | 433 £ 42.435 497 + 39.86
21st 96 +5.827 502 £ 44.122 318 £ 23.094 480 + 34.930

Data means + SD based on 6 rats per group.

SOD & GSH

(Fig. 4) showed the effect of Biogenic nano silver for Wound
Healing on level of Superoxide dismutase (SOD) (u/mL) of
normal and diabetic in male rats.

Comparison between the level of SOD in deferent student
groups with control group were showing in (Fig. 4) level of SOD
was significantly decrease in all groups (at day 0), diabetic
group (at day 7, 14, 21) and sulfadiazine group (at day 21). A
significant increase in SOD levels was observed in the group
treated with CmAgNPs on days 7 and 14, as well as in the
sulfadiazine-treated group on day 14. There was a significant
increase in SOD levels were elevated at all measured intervals
on days 7, 14, and 21 in both the CmAgNPs-treated and
sulfadiazine groups compared to the diabetic control rats.
Notably, the SOD level was significantly higher in the
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CmAgNPs group on day 21 compared to the silver sulfadiazine
group.

(Fig. 5) showed the effect of Biogenic nano silver for Wound
Healing on level of Glutathione (GSH) (ng/mg) of normal and
diabetic in male rats.

A significant decrease in the level of GSH was recorded in day
0,7, 14, 21 of all deference groups compared to control.
However, there was a significant increase in GSH levels on all
days in both the CmAgNPs-treated and silver sulfadiazine
groups compared to the untreated diabetic group.

GSH levels were significantly higher in the CmAgNPs-treated
group on days 0 and 7 compared to the silver sulfadiazine group.
Diabetic groups showed significant decrease in the level of GSH
in all intervals compared to control.

u Control Rats
M Diabetic rats untreated
Pumpkin leaves nano silver

m Silver Sulfadiazine

Fig. 4. The effect of Biogenic applications on wound healing was assessed by measuring Superoxide Dismutase (SOD)
levels (W/mL) in normal and diabetic rats. Statistical analyses were conducted on control (C=6) and treated (T=6) animals
with the following comparisons: a statistically significant (P<0.05) compared to the normal control group, b statistically
significant (P<0.05) compared to the diabetic group, c statistically significant (P<0.05) compared to the Silver Sulfadiazine
group.
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Fig. 5. The effect of Biogenic applications on wound healing was evaluated by measuring Glutathione (GSH) levels
(nmol/mg) in normal and diabetic rats. Statistical analyses were performed on control (C=6) and treated (T=6) animals
using the following comparisons: a statistically significant (P<0.05) compared to the normal control group, b statistically
significant (P<0.05) compared to the diabetic group, c statistically significant (P<0.05) compared to the Silver
Sulfadiazine group.

MDA.

(Fig. 6) showed the effect of Biogenic nano silver for Wound
Healing on level of Malondialdehyde (MDA) (nmol/g) of
normal and diabetic in male rats. A significant increase in the
level of MDA was recorded in day 0, 7, 14, 21 of all deference
groups compared to control group.

There was no significant difference in MDA levels among all
groups on day 0. However, MDA levels significantly increased
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in both the CmAgNPs-treated and silver sulfadiazine groups on
days 7, 14, and 21 compared to the diabetic group.

On day 0, there were no significant differences in MDA levels
among all groups. However, there was a significant decrease in
MDA levels in the CmAgNPs-treated group on day 21 compared
to the silver sulfadiazine group.

m Control Rats
H Diabeticrats untreated
Pumpkin leaves nano silver

m Silver Sulfadiazine

Fig. 6. The effect of Biogenic applications on wound healing was assessed by measuring Malondialdehyde (MDA) levels
(nmol/g) in normal and diabetic rats. Statistical analyses were conducted on control (C=6) and treated (T=6) animals using
the following comparisons: a statistically significant (P<0.05) compared to the normal control group, b statistically
significant (P<0.05) compared to the diabetic group, c statistically significant (P<0.05) compared to the Silver Sulfadiazine
group.

