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Introduction: Zinc oxide nanoparticles (ZnONPs) have been the subject of substantial research by virtue of their utility across
extensive downstream applications. Moreover, the ZnONPs are inexpensive, reliable, and easy to produce. Green synthesis employing
biological systems, particularly plant extracts, has arisen as a subject of study in nanotechnology and is gaining importance due to its
multiple applications in biology, chemistry, physics, and medicine.

Methods: Aqueous extract of S. obvallata was prepared and ZnONPs were synthesised using zinc acetate as a substrate. UV-Vis
spectrophotometric measurement confirmed the production of ZnONPs. The ZnONPs were characterized by employing SEM, EDS,
XRD, and FTIR. The ZnONPs were screened for its antimicrobial and wound healing potential.

Results: The peak of absorbance for UV-Vis was observed at 370 nm. The average dimension of the particles was found to be 22.58
nm. The antibacterial activity of ZnONPs was efficient in countering a broad spectrum of bacteria and the fungi C. albicans. The
results of in vitro and in vivo wound healing assays indicate that the ZnONPs possess potent wound healing potential. In the cell
migration assay, the percentage of wound closure was observed to be 84.70% (p < 0.001) for ZnONPs compared to the untreated group
(8.12%). In the excision wound healing rat model, the animals treated with ZnONPs and Povidone-Iodine showed a significant (p <
0.01) wound contraction in comparison to the untreated animals.

Discussion: The ZnONPs promoted wound healing processes and showed promise as a therapeutic agent. However, further research
is needed to understand the mechanisms of action and evaluate the long-term safety and effectiveness of ZnONPs in wound healing
applications. By using renewable biological materials, the green synthesis of ZnONPs minimizes the need for synthetic reagents and
lowers the total carbon footprint related to the production of nanoparticles.
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Introduction

Nanoparticles (NPs) are extremely small particles with sizes measured in the nanometer scale, usually between 1 and 100
nm. They can be made from a variety of materials, including metals, metal oxides, polymers, or ceramics. The 1980s and
1990s saw the emergence of the contemporary field of nanotechnology. The creation of methods like atomic force
microscopy and electron microscopy, which enabled researchers to visualize and work with materials at the nanoscale,
was one of the major advancements. Compared to conventional methods, nanotechnology-based therapeutic approaches
target molecular and cellular processes with more safety, efficacy, and specificity.'> Because of its small size, NPs
frequently display distinct physical, chemical, and biological characteristics that differ from bigger materials with the

same composition. These properties make NPs highly versatile and enable their application in a wide range of fields,
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including medicine, cosmetics, electronics, energy, environmental remediation, pharmaceuticals and many more.*> These
NPs are intriguing because their atoms are predominantly located near the surface, leading to significantly different
physical and chemical properties, reactivity, and atomic arrangements compared to bulk materials.* The antibacterial
characteristics of NPs have led to them being called as “nano antibiotics”.> NPs are used in several consumer products,
including those in the chemical, food, feed, health, and cosmetics sectors.®’

There are several techniques that can be employed to synthesize NPs. The utilization of biological systems,
particularly plant extracts, for green synthesis, has gained popularity in nanotechnology.® Green synthesis of nanopar-
ticles offers several advantages: it is eco-friendly, utilizing non-toxic and biodegradable materials that reduce environ-
mental impact. This method is cost-effective due to the use of readily available biological resources and typically requires
mild reaction conditions, minimizing energy consumption. The resulting nanoparticles are often biocompatible, making
them suitable for biomedical applications. Additionally, green synthesis can produce diverse morphologies with unique
shapes and sizes, enhancing functionality while ensuring reduced toxicity from harmful chemicals. The simplicity of the
process allows for easy scalability, promoting sustainability through renewable resources. Biologically synthesized
nanoparticles also exhibit enhanced stability and potential for functionalization due to natural capping agents.

Zinc oxide nanoparticles (ZnONPs) have garnered significant attention due to their diverse range of potential

applications across various fields.” According to Kalpana et al.'°

ZnONPs are economical, safe, and easy to produce.
The chemical and physical properties of ZnONPs can be easily modified by using different synthesis methods,
precursors, or materials.'' These nanoparticles exhibit notable optical, electrical, and photocatalytic properties.'? Their
strong UV-absorption and non-toxic nature make ZnONPs ideal for biomedical applications. In addition, ZnONPs have
a significant degree of innate resistance to microorganisms.'’ Because of these properties, ZnONPs are extensively
employed in several biological applications, like drug administration, gene transfer, labelling and sensing in living
organisms, and nanomedicine for diabetic wound healing."''* A schematic presentation of the synthesis, characterization
and biological applications has been depicted in Figure 1.

Zinc oxide is currently listed as generally recognized as safe by the US Food and Drug Administration and used as
a food additive, given that zinc is an essential trace element. Zinc oxide has the potential to be used as multi-purpose
nanocarrier to help with the transport and release of medications due to its solubility in an acidic environment. ZnONPs
have been shown to be useful in a wide range of contexts by numerous studies, such as photocatalysis,'

1017 and energy cells.'"® ZnONPs generated by green synthesis display unique physical and chemical

antimicrobials,
properties and are used in a variety of biological processes, such as wound healing, immunity, infection control, diabetes
treatment, antifungal activities, regeneration of tissues, coatings for implants, bio-imaging, wound healing, and the
development of novel anticancer medications.'® ' A popular natural product with strong flavonoid content is Prunus
serrulata leaves. In a previous study, the flavonoids extracted from Prunus serrulata were used as capping and reducing
agents for ZnONPs,? similarly, hydrogels containing different bioactive compounds have been incorporated to promote
skin wound healing.”*~*

Saussurea obvallata (S. obvallata), is a flowering plant species that bears the name Brahma kamala in honor of the
Hindu god of creation.”® The Himalayan area of India has a wide variety of flora, including several endemic and rare
species. Brahma kamala is considered the ‘king of Himalayan flowers’. S. obvallata can be found in the Uttarakhand
districts of Kedarnath, Hemkund Sahib, and Tungnath and is also seen in Nepal, Bhutan, and Tibet.*' S. obvallata is
a celestial flower that only blooms for one night each year, generally in the late summer or early autumn. It is a herb that
is hermaphrodite and grows to a length of between 5 and 10 cm (Figure 2).

