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ABSTRACT

Objective: The present study was aimed to synthesize biogenic silver nanoparticles (AgNPs) from Ageratina adenophora (A. adenophora) aqueous
stem extract and also to study its antimicrobial, antioxidant, cytotoxic and enhanced wound healing properties on Vero cell line.

Methods: The biogenic AgNPs were synthesized using aqueous stem extracts of A. adenophora and were characterized using ultraviolet-visible
spectroscopy, High-resolution transmission electron microscopy (TEM), X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR).
The AgNPs were tested for their antibacterial and antifungal efficacy using the agar well diffusion method. The DPPH scavenging ability of AgNPs was
studied, and MTT assay was used to evaluate the cytotoxic effects and wound scratch assay was performed to study the potential healing activity of
biosynthesized AgNPs on vero cells.

Results: AgNPs synthesized using A. adenophora aqueous stem extract showed good stability, with maximum absorption spectra of 450 nm. The
synthesized AgNPs were found to be spherical in shape with a size range between 20-60 nm. The XRD indicates that the crystalline structure of AgNPs
is a face-centred cubic (fcc) crystal. The AgNPs showed good stability and scavenging activity. The Vero cell line at lower concentrations display
acceptable biocompatibility for AgNPs with ICso concentration of 108.61 pg/ml, indicating concentration-dependent cytotoxicity in vitro. The
synthesised AgNPs demonstrated 57.97 % wound closure rate, indicating substantial potential for wound healing.

Conclusion: According to the results, the synthesized AgNPs using aqueous stem extract of A. adenophora has demonstrates effective wound healing
potential on Vero cell lines.
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INTRODUCTION

Nanotechnology is a fast-evolving domain with fabrication of nanomaterials at its forefront. Particles less than 100 nm are generally referred to as
nanoparticles. Their unique size makes them superior and indispensable in various applications [1]. Science and technology research in
nanotechnology promises breakthroughs in areas such as materials and manufacturing, medicine, health care, energy, biotechnology [2] and in
combating microbes, drug delivery, treatment of environmental waste, and treatment of chronic disease [3]. Green synthesis aids in the reduction of
metal salts to nanoparticles. The most straightforward method for producing green nanoparticles is to employ biological resources including
microbes, plants, or their components [4]. A wide range of microorganisms and plants have been investigated so far and proven effective in the
creation of green nanoparticles. Nanoparticles made from plants are biocompatible and very stable, as plants contain phytochemicals, which may
function as capping and reducing agents, easing the synthesis process [5].

Among all metallic nanoparticles, silver (Ag) nanoparticles have received the most attention due to their distinctive features and environmental
friendliness. Silver nanoparticles created using green synthesis technology are outstanding in terms of their physicochemical properties, making them
non-toxic and minimising adverse effects [6]. Both the physical and chemical ways of making AgNPs are more energy-intensive and cost-effective. It
is commonly acknowledged that AgNPs have positive effects upon the antioxidant, antidiabetic, cytotoxic, antimicrobial, fungicidal, and anti-
inflammatory effects, in addition to many other potential uses [7]. In recent times, biosynthesis of AgNPs has been explored using Panax
ginseng, Datura metel, Acalypha indica, Lantana camara, and Camellia sinensis , which have been used to synthesize AgNPs with interesting potential
biomedical applications [8, 9].

Ageratina adenophora S. R. King and H. Rob is an invasive plant native to Mexico that belongs to the Asteraceae family. The plant has been used in
traditional medicine for the treatment of skin diseases, wounds, inflammation, diabetes and fever. A. adenophora has been the subject of various
research, which has recorded and isolated a large number of secondary metabolites [10]. It is well known to contain a variety of bioactive
phytochemicals, including saponins, carbohydrates, phenolic compounds, alkaloids, flavonoids and terpenoids [11]. Pharmacological research has
shown a wide range of biological potential, including prospective uses for antidiabetic, antioxidant, antimicrobial, fungicidal, and anti-inflammatory
properties [12]. While additional research has established that some of the euptox pharmacological features have focused only on the adverse effects
of the toxin. Despite being toxic, A. adenophora has certain isolated secondary metabolites that have helped researchers develop novel strategies to
utilise its safe medicinal properties. According to previous reports, the phytochemicals present in the invasive plant A. adenophora have been studied
for their effective wound-healing activity [13].

