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ARTICLE INFO ABSTRACT
Keywords: In this study, we green synthesized silver nanoparticles (Ag Nps) from Hybanthus enneaspermus
Hydroxyproline leaves (HE-Ag NPs) and evaluated their antimicrobial and wound-healing properties. The syn-
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thesized HE-Ag NPs were characterized using various techniques, revealing face-centered
polygonal structures, a well-dispersed appearance, and an average particle size of 42-51 nm.
The antimicrobial effects of HE-Ag NPs and their embedded cotton fabrics were tested against
several pathogens, showing effective inhibition of growth. The cytotoxicity and anti-
inflammatory properties of HE-Ag NPs were assessed using MTT assays on L929 and RAW
264.7 cells and by measuring inflammatory cytokine levels in LPS-treated RAW 264.7 cells. HE-
Ag NPs did not affect the viability of L929 and RAW 264.7 cells and significantly reduced in-
flammatory cytokine levels. In vivo studies using an excision wound model demonstrated that HE-
Ag NPs-loaded ointment significantly increased hydroxyproline, total protein, and antioxidant
levels and enhanced the wound contraction rate. These findings suggest that HE-Ag NPs have
potent antimicrobial properties and promote wound healing, indicating their potential for use in
topical ointments for wound care.

1. Introduction

The skin is the biggest organ of the connective tissue system and plays an important role in numerous bodily processes; it accounts
for about 15 % of total body weight. The skin’s fundamental role is to protect the body’s internal organs and tissues from outside
factors [1]. Due to this, the skin is the most vulnerable part of the body, and it can be easily injured by things like cuts and scrapes. Skin
injuries can be caused by a variety of physical, biological, and chemical agents [2]. A wound is any disruption in the structure of the
skin, whether from external factors like trauma or surgery or internal ones like disease. Damage might be minimal, affecting only the
epithelial layers of the skin, or it can be severe, affecting not only the subcutaneous layer but also the underlying structures [3].

Acute and chronic wounds undergo a wound repair process that may be divided into four stages: homeostasis/coagulation,
inflammation, proliferation, and maturation. Platelets and the initiation of the coagulation cascade play pivotal roles in the first stage.
At this early stage, fibrin strands bind to the wound site, encouraging the development of a thrombus or clot and entrapping platelets in
the injury site [4]. In the inflammatory stage, the wound site recruits inflammatory cells to clean up the injured cells and infections.
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However, wound healing is slowed by inflammation if the inflammatory phase lasts too long and an excessive number of activated cells
are recruited to the wounded area [5].

A variety of factors can easily disrupt the wound-healing process, some of which may have detrimental effects on the healing
process. Chronic wounds that fail to heal due to a variety of causes including infection, pollution, old age, diabetes, and the use of
certain medications like corticosteroids [6]. These factors need to be taken into consideration and a proper treatment strategy
established. Topical treatments comprise a major portion of wound healing agents, and their primary function is infection prevention
rather than wound healing. Nanoparticles (NPs) have been synthesized for a variety of biological uses in recent decades because of
their unique physiochemical characteristics compared to those of traditional materials. In general, metallic NPs have several ad-
vantages, including controllable optical characteristics, corrosion resistance, and recyclability [7]. As a result, research into nano-
particles as potential antimicrobial alternatives is proceeding rapidly. Silver nanoparticles (AgNPs) are the most effective antibacterial
nanoparticles [8].

Due to its proven antibacterial and wound-healing capabilities, nano-silver has remarkable potential in therapeutic applications,
even among other metallic NPs including gold, copper, iron, titanium, and zinc [9]. This is due to their potency as an antibacterial even
at low concentrations, as well as their ease of synthesis and immobilization on fabrics. The concentration of silver nanoparticles
(AgNPs) needed to be effective antimicrobials is substantially lower than the lowest amount considered acceptable for human
exposure. The constant release of Ag + ions from silver nanoparticles is responsible for their antibacterial activity [10]. This disrupts
the bacterial membrane and electron transport. Likewise, DNA gets damaged by the Ag + ions. AgNPs exhibit absorption at UV
wavelengths; hence, AgNP-treated textiles also protect against UV radiation [11]. Antimicrobial textiles have seen an upsurge in
demand in recent years due to rising consumer hygiene requirements. Commercially available antimicrobial textiles have been around
for years, but the rise of drug-resistant microbes that are unaffected by antibiotics has sparked interest in treating textiles with
nanoparticles that exhibit broad-spectrum antimicrobial activity [12].