S. obvallata is recognized for its medicinal properties and used in the treatment of fever. Various parts of the plant,
including rhizomes, flowers, and leaves, are utilized for therapeutic purposes.?® The rhizomes are specifically noted for
their antibacterial and wound healing properties and are employed in the treatment of cuts and bruises.”’ Additionally, the
consumption of flower extracts has been shown to stimulate insulin production from the pancreas. S. obvallata, is
effective in alleviating symptoms associated with asthma, bronchitis, cough, and colds, and it aids in the clearance of
mucus from the respiratory tract.”® These findings support the traditional use of S. obvallata in herbal medicine and
highlight its potential therapeutic applications. Floral extracts contain a wide range of phytochemicals, including
polyphenols, flavonoids, and reducing sugars, which play important role in the synthesis and characteristics of
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Figure | Synthesis, characterization and applications of ZnONPs synthesized from S. obvallata flowers aqueous extract.

ZnONPs.?’ By harnessing these natural compounds, this research aims to develop ZnONPs that not only exhibit potent
antimicrobial and wound healing properties but also offer a safer and more sustainable alternative to existing treatments.
The increasing prevalence of antimicrobial resistance, wound infections, and the need for effective wound healing agents
necessitate the exploration of innovative solutions. Moreover, the findings from this study could contribute to a deeper
understanding of the therapeutic applications of ZnONPs in wound care, potentially leading to improved clinical
outcomes and a reduction in antibiotic resistance associated with conventional treatments. Further investigation into
the mechanisms of action will provide insights that could inform future research and clinical applications.

Materials and Methods

Plant Collection and Preparation of S. obvallata Flower Aqueous Extract

S. obvallata flowers were collected from Dharwad, Karnataka during June-July 2023. The flowers were identified by
Dr. Harsha Hegde. A voucher specimen (RMRC-1877) is submitted to ICMR-National Institute of Traditional Medicine,
Belagavi, Karnataka, India. A fine razor blade was used to separate the parts of the flowers and were thoroughly washed
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Figure 2 The flowers of S. obvallata (Brahma Kamala) plant.

using distilled water. The cleansed flowers were cut into small pieces. 50 g of chopped flowers were ground using pestle and
mortar and then boiled in clean and sterile glass beakers containing 500 mL distilled water for 15 minutes. After boiling, the
flower extracts were allowed to cool and later filtered using Whatman filter paper. The filtrate was then centrifuged at
6000 rpm for 15 minutes. The supernatant was obtained in a tube and stored in the refrigerator until further use.

Preliminary Phytochemical Screening
The standard biochemical methods were used to determine the presence of alkaloids, flavonoids, saponins, cholesterol,
phenols, glycosides, anthraquinones, steroids, triterpenoids, coumarins, diterpenes, catechin, anthocyanosides, resins, and

volatile 0il.2*737

Zinc Oxide NPs Synthesis

Zinc acetate (C4HgO4Zn-2H,0) was used as a substrate to synthesize ZnONPs from the flower extract. Zinc acetate (10.975
g) was added to 500 mL distilled water to obtain 0.1M zinc acetate solution. It was placed in magnetic stirrer for 1 hour for
complete solubilization. 125 mL of flower extract was added drop wise to 500 mL of 0.1M zinc acetate on the magnetic
stirrer and was stirred continuously. After 1 hour, the solution’s pH was raised to 10 using 2M NaOH solution. The solution
formed a white precipitate. The beaker was then kept in water bath at 50°C for 1 hour and later stirred continuously for
2 hours. The precipitate was allowed to settle, and it was repeatedly washed with distilled water till a pH of 7 was attained.
The precipitate was then dried in the hot air oven. The dried precipitate was stored in powder form until further analysis.*®
A schematic representation of biosynthesis of ZnONPs, characterization and biomedical application is shown in Figure 3.

Characterization and Analysis of ZnONPs

The characterization of ZnONPs has grown in significance because they can be produced through various mechanical or
chemical processes and have a huge potential for technological applications as well as academic research interests in
a variety of fields.”® The characterization of ZnONPs is crucial to knowing their distinctive features at various molecular
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Figure 3 Schematic representation of biosynthesis of metal NPs, characterization and application studies.

levels because NPs have a huge ratio of surface area to volume, which causes their properties to change considerably
with size. The crystalline phase, crystal defects, texture, shape anisotropy, crystal size, and other properties influence the
chemical, electronic, mechanical, and optical characteristics of the NPs.

UV-Visible Spectroscopy

The most popular method and most straightforward way to verify the creation of NPs is UV-visible spectroscopy.®® After
dissolving 10 mg of dry precipitate in 10 mL of distilled water, the spectra of absorbance between 200 and 800 nm were
measured using a Shimadzu UV-1800 spectrophotometer. To modify the baseline, distilled water was utilized as a blank.
Using a graph of absorbance v/s wavelength, the wavelength with the highest absorbance was investigated.