Histological analysis.
Rat skin typically comprises three distinct layers: the epidermis,
dermis, and subcutis. The epidermis, which is in direct contact
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with the exterior, is a stratified squamous epithelium
characterized by its high specialization and self-regeneration.
Within this epithelium, keratin, a strong, protective protein, is
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partially water-resistant. The epidermis is intricately connected
to the dermis by a specialized basement membrane.

The dermis is a strong layer made up of fibroblasts and collagen
and elastic fibers organized horizontally. The dermis adjacent to
the epidermis is less dense and contain numerous small blood
vessels. The subcutis, a layer of adipose tissue, is the third layer.
In addition to storing fat, serves as a heat insulator and shock
absorber.

Control Group:

On day 0, The control group revealed a lack of collagen
production, inflammatory cell infiltration, coagulative necrosis
of surface epithelium and dermal connective tissue, blood
vessels, and adnexa.

On the 7™ postoperative day, injuries confined No new collagen
and very few new arteries were seen, and wounds contained a

discrete epithelialization was noticed. There has been noticeable
progress in terms of inflammatory cell infiltration.

On the 14% postoperative day, the Control group exhibited a
dense extracellular matrix with thinner, more disorganized
collagen fibers and moderate inflammatory infiltration. The
dermis also contained numerous blood vessels, a granular layer,
and a complete scar formation.

On the 21st postoperative day, the wounds of untreated rats were
still not fully healed, with a reduced number of inflammatory
cells present in the scar tissue. Upon re-epithelialization, the
epidermis showed excessive thickening in the wound area. In
the Control group, slight inflammatory infiltration was observed
in the wounds, along with a reduction in the number of blood
vessels (Fig. 7).
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Fig. 7. Representative images of H& E-stained histological sections of wounds from the control group (untreated) rats on
days 0, 7, 14, and 21 post-wounding (magnifications x100, x400). The images show normal skin (NS) and wound skin (WS),
with a large scab (arrows) marked as wound scab (red star). Congested vessels are indicated by dotted arrows, and
inflammatory cells are noted with a black star, highlighting the lack of collagen formation. Collagen is marked with a
white star, and the double-headed arrow points to proliferating hyperplastic epidermis.

Diabetic Groups:
Seven days post-wounding, diabetic wounds that remained
untreated  exhibited insufficient collagen deposition.

Histological changes in the epidermis included large scabs,
infiltration of inflammatory cells, epithelial and dermal damage,
and an increase in blood vessels. Compared to the control
groups, the untreated diabetic wounds demonstrated delayed
wound healing.

On Day 14 after wounding, untreated diabetic rats with wounds
showed signs of scab accumulation, a thinner epidermis, and an
increase in blood vessels and inflammatory cell infiltration in
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the dermis. It is evident that the regulatory tissue's attempt to
compensate for the healing deficit occurs when collagen
deposition is insufficient to create a mature matrix that will
maintain the wound. After 14 days, re-epithelialization was
seen; the diabetic non-treated group showed fewer cellular
layers than the control group.

On Day 21 after wounding, nontreated diabetic rats showed
collagen synthesis in their wounds and a postponement of the
inflammatory phase. wound tissues of nontreated diabetic
showed much slower healing than the treated diabetic rats,
according to histological alterations (Fig. 8).
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Fig. 8. Representative images of H&E-stained histological sections of wounds from the diabetes group (untreated) rats on
days 7, 14, and 21 post-wounding (magnifications x100, x400). The images display normal skin (NS) and wound skin (WS)
with disorganization of the wound surface and formation of a large scab (thin arrows), highlighted as wound scab (red
star). Inflammatory cells with minimal collagen formation are marked (black star), along with congested vessels (dotted
arrows). The wound skin also shows prominent features of re-epithelialization. (thin arrow).