Patients who have used topical steroids for a long time and suddenly stop using them may experience symptoms known as topical
steroid withdrawal (TSW), which has recently drawn attention to topical therapies and led to some controversy. The redness, burning,
and itching are all signs of this condition [13]. Therefore, effective alternatives to commercial wound-healing medications are urgently
needed. Synthesizing NPs from natural materials like plants has gained a lot of attention as a low-cost, easy, rapid, and scalable
alternative to traditional synthetic methods [14]. Since they are rich in bioactive composites that are amenable to performing the roles
of reducing and doping agents, the biocompatibility of these natural products is a significant advantage [15-17].

Plants have been used medicinally for thousands of years due to their bioactive compounds, which protect against chronic diseases,
reduce oxidative stress, and improve lipid profiles, blood pressure, and gastrointestinal health [18]. H. enneaspermus (Violaceae family)
is an herb or shrub that grows in all regions of tropical countries worldwide. It was already mentioned that the roots are widely utilized
to treat various conditions, including urinary tract infections, gonorrhea, and cholera, and also have tonic, diuretic, demulcent, and
aphrodisiac properties [18]. Furthermore, this plant has been highlighted to demonstrate anti-oxidant [19], anti-diabetic [20],
anti-arthritic [21], anti-bacterial [22], aphrodisiac [23], nephroprotective [24], and anti-inflammatory [25,26] properties. In the
current work, we aim to synthesize the silver nanoparticles from the H. enneaspermus plant embedded in the cotton textiles and
evaluate their anti-microbial and excision wound healing properties.

2. Materials and methods
2.1. Chemicals

The silver nitrate (AgNO3), microbial growth media, and other chemicals were attained from Sigma-Aldrich, USA. To measure the
biochemical markers, the corresponding kits were procured from eBioscience, USA.

2.2. Collection of plant sample

The fresh and insect-bite-free leaves of H. enneaspermus were collected from a local commercial vendor. The leaves were washed
with water, dehydrated in the shade, and powdered using a mechanical grinder. The fine powder of the leaves was employed to extract
the preparation and synthesize Ag NPs.

2.3. Preparation of H. enneaspermus leaf aqueous extract

The 50 g of leaf powder was added to 200 mL of deionized water and heated on a heating plate at 90 °C for 30 min to obtain the
aqueous extract. The resulting crude plant extract was utilized to synthesize the Ag NPs after being cooled to 37 °C and filtered using
Whatman No. 1 paper.

2.4. Synthesis of Ag NPs from H. enneaspermus

The 10 mL of H. enneaspermus extract was added to the 90 mL of AgNO3 (1 mM) in a 250 mL flask and kept at 37 °C in a dark place
to synthesize Ag NPs. At intervals of every 30 min, the color transformation from clear to brown was checked. The suspension after the
color change was centrifuged at 15,000 rpm for 30 min. The pellet was then resuspended in distilled water after the supernatant was
removed. The resulting Ag NPs were then used for the characterization studies.
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2.4.1. Characterization of the synthesized HE-Ag NPs

The study used UV-visible spectroscopic techniques to study the development of HE-Ag NPs in suspension (UV-visible spectro-
photometer; Shimadzu-1700, Japan). The absorbance of the HE-Ag NPs was determined at various wavelengths between 200 and 800
nm, and their stretching and bonding were studied using FT-IR. Spectra were taken at 4500-500 cm! on a KBr disc with a Shimadzu-
84008 spectrometer. The crystallinity of the developed HE-Ag NPs was studied using an X-ray diffractometer (X’ pert Pro PANalytical
System). The size and dispersion of the synthesized HE-Ag NPs were studied using TEM analysis (TECNAI F30, USA). The sample HE-
Ag NPs were dispersed on a copper grid and illuminated under electronic radiation.

2.4.2. Coating of HE-Ag NPs on the cotton fabrics

The pure cotton fabric was purchased from a textile market. Then, after 1 h of soaking in boiling water (50 mL) with non-ionic
detergent (2 mL/L), it is rinsed with water to remove the dirt and dust from the textile.

The study involved introducing sterile cotton fabrics with H. enneaspermus leaf extract, containing Ag NPs, through ultra-
sonication. The textiles were then washed, dehydrated, and cut into cube shapes for further examination. The HE-Ag NPs-
embedded cotton fabrics were used for characterization and anti-microbial assessment against various pathogens. The resulting
textiles were then used for further examinations and further research.

2.4.3. Scanning electron microscope (SEM) and energy dispersive X-ray (EDAX) analysis of the HE-Ag NPs-embedded cotton fabrics
SEM with EDAX spectroscopy was utilized to study the morphology and elemental compositions of the HE-Ag NP-embedded cotton
fabrics. The JEOL/EO JSM-5600 SEM analyzer (JEOL, Japan) was used for the SEM and EDAX analyses.