Analysis by FTIR

To determine whether potential biomolecules were present in the sample, FTIR measurements were performed. FTIR provides
a validation of functional groups qualitatively. This methodology uses reflectance and absorption spectroscopy in the IR spectral
region. In this electromagnetic domain, a molecule is stimulated to reach a higher vibrational state, which is known as
a vibrational transition.*” Changes in functional groups can be used via the FTIR technique, a kind of spectroscopy, to detect
variations in the general composition of biomolecules. The molecular spin and vibration impacted by an infrared wavelength are
measured using FTIR. It is possible to ascertain the existence of these interactions by identifying structural changes in molecule
binding.***!

SEM with EDS Analysis

The ZnONPs’ size, shape, and surface area were assessed using a SEM. Particle imaging is made possible by high-
resolution SEM imaging, and elemental and chemical properties of the NPs can be determined by EDS. With SEM-EDS,
information about the material’s external morphological characteristics, composition, chemical makeup, and orientation
can be acquired (manufacturing JEOL model number JSM-IT500L). Following their dehydration, the samples were
examined using an electron beam, allowing ZnONP size and image data to be obtained.*?

X-Ray Diffraction (XRD) Analysis
In order to determine crystal structure, phase composition, and crystallinity, X-ray Diffraction (XRD) experiments were
carried out using a PAN analytical Xpert Pro. diffractometer with Cu-Ka radiation, employing a range of 20-80° with
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a scan speed of 8° min'.** Scherrer’s equation was used to calculate the size of the NPs. The formula is D = 0.9 / cosh,
where D is the crystal size, k is the X-ray beam’s wavelength, h is the Braggs angle expressed in radians, and B is the
absolute width of the peak at half maximum expressed in radians.*

Biomedical Applications of ZnONPs

Anti-Microbial Activity

The agar disk diffusion method was employed to assess the anti-microbial susceptibility of ZnONPs and flower extract
against various microorganisms.** Escherichia coli, Bacillus subtilis, Pseudomonas aeruginosa, Zymomonas mobilis and
Streptococcus aureus were used as test organisms and ampicillin was used as standard antibiotic. The test microorganism
was inoculated into nutrient agar plates using a standardized inoculum. Whatman filter papers (around 5 mm in diameter)
were soaked in the test solutions (flower extract and 10 mg ZnONPs in 10 mL distilled water) for 3—4 hours prior to the
inoculation. Next, the filter paper disc was put on top of the agar. The petri plates were kept in an incubator at 37°C
for 24 hours. The test microorganism is seeded into the agar medium, and the test plant extract diffuses through it.** After
incubation, if the isolated components or plant extracts under investigation are microbiologically active, a zone of
inhibition will form around the filter paper disc. Antimicrobial agents that infiltrate into the agar usually hinder the
germination and division of the test microorganism. The inhibitory zone’s diameter provides an accurate description of

how well plant extracts or compounds work against bacteria.*’

Anti-Fungal Activity

ZnONPs and floral extract were tested for their antifungal susceptibility to the fungus Candida albicans using the agar
disc diffusion method. C. albicans was inoculated into potato dextrose agar (PDA) plates using a standardized inoculum,
and fluconazole was utilized as the standard antibiotic. Prior to the inoculation, Whatman filter papers with a diameter of
approximately 5 mm were soaked for three to four hours in the test solutions, which consisted of floral extract and 10 mg
ZnONPs in 10 mL distilled water. Next, the filter paper disc was put on top of the agar. The petri plates were kept in an
incubator at 37°C for 24 hours. The agar medium that has been seeded with the test fungus diffuses the test plant extract
across it.** After incubation, if the isolated components or plant extracts under investigation are microbiologically active,
a zone of inhibition will form around the filter paper disc. An antifungal drug that diffuses into the agar usually inhibits
the fungi’s germination and proliferation. The diameter of the inhibitory zone provides an accurate description of how

well plant extracts or compounds work against bacteria.®* %

In vitro Wound Healing Scratch Assay Test
The current work examined the spreading and migratory characteristics of the 1929 cell line-induced samples using
a known concentration of metallic NPs synthesized from S. obvallata.*® At first, the cells were cultured on 12-well
animal cell culture plates supplemented with 10% FBS and 2% penstrip antibiotic in DMEM media. Once the growth
reached a complete density of about 50,000 cells, or the development of a monolayer confluent of cells, a scratch was
produced with a sterile 100 pL plastic pipette tip. PBS solution helped wash away unwanted cell debris. Additionally, the
cells were treated with various testing polymer samples that had been quantified. Untreated cells were used as the
negative control, and standard ascorbic acid was used as the positive control. After that, the cells were cultured for
24 hours at 37 °C with 5% CO,. The scratched cell layers were imaged and utilised to examine relative cell migration and
wound closure. The cells were cultured at various intervals starting at 0 hours, 12 hours, and 24 hours. Using
measurement calibration at 4X resolution and MagVision software, the gap distance was quantitatively assessed. The
following formula was used to determine the rate of migration and wound closure:

Wound closure (%) = Aon — Ati/ At X 100

Rm (Rate of migration) = W; — W¢T

Wherein Ay, = Area of the wound was measured immediately after scratching, Ay, = Area of the wound measured
after the scratch is performed h hours, Rm = Rate of migration (um/h), W; = Initial wound width (um); W¢= Final wound
width (um) and 7 = Duration of migration (hour).
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In vivo Wound Healing Activity

Experimental Animals and Grouping

Wistar rats weighing between 180 to 200 g of both sexes, were employed in this study. The animals were kept at
a temperature of about 22°F under controlled settings. They were housed in husk-lined polypropylene cages and the husk
was replaced every twenty-four hours. Food and water were freely available to the rats. A standard pellet diet was given
to the rodents. The Ethical approval was obtained from the Najran University Scientific Research Ethical Committee. The
animals were randomly divided into 3 groups, with six animals (n = 6) in each group. Group I was designated as control
(received ointment base only); Group II was treatment group (received ZnONPs ointment 5% W/W); and Group III was
standard (received povidone-iodine ointment 5% W/W).