Pumpkin leaf nanoparticles (CrmAgNPs):

On the 7th postoperative day, the CmAgNPs-treated groups
showed increased levels of collagen fibers, a large presence of
inflammatory cells, and incomplete re-epithelialization.

On the 14th postoperative day, the group treated with leaf
extract exhibited a thicker and more distinct epidermal layer
compared to the dermis, which displayed a more organized
structure. The dermis contained few blood vessels and a high
number of proliferating fibroblasts. Some inflammatory cells

were present, and the collagen fibers appeared thick and
uniform.

On the 2l1st postoperative day, re-epithelialization was
observed, with a slight reduction in skin tissue damage. The
dermis displayed a high density of connective tissue collagen
fibers, normal cells, and an increased number of fibroblasts,
while the wrinkled epidermis showed extensive regeneration.
The improved wound closure in this group may be attributed to
the higher fibroblast count (Fig. 9).

14 Day Il 21Day |

X400 of epidermis X 100

X400 of deep dermis

ST

Fig. 9. Representative images of H& E-stained histological sections of wounds from the pumpkin leaf nanoparticles group
(Cucurbita maxima treatment) rats on days 7, 14, and 21 post-wounding (magnifications x100, x400). The images show a
large scab (thin arrows), inflammatory cells with minimal collagen formation (black star), and congested blood vessels
(dotted arrows) with numerous proliferating fibroblasts. On day 14, the thin arrow indicates effective healing with no scab
and signs of re-epithelialization. By day 21, the thick white arrow points to the wound surface with hyperplastic
epithelialization, while the thick black arrows highlight normal epithelium, collagen, and fibroblasts.
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Sulfasalazine Cream Group:

On the 7th postoperative day, the wound tissue showed a
damaged epidermis, while wounds treated with SSD displayed
higher levels of epithelialization, with increased cellular
infiltration and lower collagen content. Neovascularization was
also evident on day 7 in diabetic rats treated with Sulfadiazine.
By the 14th postoperative day, fibrosis in the dermis had
extended to the subcutaneous tissue. By this time, the scab had
fallen off in the SSD group, but the epidermis had not fully
regenerated. Compared to the diabetic groups, the SSD group's

epithelial layer appeared more favorable. Additionally, the
wounds exhibited a moderate level of collagen, and the acute
inflammatory response had diminished by day 14.

On the 21% postoperative day, the slow progression of silver
sulfadiazine in re-epithelialization may have contributed to
impaired wound healing at the carly stages. By day 21, diabetic
rats treated with sulfadiazine showed no signs of chronic
inflammation. However, by the end of the experiment, the
sulfadiazine group had achieved full re-epithelialization.
Neovascularization was not observed on day 21 (Fig. 10).

X400 of epidermis

X400 of deep dermis

14 Day

Fig. 10. Representative images of H&E-stained histological sections of wounds from the diabetes group treated with
Silver Sulfadiazine on days 7, 14, and 21 post-wounding (magnifications x100, x400). The wound skin displays
disorganization of the surface wounded area with the formation of a large scab (thin arrows), inflammatory cells (black
star), and congested blood vessels (dotted arrows). On day 14, the wound surface shows hyperplastic epithelialization
(thin arrows), collagen (white star), and proliferating hyperplastic epidermis (double-headed arrow).

Analysis of histology by Masson's Trichrome stain the pumpkin
leaf nanoparticles (CmAgNPs) group and the NN group showed
intact epidermis with formed dermal papillae when their wound
tissue was stained with trichrome, but the DN and SSD groups
showed damaged epidermis.

On day 7 it was revealed that the NN groups and pumpkin leaf
nanoparticles (CmAgNPs) had a high collagen content.
Conversely, there was increased cellular infiltration and
decreased collagen levels in the DN and SSD groups.