2.5. Anti-microbial study

The synthesized HE-Ag NPs and their embedded cotton fabrics were tested for their anti-microbial efficacy against bacteria that
cause skin infections. After inoculating the pure culture of each pathogen, wells were punched out to a size of 6 mm. After 24 h at 35 °C,
each well was loaded with the HE-Ag NPs (20, 40, and 60 pg) and embedded cotton fabrics HE-Ag NPs were placed on the plates,
respectively. Finally, the plates were investigated to observe for inhibitory zones.

2.6. Biological studies

2.6.1. In vitro cytotoxicity assay

The MTT assay was employed to determine the effect of synthesized HE-Ag NPs on the growth of non-malignant fibroblast L929
cells and macrophage-like RAW 264.7 cells. Briefly, various concentrations of HE-Ag NPs (2.5, 5, 7.5, 10, 12.5, and 15 pg) were added
to the 1929 and RAW 264.7 cell lines. After 24 h of incubation in DMEM media with HE-Ag NPs loaded cells, the cells were analyzed.
The 10 pl of MTT reagent was mixed into each well for 2 h and then the formed formazan depositions were cleared by the addition of
DMSO, and absorbance was taken at 570 nm.

2.6.2. Analysis of inflammatory cytokine levels in the RAW 264.7 cells

The RAW 264.7 cells were challenged with 200 ng/mL of lipopolysaccharide (LPS) and treated with the 7.5 and 10 pg of syn-
thesized HE-Ag NPs for 24 h. Then, the control and treated cells were employed to prepare the homogenates using the cell lysis buffer.
The prepared cell homogenates were utilized to examine pro-inflammatory cytokines such as IL-6, IL-8, IL-1p, and TNF-a levels using
the respective kits following the protocols provided by the kit’s manufacturer (eBioscience, USA).

2.7. Experimental in vivo animal study

In this study, male Wistar rats weighing 180-220 g were used, and they were caged in sterile polypropylene cabins with a tem-
perature of 24 + 3 °C, humidity of 55.4 %, and a 12 h dark/light cycle.

2.7.1. Formulation of HE-Ag NPs loaded topical ointment

A simple ointment was prepared by using a specific procedure, as described by the British Pharmacopoeia [27]. The melted paraffin
(0.5 g) was added to a mixing bowl, followed by cetostearyl alcohol (0.5 g), wool fat (0.5 g), and yellow soft paraffin (8.5 g). The
mixture was decanted to discard the contaminants and then agitated continuously until it reached room temperature. Finally, the
synthesized HE-Ag NPs (100 mg/kg) were added to the basic ointment base at a 1 % concentration.

2.7.2. Excision wound model and treatment procedure

The study involved surgically wounding acclimated animals using an excision wound model under anesthesia. The animals were
anesthetized with ketamine and diazepam before the injury. A circular excision wound was created, and the rats were divided into
three groups: Group I Control (untreated), Group II Treatment (1 % of HE-Ag NPs-loaded ointment), and Group III positive control (5 %
w/w povidone-iodine ointment). The rate of wound closure was observed on the Oth, 7th, 14th, and 21st days post-wound, with day
0 being considered a day of wound development.
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2.7.3. Measurement of wound contraction rate

The wound contraction rate was measured using the below formula, which uses the initial wound size of 314 mm2 as 100 %. The
time to epithelization was calculated by observing when the dead tissue completely covered the wound without showing signs of a raw
wound.

Wound closure (%) = wound area (day 0) — wound area (day of observation)/wound area (day 0) X 100.

2.7.4. Measurement of hydroxyproline content

The wound tissues from the experimental rats were excised on the final day of the study and subjected to estimation of hy-
droxyproline and total protein contents. The level of hydroxyproline was measured [28] using the assay kit as per the instructions
given by the kit’s manufacturer (Elabscience, USA). The total protein content was measured using the Lowry et al. [29] technique.

2.7.5. Analysis of oxidative stress and antioxidant markers

The oxidative and anti-oxidative biomarkers such as malondialdehyde (MDA), SOD, CAT, GPx, and GSH in the excised wound
tissues of the experimental rats were analyzed using the assay kits by the techniques suggested using the kit’s manufacturer
(Bioscience, USA).

2.7.6. Histopathological analysis

The experiment involved excising wound skin tissues for histological analysis. The tissues were cut at 7 pm thickness, stained with
hematoxylin and eosin, fixed in formalin, and embedded in paraffin wax. Sections were evaluated for fibroblast proliferation, collagen
production, angiogenesis, and epithelialization by an independent panel.

2.8. Statistical analysis

One-way ANOVA and Tukey’s post hoc assay were performed to examine the results, and each data was given as a mean + SD of
triplicates. The statistical variations were fixed significant for p < 0.05.