Formulation of ZnONPs Loaded Ointment

An ointment was formulated following a formula in the British Pharmacopoeia, which included white soft paraffin,
cetostearyl alcohol, hard paraffin, and wool fat.

Procedure. The ingredients were added in a specific order based on their melting points: cetostearyl alcohol (5 g), white
soft paraffin (85 g), and wool fat (5 g) to create the 100 g simple ointment base. All the components were melted in
a water bath with continuous stirring until they formed a uniform mixture. The mixture was removed from the heat
source and stirred until it reached room temperature. The ZnONPs containing ointment was prepared by combining five
grams of Saussurea obvallata ZnONPs with a portion of the simple ointment base to create a 5% (w/w) ointment. The
remaining ointment base was slowly added and mixed well. The ointment was carefully stored in a clean and dry
container, kept away from sources of heat. The ointment was applied topically to the wounds for 24 consecutive days
throughout the study.

Excision Model Wound Healing Activity

An incision was made on anesthetized albino rats following the excision wound model protocol. Anesthetics were
administered to the rats to induce anesthesia before causing the wound injury. Ketamine was given at a dose of 80 mg/kg
and diazepam at 5 mg/kg i. p. An excision wound in the shape of a circle, measuring around 500 mm? and 2 mm deep,
was created on the shaved area of the upper back. Thereafter, based on the grouping and dosing section, ointments with
ZnONPs (test group) and without medication (control group) were applied topically on a daily basis. The day the injury
initiated was considered as day 0. During specific time points after the wound was created, we observed the wound area’s
closure and period of epithelialization. By utilizing the equation, the percentage of the extracts’ wound contraction effect
was determined based on the initial size of the wound. The duration of epithelization was established by tracking the
number of days until the wound no longer showed any raw tissue after the dead tissue had shed off.

d day0 — d d
wound area on day woundareaondayn ., .

% of wound closure =
wound area on day 0

Estimation of Hydroxyproline Content

On the twenty-first day of the experiment, the hydroxyproline content in the excised wound tissues was evaluated. The
tissue samples were dried in a hot air oven set at 60°C. Following this, they were subjected to hydrolysis for four hours at
a temperature of 130°C with 6 N hydrochloric acid. After neutralizing the hydrolysates to a pH of 7.0, they were oxidized
with Chloramine-T for 20 minutes. The experiment was stopped after 5 minutes by adding 0.4 M perchloric acid, and
then Ehrlich’s reagent was used to develop color at 60 °C. The samples underwent analysis with an ultraviolet spectro-
photometer at a wavelength of 557 nm after being thoroughly agitated. The level of hydroxyproline in the tissue samples
was determined using a standard curve of pure L-hydroxyproline.>

Histopathology
On the 21st day of the wound healing experiment, the animals were anesthetized with Ketamine hydrochloride (50 mg/
kg, i.p). before being euthanized. Subsequently the samples of the wound tissue and the adjacent healthy tissue were
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collected. After being fixed in 10% formalin, the collected samples were subjected to a standard histopathological tissue
examination. The wound tissue specimen was stained using Hematoxylin-eosin. We utilized a light microscope to
analyze the prepared tissue slide. The sample of wound tissue was sliced into sections, treated with a dye that targets
collagen fibers known as Van-Gieson stain, and analyzed under a microscope to assess its collagen levels.

Results and Discussion

Preliminary Phytochemical Screening
The preliminary phytochemical screening revealed the presence of secondary metabolites like alkaloids, flavonoids,
saponins, steroids, to name a few. The results are depicted in Table 1.

Characterization of ZnONPs

In contemporary nanotechnology, the synthesis and utilization of nanomaterials are highlighted. A variety of secondary
metabolites, such as phenolic compounds, terpenoids, essential oils, flavonoids, and other natural products, are found in
plants, including herbs, lower plants, higher plants, weeds, roots, and more.”' Green synthesis of NPs is preferred to
physical and chemical procedures since it is simple, environmentally benign, affordable, and free of any toxic components
or poisonous organic solvents. Physical-chemical methods for producing NPs are expensive, dangerous to the environment,
and require high temperatures and pressures. Because dangerous chemicals can occasionally stay deposited on the surface
of NP, these NPs not suitable to be employed in biomedical settings. S. obvallata was used in the current study to produce
ZnONPs. This plant was chosen for its phytochemical content. These biomolecules may be involved in ZnONPs capping,
stabilization, and reduction. ZnONPs have previously been made using a variety of medicinal plants. In the current
experiment, S. obvallata flower extract was used to create ZnONPs. The zinc acetate and S. obvallata flower extract
solution mixture’s colour changed from pale brown to yellowish during the bio-synthesis of ZnONPs. The transformation of

Table | Phytochemical Screening of
S. obvallata Flower Aqueous Extract

S. No | Phytochemical Tests | Results

I Alkaloids +

2. Flavonoids +

3. Saponins +

4. Steroids +

5. Triterpenoids -

6. Tannins -

7. Phenols -

8. Glycosides -

9. Anthraquinones -

10. Coumarins +

1. Diterpenes +

12. Catechins +

13. Anthocyanosides -

14. Resins +

I5. Volatile oil +
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metallic zinc (Zn+) ions into zinc (ZnO) NPs was indicated by this colour shift. The resultant greyish substance, which was
later employed for physical characterizations and thought to be ZnONPs, was obtained.