On day 14, all groups showed complete epithelialization. In
contrast, the CmAgNPs group displayed a completely
developed epidermis with effective dermal epidermal
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interdigitation. CmAgNPs and the NN groups demonstrated
more collagen fibers arranged in an extremely well-organized
fashion coupled with fibroblasts that mimicked normal skin.
The DN and SSD groups, on the other hand, displayed a modest
level of collagen.

On day 21, the appearance of blue-colored stains in the light
microscopy pictures of the scar tissues revealed a good degree
of collagen deposition in the groups treated with pumpkin leaf
nanoparticles (CmAgNPs). Additionally, the skin structure
appeared to have nearly fully returned to its pre-wound form.
Surprisingly, SSD and the untreated groups had far less collagen
deposition (Table 2.) (Fig. 11, 12, 13, 14).
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Note: Collagen was evaluated using Masson trichrome staining and scored as negative (=), mild (+), mild to moderate (++),
moderate (+++), and intense (++++).

| 0 Day || 7 Day H 14 Day || 21 Day |

X400 of epidermis || X 100

X400 of deep dermis

Fig. 11. Representative images of Masson Trichrome-stained histological sections of wounds from the control group
(untreated) rats on days 0, 7, 14, and 21 post-wounding (magnifications x100, x400). Collagen in the wound area is marked
with a black star, normal skin with a white star, a few mature collagen fibers with a black arrow, collagen in the deep
dermis with a white arrow, and increased congested capillaries indicated by dotted arrows.
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7 Day || 14 Day | | 21 Day

X 100

X400 of epidermis

X400 of deep dermis

Fig. 12. Representative images of Masson Trichrome-stained histological sections of wounds from the diabetes group
(untreated) rats on days 7, 14, and 21 post-wounding (magnifications x100, x400). Collagen in the wound area is indicated
by a black star, a reduction in immature collagen fibers by a black arrow, and a small amount of stained immature fibers

by a white arrow.
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X400 of deep dermis

Fig.13: Representative images of Masson Trichrome-stained histological wound sections from rats treated with pumpkin
leaf nanoparticles (Cucurbita maxima) on days 7, 14, and 21 after wounding, at magnifications of x100 and x400. The
images show collagen presence in the wound area (black star), the distribution of collagen within the deep dermis (white
arrows), and immature collagen fibers (black arrows).
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X100

X400 of epidermis

X400 of deep dermis

Fig. 14: Representative images of Masson Trichrome-stained histological sections of wound tissue from diabetic rats
treated with Silver Sulfadiazine, captured on days 7, 14, and 21 post-wounding (magnifications x100 and x400). The
images highlight the presence of collagen in the wound area (marked by a black star), with a few mature collagen fibers
(indicated by black arrows) and limited distribution of collagen in the deep dermis (denoted by white arrows).
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Figure S1: (A) The UV-visible absorption spectrum of the biosynthesized CmAgNPs, produced via the reduction of

Cucurbita maxima extract solution after 60 minutes, shows a surface plasmon resonance peak at 442.04 nm, confirming
nanoparticle formation. (B) TEM analysis reveals the nanoparticles as black spheres with an average size of 16.05 £ 0.02
nm. (C) SEM image of CmAgNPs, captured at a magnification of 3,500x, displays white spherical beads predominantly
ranging between 50 to 100 nm, suggesting a relatively uniform distribution and successful synthesis. (D) FTIR spectra
of the biosynthesized CmAgNPs show key absorption peaks around 3350 cm™ (O-H stretching), 2920 cm™ (C-H
stretching), 1640 cm™ (C=C stretching), 1450 cm™ (C-H bending), and 1100 cm™ (C-O stretching). These peaks indicate
the presence of hydroxyl groups, alkanes, alkenes, and ether or ester functionalities, highlighting the involvement of
organic compounds from plant extracts in the synthesis and stabilization of the silver nanoparticles.