3. Results
3.1. Characterization of the synthesized PK-Ag NPs

The results of the UV-spectral analysis are shown in Fig. 1A. The development of Plant extract and HE-Ag NPs in the reaction
medium was confirmed by the absorbance spectrum. The spectrum was measured between 200 and 800 nm wavelengths. The

—— Ag NPs

304 nm 441 nm ——Plant extract
—Ag NPs

—— Plant extract
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T T T T T —
200 300 400 500 600 700 800 4000 3500 3000 2500 2000 1500 1000 500
(A) Wavelength (nm) (B) Wavenumber (%)

Fig. 1. (A) UV-visible spectroscopy and (B) FT-IR analysis of the HE-Ag NPs.
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absorbance edge peaks were observed at 304 nm (283 nm and 441 nm) for plant extract and HE-Ag NPs, respectively.

Fig. 1B reveals the findings of the FT-IR study, which demonstrate the presence of various functional groups in the plant extract and
synthesized HE-Ag NPs. The HE plant extract showed functional groups at 3324, 2102, 1632, and 533 cm’, corresponding to O-H
stretching, aliphatic C-H stretching, and C-O stretching vibrations of flavonoids/phenolic groups. The HE-Ag NPs revealed several
peaks at different frequencies in the spectrum, notably at 3781, 3698, 3279, 2931, 2862, 1714, 1611, 1017, and 525 cm!. The hy-
droxyl O-H stretching peaks were observed at 3781, 3698, and 3279 cm'. The C-H asymmetric and symmetric groups were observed
at 2931 and 2862 cm™!. The carboxylic group C=0 peaks were found at 1714 and 1611 cm™'. The C-O-C and secondary O-H groups
were observed at 1017 cm™!, and the metal Ag peak was 525 cm™.

The crystallinity of the synthesized HE-Ag NPs was investigated using XRD analysis (Fig. 2A). The XRD diffraction 2theta angle at
38.00°, 44.17°, 64.35°, and 77.33°, which correspond to the hkl planes of (111), (200), (220), and (311), respectively, for face-
centered cubic phase characteristic of Ag structure (JCPDS no: 89-3722) and an average crystalline size of 37.81 nm, as evidenced
by the occurrence of various peaks. The shape, size, and distribution patterns of the HE-Ag NPs were studied using TEM analysis
(Fig. 2B). The TEM images revealed cubic, polygonal-shaped HE-Ag NPs with an average particle size of 42-51 nm.

The appearance of the HE-Ag NPs embedded on the cotton fabrics was investigated using SEM along with EDAX, and the findings
are depicted in Fig. 3. The SEM microphotographs of the HE-Ag NPs-embedded cotton fabrics indicate the formation of dispersed HE-
Ag NPs and their occurrence on the cotton fabrics (Fig. 3A). The findings of the EDAX study of HE-AgNPs-coated cotton fabrics revealed
a higher percentage of Ag ions (Fig. 3B, C & D). These findings confirmed the development of HE-Ag NPs, their binding, and their
existence on the surface of cotton fabrics.
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Fig. 2. (A) XRD and (B) TEM analysis of the HE-Ag NPs.
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Fig. 3. (A, B & C) SEM and EDAX (D) analysis of the HE-Ag NPs-embedded cotton fabrics. The appearance of the HE-Ag NPs embedded in the cotton
fabrics was investigated using SEM along with EDAX. The SEM images indicated the formation of dispersed HE-Ag NPs and their occurrence on the
cotton fabrics (A, B & C). The EDAX analysis revealed that HE-Ag-coated cotton fabrics have the highest Ag ions (D).
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3.2. Anti-microbial effect of the synthesized HE-Ag NPs

The anti-microbial effects of the HE-Ag NPs were tested against several pathogens, including P. aeruginosa, K. pneumoniae, E. coli,
and S. aureus. The results proved that the HE-Ag NPs-loaded wells demonstrated increased inhibition zones around the well, which
confirms that the HE-Ag NPs effectively inhibited microbial growth. The maximum inhibition zones were observed in K. pneumoniae
(19 mm) and P. aeruginosa (18 mm) against 60 pg of HE-Ag NPs (Table 1). Overall, the NPs treatment considerably inhibited the growth
of all the tested pathogens (Fig. 4).

3.3. Antimicrobial effect of HE-Ag NPs-embedded cotton fabrics

The cotton fabrics, which are coated with HE-Ag NPs were tested for their anti-microbial properties against various pathogens
(Fig. 5). Asindicated in Table 2, the treatment with the HE-Ag NPs-embedded cotton fabrics effectively inhibited the microbial growth.
The maximum inhibitory zones were observed against K. pneumoniae (20 mm) and P. aeruginosa (19 mm). These findings indicated that
the HE-Ag NPs-embedded cotton fabrics considerably inhibited the growth of several pathogens.