UV-Vis Spectrophotometer

An optical UV-4000 UV-Vis spectrophotometer (Germany) was used to measure the reaction solution’s UV-absorption at
wavelengths between 200 and 800 nm to track the reduction of zinc ions. The creation of ZnONPs is indicated by the
absorbance band at 370 nm (max) in Figure 4. Since the dimension, structure, concentration, aggregated state, and
refractive index (RI) at the NP surface may all affect an object’s optical characteristics, UV/Vis/IR spectroscopy is
a useful tool for identifying, characterizing, and researching these materials.*® In order to monitor the shift of zinc ions
into NP form, measurements of the solutions’ UV-visible spectra were made.

FTIR Analysis

The bioactive components in aqueous S. obvallata flower extract were analysed using FT-IR to determine their
contribution to ZnONPs synthesis. In the field of natural products, the IR spectroscopic approach is also utilized to
identify specific biomolecules. Different infrared bands are visible, showing that biomolecules with numerous functional
groups have settled on the surface of ZnONPs. These biomolecules acted as stabilizers and reducers, confirming the
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Figure 4 UV-Vis Spectra of ZnONPs synthesized from S. obvallata flower extract.
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Figure 5 FTIR Spectra of S. obvallata flower extract showing characteristic peaks.
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synthesis of ZnONPs (Figure 5). Peaks at 458 cm™' and 638 cm™', for example, show Zn-O stretching vibrations;
1420 cm™" corresponds to “C=C” stretching vibrations; 2892 cm™ ' corresponds to C-C and -C-H stretching vibrations;
and 3341 cm-' refers to alcohols and phenols of OH stretching. These peaks indicate the presence of numerous
biomolecules previously found.*' Previous research has suggested that the IR bands between 470 and 800 cm ™' are
generated by Zn-O stretching vibrations.?”*® This makes the case for the use of plant-based extracts as environmentally
benign agents in the synthesis of nanoparticles, as they offer a sustainable source and functional bio-compounds
necessary for the stable and regulated synthesis of zinc oxide nanoparticles. This new perspective enriches our under-

standing of how sustainable alternatives to chemical procedures can be provided by natural product-based approaches.

Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM EDS)

The EDX spectrum of the synthesized ZnONPs is shown in Figure 6, and the robust signal supported the production of
pure metallic ZnONPs. The carbon and oxygen signals, that could have originated from bioactive substances, serve as
stabilizing agents at the surface of ZnONPs. Additionally, just the peaks for the elements “Zn” and “O” were seen,
supporting the phase purity of EA-ZnONPs.

Scanning electron microscopy (SEM) was used to analyze the morphology and form of the green synthesized
ZnONPs. Most of the morphology of EA-ZnONPs is spherical/agglomerated, and typical SEM images are shown in
Figure 7. SEM with EDS is one of the most popular methods for describing NPs. These procedures are necessary since
optical microscopes are unable to observe them due to their small size (1-100nm). EDS provides elemental and chemical
information about the NPs, and high-resolution imaging in SEM enables imaging of the particles.** The sample material
releases x-rays that are unique to the elements it contains after being exposed to electron radiation. The energy emissions
are converted into spectral peaks of different strengths to create the spectrum profile. As seen in Figure 6, the ZnO
powder’s EDX characterization indicates that it is a high-purity compound with high Zn and oxygen concentrations.**

X-Ray Diffraction

XRD tests were carried out to determine the phase purity and crystallinity of ZnONPs. Figure 8 shows XRD patterns of
ZnONPs with diffraction bands corresponding to fcc symmetry in the ZnONPs crystalline lattice at 32.37 (100), 34.14
(002), 36.72 (101), 46.79 (102), 57.75 (110), 65.61 (103), 68.14 (112), and 69.94 (201). Wide peaks in the XRD pattern
highlighted the particle’s small size and determined how the experimental conditions affected crystal nuclei nucleation
and development. The crystalline structure of the ZnONPs synthesized corresponds to the gold standard defined by
JCPDS Data Card No: 36-1451). The size of XRD determined by applying the Scherrer equation agreed with the
ZnONPs size values. The average size of ZnONPs is 28.33 nm (Table 2). The XRD method is flexible to accurately
analyze and gather data on the chemical arrangement, structural grain size, and crystallographic structure of NPs.
The Powder XRD analysis provides valuable information that complements a range of microscopic and spectroscopic
techniques. Some examples of the information provided in these publications are phase identification, sample purity,
crystallite size, and, in certain cases, morphology. The XRD method operates on the basis of the scatter of X-rays induced
by the revolution of atoms’ electrons in their nuclei when the beams strike the NPs. The disseminated X-rays reflect in
different ways, which leads to patterns of interference. Diffraction only occurs when dispersed X-rays interact con-
structively, regardless of whether these patterns are destructive or constructive.*®

Biomedical Application Studies of ZnONPs Synthesized from S. obvallata Flower

Extract

Anti-Microbial Activity

Bacterial infection, which results from harmful bacteria invading the host, is a common cause of mortality and morbidity
and an urgent health problem in the world.>® The antibacterial activity of ZnONPs and the aqueous flower extract in
combination with antibiotic ampicillin was tested against gram positive organisms like B. subtilis and S. aureus and
gram-negative organisms like E. coli, P. aeruginosa and Z. mobilis (Figures 9 and 10). Agar disc diffusion assay method
was employed. Ampicillin was used as standard antibacterial agent. The results of the antimicrobial assay are depicted in
Table 3 and statistical analysis is shown in Figure 10.
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Figure 6 SEM-EDS Spectra of ZnONPs synthesized from S. obvallata flower extract.