Discussion inflammatory phase, infections and dead tissue are removed by

Hemostasis, inflammation, proliferation, and remodeling are the
four overlapping phases of wound healing [27]. In the

555 Afr. J. Biomed. Res. Vol. 27, No.3 (September) 2024

the infiltration of polymorphonuclear leukocytes (PMNs) and
mononuclear cells (MNs) [28].
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Infection exacerbates impaired wound healing in individuals
with diabetes and contributes significantly to morbidity and
mortality on a global scale [29].

One example of a highly effective agent that inhibits biofilm
formation is nanoparticles, which possess antimicrobial
properties [30,31].

Diabetes patients have impaired wound healing because of a
deficiency in the signaling of cells and chemicals necessary for
the regular processes of wound healing, such as
neovascularization, granulation tissue formation,
epithelialization, and tissue remodeling. In healthy persons, the
usual healing process proceeds to its full potential; in diabetics,
however, it is frequently postponed or even completely
disrupted [32].

In diabetic lesions, silver sulfadiazine and CmAgNPs
accelerated the WCR, promoting wound healing. As opposed to
silver sulfadiazine lotion, CmAgNPs has been demonstrated to
be considerably superior. The observed phenomenon can be
ascribed to preserving various phytochemicals, including
antioxidants, linolenic acid, ascorbic acid, limonene, phytol, and
linoleic acid. Furthermore, CmAgNPs possess antimicrobial and
anti-inflammatory properties that aid in bacterial eradication
and promote wound tissue regeneration [33].

Silver nanoparticles synthesized from Cucurbita maxima
(CmAgNPs) were evaluated for their potential in promoting
wound healing in a diabetic rat model. The formation of
CmAgNPs was confirmed by a distinct surface plasmon
resonance (SPR) peak observed at approximately 442.04 nm.
TEM analysis showed that the CmAgNPs had an average
diameter of 16.05+0.02 nm. FTIR analysis identified
functional groups derived from the pumpkin extract, which
likely played a key role in the reduction and stabilization of the
nanoparticles.

One crucial step in the healing process that leads to wound
closure is the wound contraction rate, or WCR. As a result, in
the macroscopic assessment of wound healing, visual
appearances and measures of wound contraction become
trustworthy parameters [34].

The Wound Closure Rate (WCR) was calculated to quantify the
speed of wound healing. Previous research [35] [36] has
identified WCR as a key indicator in the wound healing process.
Studies have demonstrated that faster wound closure accelerates
healing, while delayed closure can hinder recovery [37].

By accelerating the WCR, CmAgNPs and silver sulfadiazine
improved diabetic wound healing. But it was shown that
CmAgNPs was far superior to silver sulfadiazine cream. This
may be explained by the antioxidants and other phytochemicals
that were retained, including linolenic acid, ascorbic acid,
limonene, phytol, linoleic acid, and phytol. Additionally,
CmAgNPs have antimicrobial and anti-inflammatory qualities
that aid in the removal of bacteria while also promoting the
growth of wound tissue [38].

The WCR of the NN group was consistently (P<0.05) higher
than that of the DN group. Our results are corroborated by
earlier research, which found that diabetic rats had a lower WCR
than normal rats [35] [36].

The results indicate that on days 0, 7, and 14, the NN group
exhibited slightly higher SOD activity in wound tissue
compared to the other groups, although the difference was not
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statistically significant (P>0.05). This supports the hypothesis
that diabetes mellitus (DM) reduces SOD levels in wound tissue
[39]. CmAgNPs had no significant effect on SOD levels.

DM with complication has lowest SOD and GSH activity but
the malondialdehyde MDA level was found to be higher
amongst studied groups indicating more reactive species
generation to reduce the lipids due to oxidative stress [40]. DM
has been shown to lower SOD levels in a variety of tissues,
including skin [39] and retina [41] in diabetic animals.

As a result of their antioxidant properties, medicinal plants
enhance the phase of proliferation and wound healing [42].
Therefore, removing O, and OH is probably one of the most
effective defenses against diseases [43].