3.4. In vitro studies

3.4.1. Effect of synthesized HE-Ag NPs on the viability of L929 and RAW 264.7 cells

The viability of HE-Ag NPs-treated L929 and RAW 264.7 cells was measured using the MTT assay, and the findings are revealed in
Fig. 6. The outcomes proved that the treatment of HE-Ag NPs at various concentrations did not disturb the growth of both L929 and
RAW 264.7 cells. The growth of both cells remained unchanged up to the tested concentrations of the HE-Ag NPs. These findings
evidence that HE-Ag NPs are non-toxic to normal cells.

3.4.2. Effect of HE-Ag NPs on the levels of pro-inflammatory cytokines in the LPS-induced RAW 264.7 cells

Fig. 7 represents the IL-6, IL-1f, IL-8, and TNF-a levels in the control and treated RAW 264.7 cells. The LPS-treated cells revealed
increased levels of cytokines than the control. Interestingly, the treatment with 7.5 and 10 pg of HE-Ag NPs considerably diminished
these cytokines in the LPS-induced cells.

3.5. In vivo studies

3.5.1. Effect of HE-Ag NPs on the total protein and hydroxyproline levels

The levels of total protein and hydroxyproline were measured in the wound tissues of the placebo and HE-Ag NP-treated rats. The
levels of both total protein and hydroxyproline were significantly low in the wound tissues of the placebo control. However, the
treatment with the HE-Ag NPs-loaded ointment considerably elevated both protein and hydroxyproline in the wound tissues of the rats
(Fig. 8). A considerable increase in these markers was also noted in the standard drug povidone-iodine-treated rats, which supports the
results of the HE-Ag NPs treatment.

3.5.2. Effect of HE-Ag NPs on the oxidative stress parameters

Fig. 9 demonstrates the results of oxidative and antioxidative parameter levels on the wound tissues of placebo and HE-Ag NP-
treated rats. The wound tissues of the placebo rats had a significantly increased MDA level while having reduced CAT, SOD, GPx, and
GSH levels. Whereas the topical administration of HE-Ag NPs-loaded ointment effectively boosted the antioxidant levels while
decreasing the MDA level. Similar results were also observed on the standard drug povidone iodine ointment treatment, which cor-
roborates the findings of the HE-Ag NPs.

3.5.3. Effect of HE-Ag NPs on the in vivo wound healing

The wound contraction rate was determined in the placebo and HE-Ag NPs-treated experimental rats (Fig. 10). The proportion of
wound contraction rate significantly increased in the rats treated with HE-Ag NPs-loaded ointment. On the 0™, 7th, 14th, and 21st days
of observation, the NPs demonstrated a considerably higher wound closure rate than the placebo. The standard drug povidone-iodine
treatment also considerably increased the wound closure rate (Fig. 11).

Table 1
Antibacterial activity of the synthesized HE-Ag NPs. The synthesized HE-Ag NPs at various concentrations (20, 40, and 60 ug) considerably inhibited
the pathogen’s growth. The highest inhibition zone was noted in K. pneumoniae (19 mm) and P. aeruginosa (18 mm) against 60 pg of synthesized HE-
Ag NPs.

S.NO Name of the organisms 20 pg 40 pg 60 pg Negative control
01 Escherichia coli 12 mm 13 mm 14 mm No Zone
02 Klebsiella pneumoniae 17 mm 18 mm 19 mm No Zone
03 Pseudomonas aeruginosa 16 mm 17 mm 18 mm No Zone
04 Staphylococcus aureus 15 mm 16 mm 17 mm No Zone
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Fig. 4. Anti-bacterial activity of the HE-Ag NPs. The synthesized HE-Ag NPs at various concentrations (20, 40, and 60 pg) considerably inhibited the
pathogen’s growth. The highest inhibition zone was noted on the K. pneumoniae and P. aeruginosa against 60 pg of synthesized HE-Ag NPs.

3.5.4. Effect of HE-Ag NPs on the wound histopathology

The histopathology of wound tissues was analyzed, and the outcomes were revealed in Fig. 12. The untreated rats showed
considerable changes such as fibrosis, infiltration of inflammatory cells, epithelium degradation, and inflammation. However, the
wound tissues of the HE-Ag NPs-loaded ointment-treated rats had well-organized collagen fiber development, a thick epidermal layer,
and reduced inflammatory cell infiltration. The tissues of HE-AgNPs-loaded ointment-treated rats had no symptoms of inflammation in
the regenerated tissues. Similar results were also noted in the wound tissues of the povidone-iodine-treated rats, which supports the
activity of HE-Ag NPs.