Anti-Fungal Activity

The antifungal activity of ZnONPs and the aqueous flower extract in combination with antibiotic fluconazole was tested

against C. albicans. Agar disc diffusion assay method was employed. Fluconazole was used as standard antifungal agent.
The zone of inhibition observed was 16 mm for ZnONPs and 12 mm for Zinc acetate (Table 4, Figures 10 and 11).
At 0.1M concentration, zinc acetate inhibited C. albicans with a zone of 12 £ 0.50 mm. This implies that zinc acetate
has antifungal effects and can limit fungus development to a moderate amount. ZnONPs had a bigger inhibitory zone of
16 + 0.2 mm compared to zinc acetate. This shows that ZnONPs have a higher antifungal effect on C. albicans than zinc
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Figure 7 SEM image of ZnONPs synthesized from S. obvallata flower extract.
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Figure 8 XRD Spectra of ZnONPs synthesized from S. obvallata flower extract.

acetate. The plant extract showed a zone of inhibition of 13 mm, and the NPs had an increased inhibitory action (16 mm),
indicating their potential as an effective antifungal agent. The study used the antibiotic fluconazole as a reference.
Fluconazole exhibited a significant inhibitory zone of 35 = 0.3 mm against C. albicans, demonstrating strong antifungal
properties. This finding verifies fluconazole’s effectiveness as a typical treatment for C. albicans infections. The findings
indicate that both zinc acetate and ZnONPs have antifungal efficacy against C. albicans, with ZnONPs exerting a slightly
higher inhibitory impact.

By preventing or reducing microbial colonization in the wound, ZnONPs treated wounds provide a cleaner and more
sterile environment for the healing process to occur. This can minimize the inflammatory response and prevent the
formation of biofilms, which are notorious for impeding wound healing. Additionally, the antimicrobial activity of
ZnONPs can help prevent secondary infections and complications that can further delay the healing process. The potent
antimicrobial activity exhibited by ZnONPs in the current study can be linked to their enhanced wound healing
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Table 2 XRD Data and Crystalline Size of ZnONPs Synthesized from S. obvallata Flower Extract

SI. No. 20 (In Degrees) 20 (In Radians) FWHM FWHM Crystalline
(In Degrees) (In Radians) Size (nm)

| 22.55472 0.393654 0.1183 0.002065 68.47589

2 29.71775 0.518673 0.1087 0.001897 75.613

3 31.68862 0.553071 0.3282 0.005728 25.16159

4 32.19091 0.561837 0.4372 0.007631 18.91217

5 34.39163 0.600247 0.2243 0.003915 37.07541

6 36.22133 0.632181 0.3367 0.005877 24.82442

7 47.49367 0.828921 0.4313 0.007528 20.12316

8 56.55725 0.98711 0.3941 0.006878 22.88986

9 62.75297 1.095246 0.4809 0.008393 19.34916

10 66.35176 1.158057 0.4171 0.00728 22.7558

I 67.88998 1.184904 0.4777 0.008337 20.04678

12 69.03049 1.204809 0.5101 0.008903 18.90103

13 72.55155 1.266263 0.3082 0.005379 31.97357

14 76.9763 1.34349 0.6069 0.010592 16.7233

15 81.30833 1.419098 0.7641 0.013336 13.7044

16 89.55468 1.563024 0.6622 0.011558 16.9005

properties. The antimicrobial activity of ZnONPs helps create a favorable environment for wound healing by preventing

or controlling microbial infections, which are known to delay the healing process.>

In vitro Wound Healing Assay

One of the methods used to assess the effects of the NPs in wound healing is the scratch assay. The scratch assay is
a simple and popular in vitro method for examining cell migration and wound closure. In the present study the known
concentration (15pug) metallic ZnONPs synthesized from S. obvallata were used on L929 cell line along with standard
ascorbic acid (5pg) as positive group. The results revealed that cell migration was observed highest with standard drug
ascorbic acid followed by ZnONPs than untreated group of cells (Table 5). The percentage of wound closure studies
showed that as the duration increases the percentage of wound closure was increased. After 24 hrs of incubation in case
of standard ascorbic acid the percentage of wound closure was observed to be 93.45%, for test sample metallic NPs it
was found to be 84.70% and for untreated group it has seen around 8.12% (Table 6 and Figure 12).

Soft tissue abnormalities resulting from trauma, burns, chronic disease complications, or procedures that cannot be
primarily closed can cause significant morbidity and mortality.>* A wound is a disruption in the continuity of the body’s
tissues, often resulting from injury, trauma, surgery, or other causes. Wounds can vary greatly in their severity, causes,
and the way they are managed. There are several different ways to classify wounds based on various factors, including
their cause, depth, contamination, and healing process.> Managing wounds involves a combination of wound care,
infection prevention, and sometimes surgical intervention. Treatment can include cleaning the wound, removing debris,
applying dressings or wound covers, administering antibiotics if necessary, and ensuring proper wound healing
conditions.
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Figure 9 Antibacterial activity of ZnONPs against pathogenic bacteria.
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Figure 10 Antibacterial and antifungal activity of S. obvallata synthesized ZnONPs. Mean + SEM for 3 readings. Statistical significance at * p < 0.001 compared to Zinc acetate
and Plant extract; @p <0.01, % <0.001 compared to Zinc acetate; “p < 0.001 compared to Zinc acetate and Plant extract. Two-way ANOVA followed by Bonferroni post

tests for multiple comparisons.
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Table 3 The Antibacterial Activity of ZnONPs and the Aqueous Flower Extract in Comparison with Standard