In the current study, it was found that CmAgNPs gave a
significant increase in GSH and SOD levels compared to
another study. This finding aligns with a previous study [44],
which demonstrated that the pumpkin extract inhibited lipid
peroxidation and enhanced the activity of antioxidant enzymes,
including glutathione peroxidase (GSH) and SOD.

Some studies have shown that pumpkin leaves are rich in
antioxidants such as ascorbic acid and phenolics [45].

SOD plays a crucial role in preventing the formation of new free
radicals and acts as the body's primary defense against O». The
results clearly indicate that glutathione levels declined in the
presence of diabetes, consistent with findings from previous
studies. The reduction in SOD may be attributed to enzyme
glycation or inactivation by H»O,, both of which have been
associated with diabetes [46].

This may be due to the presence of high antioxidant (e.g.
polyphenols) content in pumpkin leaves [45].

The topical application of CmAgNPs in this study resulted in a
significant reduction in MDA levels and a marked increase in
the antioxidant enzymes GPX and SOD in the skin [47].
Histological analysis revealed that CmAgNPs promoted the re-
epithelialization process in the treated group. This suggests that
CmAgNPs may play a role in activating dermal fibroblasts and
keratinocytes, as well as enhancing collagen synthesis, which
forms the foundation of the extracellular matrix. This matrix
supports epithelialization during the healing phases and is
considered a crucial step in wound healing [48].

In the contrary, the DN group's wound tissue displayed irregular
collagen, inadequate epidermal development, and the presence
of inflammatory cells, all of which could be linked to a delayed
healing process. A prior study revealed the same results [49, 50].
Also, the silver sulfadiazine treatment group was showed no
obvious epithelialization and incomplete regeneration of the
epidermis and the dermis layer. These results suggest that
CmAgNPs has antimicrobial effects after a brief course of
treatment. Studies have shown that pumpkin seed oils have
therapeutic properties [33, 48].

In comparison to the DN and SSD groups, the histological
examination of the wound tissue from the CmAgNPs group
revealed more newly formed blood vessels. The findings imply
that CmAgNPs might aid in the process of angiogenesis. Similar
results were reported in another studies [33].

In this study, CmAgNPs proved to be more effective in treating
wounds compared to silver sulfadiazine, which showed slower
rates of wound contraction and reduced healing activity. This
may be attributed to the delayed healing effects and cytotoxicity
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of the ointment [51]. Silver sulfadiazine is primarily used as an
antibacterial agent in wound treatment, owing to the actions of
silver ions [52]. In comparison to the SSD and DN groups, the
CmAgNPs group displayed a greater collagen fiber content on
days 14 and 21. The findings might bolster the claim that
CmAgNPs can stimulate the synthesis and deposition of
collagen.

Nanoparticles synthesized from Cucurbita maxima extracts,
specifically from the leaves, possess wound healing potential
due to their influence on hydroxyproline levels in treated wound
tissue. These levels increased during treatment periods,
indicating that the extracts' activity may be related to the
increased hydroxyproline (collagen substrate) influence on the
early proliferation phase in treated wounds which was revealed
by other study [53].

Extracellular matrix (ECM) is mostly composed of collagen,
which plays an important role in wound healing. This process
begins soon after a skin damage and lasts for several weeks [54].
It was discovered that the low collagen concentration in the DN
group was comparable to the results of an earlier investigation
[55].

Conclusions

Our findings suggest that nanoparticles synthesized from
pumpkin leaf extracts (CmAgNPs) enhance tissue healing and
repair processes, likely due to their diverse phytochemical
compositions. Unlike the slower wound regeneration seen with
silver sulfadiazine, the therapeutic effects of CmAgNPs include
complete wound recovery, increased collagen deposition, and
the restoration of normal skin appearance post-treatment. These
results support the potential use of plant extracts as natural
alternatives to conventional wound care. However, further
research is needed to explore the role of different solvent
extracts in the healing mechanisms for potential medical
applications.
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