4. Discussion

Skin wounds are a primary interest for the public health sector due to their prevalence and negative impacts on patient wellbeing.
Hospitalization and antibiotics may be necessary if the wound does not heal quickly enough or if a pathogen infection occurs [30].
Topical treatments that speed up wound healing are a promising area of research. Wound healing is a dynamic, self-sustaining process
that is impacted by various factors, including cytokines, blood, extracellular matrix, and growth hormones. Bleeding control and
infection prevention are the cornerstones of wound care. It has been shown that using active substances with antioxidant, antibacterial,
anti-inflammatory, and cell proliferation properties is the most effective method for treating wounds [31]. Therefore, the current work
was focused on analyzing the beneficial properties of synthesized HE-Ag NPs in terms of their anti-microbial, anti-inflammatory,
proliferative, antioxidant, and in vivo wound healing activities.

Numerous bacterial infections can prolong the healing process by keeping wounds infected for longer. Any topical treatment for a
wound needs to be effective against bacteria and other microorganisms. When compared to other types of microbes, such as fungi,
bacteria are the most frequently isolated from wounds. The skin acts as a protective layer against the colonization of harmful
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Fig. 5. Anti-bacterial activity of the HE-Ag NPs-coated cotton fabrics. The cotton fabrics, which are coated with HE-Ag NPs revealed considerable
anti-microbial effects against the tested pathogens. Control (C), Mixed cotton (MC), Cotton control (CC), and Mixed cotton control (MCC). The
maximum inhibition was observed against K. pneumoniae and P. aeruginosa.

Table 2

Antibacterial activity of the synthesized HE-Ag NPs-coated cotton fabrics. The cotton fabrics, which are coated with HE-Ag NPs, demonstrated
antimicrobial effects against the tested pathogens. The maximum inhibition was noted against K. pneumoniae (20 mm) and P. aeruginosa (19 mm).

S.NO Name of the organisms Cotton Mixed cotton Cotton control Mixed cotton control
01 Escherichia coli 17 mm 18 mm No Zone No Zone
02 Klebsiella pneumoniae 19 mm 20 mm No Zone No Zone
03 Pseudomonas aeruginosa 18 mm 19 mm No Zone No Zone
04 Staphylococcus aureus 17 mm 18 mm No Zone No Zone

microorganisms, but when it is damaged, the underlying tissue is exposed to infection [32]. The damaged skin allows bacteria to enter
the wound, where they can then spread and eventually colonize the area. The mere existence of such nonreplicating microorganisms
represents contamination. Microorganisms can get colonized after being introduced through contamination, and this process can
continue without triggering an immune response [33].

To effectively deal with multi-drug-resistant bacterial strains, it is crucial to find a new method for researching novel antibiotic
agents. It is well known that metal NPs, especially silver, are applied to cuts, burns, and wounds to prevent infection because they act as
antibacterial agents and may control a wide range of microorganisms [34]. Most of the commercial wound healing agents used
presently fail to provide satisfactory results. Nanotechnology is a reliable research topic for wound-healing drugs because of its many
unique physiochemical properties. Silver has long been utilized in traditional medicines and food products due to its propensity to be
sterile. Ag NPs have been the subject of a plethora of research due to their potential antibacterial effects [35]. The current results
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Fig. 6. Effect of HE-Ag NPs on the viability of L929 and RAW 264.7 cells. Results were taken from triplicate assays and given as a mean + SD of
triplicates. The values are analyzed using the one-way ANOVA and Tukey’s post hoc assay.
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Fig. 7. Effect of HE-Ag NPs on the levels of pro-inflammatory cytokines in the LPS-induced RAW 264.7 cells. Results were obtained from triplicate
assays and given as a mean + SD of triplicates. The values are analyzed using the one-way ANOVA and Tukey’s post hoc assay. Note: ‘*’ represents
that data are significant at p < 0.05 from the control and ‘#’ represents that the data are significant at p < 0.01 from the LPS-induced group.

proved that both synthesized HE-AgNPs and their embedded cotton fabrics effectively inhibited the growth of the tested pathogens, i.
e., P. aeruginosa, K. pneumoniae, E. coli, and S. aureus. These findings indicated that the HE-Ag NPs and coated cotton fabrics are
effective against pathogens due to their strong anti-microbial properties.

The primary role of the proliferative phase in wound healing is to cover and fill the wound. At these points, active and differentiated
fibroblasts, known as myofibroblasts, start contracting the wound margins. After that, re-epithelialization begins, which is triggered by
the deposition of extracellular matrix, primarily collagen [36]. Finally, during the maturation phase of healing, collagen fibers are
rearranged and the tissue is reformed to become stiff and flexible [37]. In this work, the influence of HE-Ag NPs was investigated on the
proliferation of normal skin fibroblast L929 cells as well as macrophage-like RAW 264.7 cells. These outcomes highlight that the HE-Ag
NPs treatment effectively increased the growth of L929 as well as RAW 264.7 cells. Therefore, it is clear that the HE-Ag NPs can
promote the wound healing process by promoting the fibroblast proliferation rate.