Antibiotic
Zinc Acetate ZnONPs S. obvallata Standard
(0.1M) Extract (Ampicillin)
Escherichia coli (Gram Negative) 7 £0.23 mm 10 £ 0.22 mm 7 £ 0.0l mm 18 £ 0.33 mm
Bacillus subtilis (Gram Positive) 7 £ 0.0l mm Il £0.01 mm 8 + 0.02 mm 18 £ 0.31 mm
Pseudomonas aeruginosa (Gram Negative) 8 £ 031 mm 12 £ 0.2 mm 10.0 + 0.02 mm 12 £ 0.3 mm
Zymomonas mobilis (Gram Negative) 7 £ 0.02 mm 13 £ 0.0l mm 11.0 £ 0.03 mm 14 + 0.0l mm
Streptococcus aureus (Gram Positive) 7+ 0.2 mm 13 +0.2 mm Il +0.02 mm 20 £ 0.31 mm

Table 4 The Antifungal Activity of ZnONPs Against C. Albicans

Zinc Acetate (ZA) (0.1M) ZnONPs Plant Extract (PE) Standard (STD) (Fluconazole)

Candida albicans

12 £ 0.50 mm 16 £ 0.2 mm 13£0.1 24 + 0.3 mm

Wound healing is a complex biological process that the body initiates to repair damaged tissue. While the body’s
natural mechanisms are often effective in healing wounds, there are situations where wound healing can fail or be
impaired. Treatment failures in wound healing can occur due to various factors, and they can be broadly categorized into
local and systemic factors.’® Addressing wound healing treatment failures requires a comprehensive approach that targets
both the local wound environment and systemic factors. This might involve proper wound care, infection management,
addressing underlying health conditions. Metallic NPs have gained substantial focus in the area of wound healing
because of their distinctive characteristics and potential applications. In the in vitro wound healing assays, ZnONPs
exhibited significant activity in promoting cellular migration and proliferation, which are crucial steps in the wound
healing cascade. The NPs facilitated the closure of the wound by enhancing the migration of cells into the wound area
and promoting cell division and proliferation, leading to accelerated healing.

7

Figure 11 Antifungal activity against C. albicans depicting the zone of inhibition.
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Table 5 Cell Migration of Different Test Samples at Different Duration

S. No Test Sample Duration (hrs) | Cell Migration (mm)
| Untreated 6 3.56
12 231
24 1.87
2 Ascorbic acid 6 10.54
12 7.32
24 3.44
3 S. obvallata ZnONPs 6 8.88
12 5.56
24 243

Table 6 Percentage of Wound Closure of Different Test Samples

SI. No Test Sample Percentage (%) of Wound Closure
| Untreated 8.12
2 Standard drug (Ascorbic acid) 93.45
3 S. obvallata ZnONPs 84.70

Effect of S. obvallata ZnONPs on in vivo Wound Healing

Percentage wound contraction for ZnONPs and Povidone-lodine are depicted in Table 7. A significant (p < 0.01) wound
contraction was observed in animals treated with ZnONPs and Povidone-lodine on day 8 as compared to untreated
animals (Excision control). Animals treated with ZnONPs and Povidone-lodine showed nearly complete healing of the
wound on day-21. Group I (Excision control) animals had an epithelization duration of 17.9 days, while ZnONPs and
Povidone-Iodine treated groups animals had epithelization periods of 10.2 and 7.6 days, respectively. Complete
epithelization occurred in ZnONPs and Povidone-lodine treated groups significantly faster (p < 0.01) than in the control
group who received no treatment. ZnONPs ointment’s wound healing effect was similar to the Povidone-lodine ointment
(Figures 13 and 14). The in vivo wound healing assays further supported the beneficial effects of ZnONPs on wound
healing. When applied topically, ZnONPs demonstrated a remarkable ability to improve wound closure and promote
wound healing. Recent studies have shown that the enhanced wound healing by the NPs could be attributed to
angiogenesis, enhanced collagen synthesis, and accelerated re-epithelialization, resulting in faster and more efficient
wound healing. Experimental models have confirmed its effectiveness in promoting wound contraction, collagen
deposition, and angiogenesis.”> In a study reported by Han et al, 2012, it was found that topical application of NO-

releasing nanoparticles promoted angiogenesis in mouse excisional skin wound model.”®

Hydroxyproline Content

Figure 15 illustrates the impact of ZnONPs on Hydroxyproline content in the healed tissue. The hydroxyproline level in
the excision control animals was measured at 26.39 + 1.5. In animals treated with ZnONPs, the hydroxyproline content
was found to be significantly higher (35.07 = 1.7) compared to animals in the excision control group, with significance
at p < 0.05. In addition, rats that received Povidone-lodine exhibited a substantial increase in hydroxyproline content
(80.86 = 2.1) compared to the excision control animals, with statistical significance (p < 0.001) (Table 8).
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Figure 12 Microscopic study of wound closure treated by S. obvallata ZnONPs. The black arrows indicate the gap between the migrating cells depicting the percentage of
wound closure.

Previous studies have showed that a greater content of hydroxyproline indicates faster wound healing.”’ > The
samples in the current study had higher hydroxyproline contents, which is suggestive of higher collagen synthesis and
cellular proliferation, according to the biochemical analysis. Collagen provides strength and stability to the tissue matrix
and is essential for homeostasis and epithelialization during the restorative process. Thus, enhanced hydroxyproline
production reinforces the healing pattern and the restored tissue.’®>°

Diabetes continues to be a serious worldwide health issue. The healthcare system is burdened by diabetic wounds,
which are the primary cause of amputation in diabetic patients. The S. obvallata ZnONPs can be utilized to create

suitable wound dressings that regulate drug release to support the growth of connective tissue and cell proliferation.®® >

Table 7 Hydroxyproline Content (ug/100mg of Tissue) of Treatment

Groups
SI. No | Treatment Groups | Hydroxyproline (ug/100mg of Tissue)
| Excision (Control) 2639 £ 1.5
2 S. obvallata ZnONPs 35.07 £ 1.7
3 STD (Povidone-lodine) 80.86 + 2.17%

Notes: Values are expressed as Mean+SEM for 6 animals per group. *p < 0.05; ***p < 0.001
compared with control group.
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Figure 13 Images showing the impact of S. obvallata ZnONPs on excision wound model at different time points of the study duration.
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compared with control group.

Histopathology Study

The rats treated with ZnONPs and the standard (povidone-iodine ointment) had extensive and well-organized collagen
fibers (Figure 16). Significant injury was seen in the untreated group, such as substantial fibrosis, cellular infiltration,
inflammation, and epithelial deterioration. The ZnONPs treated animals developed a thick epidermal layer, dermal
granulation tissue, papillary dermis, sebaceous glands, dermal collagen, and hair follicles, whereas untreated control
animals did not. Animals treated with ZnONPs showed no evidence of inflammation in the regenerated tissue, similar to
those treated with the standard drug. For regenerated skin tissue, the deeper penetrability of ZnONPs ointment
formulation promotes the formation of complex and well-organized cell structures. Granulation tissue is a foundation
for new tissue growth and helps facilitate wound closure. Similarly, one of the most crucial elements of wound healing is
collagen. It promotes epithelization from the wound edge and permits cell migration for skin restoration, which quickens
the healing process. The ZnONPs treated animals exhibited higher dermal granulation tissue and collagen.

The use of flower extract in the synthesis of zinc oxide nanoparticles (ZnO NPs) confers unique properties that
significantly enhance tissue regeneration and wound healing. The natural compounds present in the flower extract can
improve the biocompatibility of ZnO NPs, making them safer for biological applications. Additionally, the phytochem-
icals in the extract provide antioxidant properties that help mitigate oxidative stress during the healing process, which is
crucial for effective wound recovery. The bioactive compounds can also enhance the interaction of ZnONPs with cells,
promoting better adhesion, proliferation, and differentiation of fibroblasts and other regenerative cells. Furthermore, the
natural matrix from the flower extract may facilitate a controlled release of zinc ions, ensuring sustained bioactivity
necessary for wound healing. Lastly, the extract is likely to contain anti-inflammatory agents that can reduce inflamma-
tion at the wound site, thereby creating a more favorable environment for wound healing.

As the world increasingly prioritizes sustainability, the movement toward achieving a negative carbon footprint has
become a central focus in various sectors, including healthcare and nanotechnology.®® By employing sustainable
practices, this approach not only minimizes environmental impact but also aligns with global efforts to reduce carbon
emissions. Traditional synthesis methods often rely on toxic chemicals, contributing to pollution and waste. In contrast,
the green synthesis of ZnONPs leverages renewable biological materials, thereby decreasing reliance on synthetic
reagents and reducing the overall carbon footprint associated with nanoparticle production.

Moreover, the biocompatibility and antimicrobial efficacy of these green-synthesized ZnONPs enhance their applic-
ability in wound healing, potentially reducing the need for conventional antibiotics and their environmental implications.
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Table 8 Effect of S. Obvallata ZnONPs on Wound Diameter, Wound Area and Percentage VWound Contraction

Groups Wound Diameter (mm) Area (mm sq) Percentage Wound Contraction (%)
DO D4 D8 DI2 D16 D21 DO D4 D8 DI2 D16 D21 DO | D4 D8 DI2 Dl6 D21
Excision 257+ | 245+ 212+ | I5% 112+ | 725+ | 5206+ | 4713 355.01 177.01 998+ | 418+ | 0 94+ | 316 | 6605+ | 808+ | 919
(Control) 0.5 0.577 0.829 03816 0.957 0.957 20.01 +222 | £31.6 +19.2 16.6 10.5 35 +78 | 27 2.6 22
ZnONPs 255+ | 2325+ | 20+ 10 + 675+ | 375+ | 5106 + | 4248 3143+ | 788 % 363+ | 115 |0 16.5 384 | 845 | 928+ |977+%
0.577 0.957 0.707 0816 0.957 0.957 23.1 +346 | 256 12.8 10.4 5.9 + 85 | £36 | 2.4%F 2.2%¥% | .2%k*
STD 25 + 2325+ [ 20+ 925+ 575+ |0 5106 £ | 4248 3143+ | 67.7 % 264+ |0 0 16.5 383 867+ | 947 100%+*
(Povidone- 0.577 0.957 0.707 0.957 0.957 23.1 +346 | 256 13.6 8.9 +85 | £59 | 2.6% | .9k
lodine)

Notes: Values are expressed as MeanSEM for 6 animals per group. **P<0.001 compared with controls (ANOVA followed by post-hoc tests for multiple comparisons).
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Figure 16 Histopathology images of newly regenerated tissue at day 21 (magnification 40X).

As healthcare increasingly prioritizes sustainability, the integration of such eco-friendly materials can lead to improved
health outcomes while supporting broader sustainability goals.®*

Conclusions

In the current research, the green synthesis of ZnONPs utilizing an aqueous extract of S. obvallata was investigated. The
characterization revealed ZnONPs had an average size of 28 nm. The ZnONPs proved to be efficient against both gram-
positive, gram-negative microorganisms and C. albicans fungal strain. The results of both in vitro and in vivo wound healing
assays revealed the potent wound healing potential of the synthesized ZnONPs. The findings suggest that S. obvallata
ZnONPs have the ability to effectively promote wound healing processes. Overall, the findings highlight the potential of
S. obvallata-derived ZnONPs as a promising therapeutic agent for wound healing and infection management, while also
underscoring the importance of sustainable and biocompatible approaches in the development of nanomaterials. Further
research is warranted to explore the mechanisms of action and long-term safety of these nanoparticles in clinical applications.
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