Previous studies have explored the biosynthesis of Ag nanoparticles using Heracleum persicum seeds’ methanolic extract, which
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Fig. 8. Effect of HE-Ag NPs on the total protein and hydroxyproline levels (ug/100 mg of tissue) in wound tissues of the placebo. Values are
expressed as mean + SD for experiments. The values are analyzed using the one-way ANOVA and Tukey’s post hoc assay. Note: ‘** represents that
data are significant at p < 0.05 from group I and ‘#’ represents that the data are significant at p < 0.01 from LPS-induced group II.
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Fig. 9. Effect of HE-Ag NPs on the oxidative and anti-oxidative parameter levels. Results were obtained from expressed as mean + SD for ex-
periments. The values are analyzed using the one-way ANOVA and Tukey’s post hoc assay. Note: “** represents that data are significant at p < 0.05
from group I and ‘#’ represents that the data are significant at p < 0.01 from LPS-induced group II.

showed a decrease in livability against human breast adenocarcinoma cell lines. This suggests that Ag NPs could be a green drug for
treating breast adenocarcinoma [38]. An eco-friendly method for synthesizing copper nanoparticles (CuNPs) from Thymus fedtschenkoi
leaves extract showed growth-inhibiting effects on lung cancer cell lines [39]. A modern drug containing iron nanoparticles (FeNPs)
containing Glycyrrhiza glabra L leaf for treating acute lymphoblastic leukemia showed low cell viability against MOLT-3, CEM/C2,
TALL-104, and CCRF-CEM cell lines, with the best cytotoxicity observed in the CCRF-CEM cell line [40].
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Fig. 11. Effect of HE-Ag NPs on the in vivo wound contraction rate. Results were obtained as a mean + SD. The values are analyzed using the one-
way ANOVA and Tukey’s post hoc assay. Note: ‘*’ represents that data are significant at p < 0.05 from group I and ‘#’ represents that the data are
significant at p < 0.01 from LPS-induced group IIL

Previous studies have discovered the therapeutic properties of copper nanoparticles with antioxidant potential for treating in-
fectious diseases and cutaneous wounds [41]. A new series of 18 thiosemicarbazones (TSCs) was synthesized and tested against various
enzymes using the Forcefield Method [42]. A chemotherapeutic drug using Rhus coriaria L. fruit aqueous extract showed significant
anticancer effects against human Caucasian carcinoma [43]. Lens culinaris seed extract conjugated gold nanoparticles may be a po-
tential dietary therapeutic agent for treating acute myeloid leukemia due to their antioxidant properties and potential chemothera-
peutic benefits [44]. The study suggests that Camellia sinensis leaf extract-based gold nanoparticles may be a potential dietary
therapeutic for treating acute myeloid leukemia, with similar antioxidant properties to doxorubicin [45].

Chronic inflammation can hinder the wound healing mechanism and result in the formation of chronic wounds [46], so it’s
important to mitigate inflammation as much as possible. Pro-inflammatory cytokines are crucial in the early stages of wound healing
[47]. At the wound site, monocytes undergo a process of terminal differentiation into macrophages, during which they release several
cytokines like IL-1p, IL-6, and TNF-a [48]. TNF-a is responsible for the organization of collagen fibers and the suppression of tissue
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Fig. 12. Effect of HE-Ag NPs on wound histopathology. The untreated rats showed considerable changes such as fibrosis, infiltration of inflam-
matory cells, and inflammation (Group I). The wound tissues of the HE-Ag NPs-loaded ointment-treated rats had well-organized collagen fiber,
reduced inflammatory cell infiltration, and no symptoms of inflammation in the regenerated tissues (Group II). Similar results were also noted on the
wound tissues of the povidone iodine-treated rats (Group III).

granulation. Increased development of granulation tissue, which is full of cells and capillaries, is necessary for the remodeling phase of
healing [49]. Diller et al. [50] highlighted that the expression of genes encoding anti-inflammatory markers is down-regulated,
whereas pro-inflammatory cytokines and chemokines are elevated during the inflammatory phase. It has been found that the addi-
tion of anti-inflammatory medications to wounds might be beneficial, as they can reduce inflammation for longer and help the wound
transition from the inflammatory to the healing phase [51]. This is because fibroblast and keratinocyte proliferation and migration are
slowed by chronic inflammation, which in turn slows the process of re-epithelization [52]. Therefore, in this study, we analyzed the
impacts of HE-Ag NPs on the inflammatory cytokine levels in LPS-challenged RAW 264.7 cells. The findings proved that the HE-Ag NPs
treatment considerably reduced the secretion of IL-1f, IL-6, IL-8, and TNF-a, which proved their anti-inflammatory properties.
Therefore, it was clear that the HE-Ag NPs can aid in the wound healing process by mitigating the inflammatory response.

Hydroxyproline, the main amino acid in collagen, is used as a biomarker for the presence of collagen in tissue samples. Higher levels
of hydroxyproline indicate an increase in collagen production, which in turn improves wound healing. Collagen seems to play a pivotal
role in the growth of healing tissues; both lysine and proline hydroxylation are required for collagen production [53]. In addition, the
presence of more hydroxyproline indicates that the wound is closing more rapidly. Increases in electrostatic and ionic interactions
between collagen molecules are reflected in a higher hexosamine concentration. Collagen is essential for homeostasis and epitheli-
alization, two processes that occur during the last phases of wound healing and are necessary to maintain the strength and integrity of
the tissue matrix. Repaired tissue and the overall healing pattern are consequently boosted by increased hydroxyproline production
[54]. In the current investigation, an increased amount of hydroxyproline, as well as total protein, was found by biochemical ex-
amination of the wound tissues from HE-Ag NPs-loaded ointment-treated rats, suggesting an increase in collagen synthesis and cellular
proliferation. These findings proved that the HE-Ag NPs can promote wound healing by up-regulating hydroxyproline secretion.

When skin is damaged, it releases an inflow of free radicals and oxidants into the surrounding area. Due to the high production of
ROS during oxidative metabolism involving unpaired electrons, oxidative stress slows wound healing and increases cytotoxicity in
biological systems. The healing of wounds is aided by antioxidants because they lessen the wound’s exposure to oxidative stress
[55-57]. A vital enzyme known as SOD neutralizes the more dangerous superoxide radical by converting it to the less hazardous
hydrogen peroxide. CAT defends cells from damage caused by a wide range of harmful substances. CAT eliminates H202 and breaks it
down into water and oxygen. This is the first line of defense against oxygen radicals. Cells are detoxicated when GPx and GSH function
together, and H202 is eliminated by GSH oxidation [58]. Reduced oxidative stress has been linked to increased antioxidant activity at
the wound site [59]. Since eliminating free radicals is a key step in wound healing, it is essential to measure antioxidant molecules
including CAT, SOD, and MDA [60]. The current results showed that treatment with an ointment containing HE-Ag NPs increased the
levels of CAT, SOD, GPx, and GSH while decreasing the amount of MDA in the wound tissues. These findings prove that HE-Ag NPs can
increase wound healing by mitigating oxidative stress and boosting antioxidants in the wound tissues.

Wound healing is the process of restoring injured tissue to a state as similar to its original condition as possible by reconstructing its
cellular structures and tissue layers. The fibroblastic stage of healing is the beginning of a mechanism called wound contracture, which
results in wound closure. Epithelization, angiogenesis, and collagen deposition are all hallmarks of the proliferative phase [61]. In this
work, the outcomes of in vivo wound healing exhibited that the topical administration of HE-Ag NPs-loaded ointment considerably
increased the wound contraction rate. The findings of histological analysis also revealed that the wound tissues of the HE-Ag
NPs-loaded ointment-treated rats had well-organized collagen fibers, a thick epidermal layer, reduced inflammatory cell infiltra-
tion, and signs of inflammation. These results proved that the HE-Ag NPs effectively supported wound healing in the rat excision
wound model.

5. Conclusions

This study found that silver nanoparticles from H. enneaspermus leaves (HE-Ag NPs) can significantly improve wound healing in a
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rat model. The ointment accelerated the healing process, reducing oxidative stress and promoting tissue regeneration. In vitro ex-
periments confirmed the nanoparticles’ anti-inflammatory properties, reducing inflammation in macrophage cells. The study also
confirmed the antimicrobial efficacy of HE-Ag NPs and HE-Ag NPs-embedded cotton fabrics against pathogenic microorganisms. These
findings suggest HE-Ag NPs have the potential for advanced wound care treatments. When HE-Ag NPs-containing ointment was
applied to the wound, the healing process significantly increased by mitigating oxidative stress and increasing hydroxyproline levels.
The findings of in vitro experiments proved that the HE-Ag NPs increased the growth of L929 and reduced the inflammatory cytokines
in the LPS-induced RAW 264.7 cells. It was also shown that the HE-Ag NPs and their embedded cotton fabrics were effective against
various pathogens. The wound-healing potential of HE-Ag NPs suggests that they could be used as a potent wound-healing agent.
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