The current work aimed to use A. adenophora aqueous stem extract for the green synthesis of AgNPs for the first time, as per our knowledge. Further,
characterization analysis was done by using ultraviolet-visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR), High-
resolution transmission electron microscopy (HR-TEM) and X-ray diffraction (XRD) to confirm their optical properties, functional groups involved in
synthesis, morphology and crystalline structure. Moreover, biological activities were performed against pathogenic bacteria and fungi to evaluate its
antimicrobial activity. Furthermore, biosynthesized nanoparticles were also studied for their antioxidant activity, wound healing property and
cytotoxic effect on Vero cell line under in vitro conditions.
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MATERIALS AND METHODS
Chemicals and reagents

All chemicals and reagents used were of analytical grade and purchased from Sigma Aldrich Co. (St Louis, MO, USA). Silver nitrate (AgNOs), Bovine
Serum (FBS), Cell culture Dulbecco’s Modified Eagle Medium (DMEM) and 0.25% trypsin-EDTA were obtained from Himedia Laboratories Private
Limited, Mumbai, India. Streptomycin, penicillin, distilled water dimethyl sulfoxide (DMSO), (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (MTT), Nutrient agar (NA) agar/broth and phosphate buffer were purchased from Sigma-Aldrich (St Louis, MO, USA).

Plant material collection

The healthy plants of Ageratina adenophora (Spreng.) R. King and H. Rob were collected in and around Kairbetta Hosahatti, Kotagiri, during March
2023. The plant components were validated and taxonomically authenticated by Siddha Central Research Institute, Chennai Code (A19042304A).

Preparation of Ageratina adenophora stem extract

The fresh aerial parts of A. adenophora were washed with tap water and then rinsed with distilled water to get rid of water-soluble contaminants and
loosely adherent particles. The stem samples were shade-dried for two weeks to eliminate humidity and then ground to a coarse powder using a
blender. In the current study, 4 g of powder was taken and mixed with 100 ml of distilled water in a glass beaker, and kept in a water bath for 20 min
at 60 °C. After cooling, the aqueous stem extract of A. adenophora was filtered with Whatman No. 1 filter paper and stored in an amber bottle at 4 °C
to avoid direct sunlight. Then the aqueous extract was used for the preparation of nanoparticles, phytochemical analysis and further characterization,
and biological studies [14].

Synthesis of silver nanoparticles

During preliminary screening, AgNOs of different concentrations (10, 20, 40, 60 mmol and 1 M) was used for the synthesis of nanoparticles and the
optimum concentration of silver ion (1M AgNOs) was determined based on maximum UV absorption spectroscopy. To biosynthesize AgNPs, an
aqueous solution of silver nitrate (AgNOs:1 mmol) was prepared. For the synthesis process, 1 ml of A. adenophora aqueous stem extract was added to
9 ml of silver nitrate solution (1 mmol). To reduce the photoactivation of silver nitrate, the reaction was carried out overnight at room temperature
in the dark. A shift from pale yellow to dark brown in visual appearance indicated the formation of AgNPs. The solution mixture was centrifuged for
10 min at 9,000 rpm and purified using double-distilled water. The process was repeated three times. A control setup was also maintained with the
aqueous stem extracts of A. adenophora and AgNOs solution. UV-Visible spectroscopy was used to confirm the synthesized AgNPs, and changes in the
variables were recorded [14].

Physicochemical characterization of AgNPs
UV-visible spectroscopy and stability analysis

UV-Visible True Double Beam Spectrophotometer (UV PLUS Desktop Model-Motras Scientific) was used to measure the optical properties of AgNPs
between 300 nm and 700 nm range using PC based spectroscopic spectra. The UV-Visible spectra of the aqueous stem extract and silver nitrate
solution were also recorded, which showed no peaks. The stability of AgNPs was also recorded at different time intervals (12 h, 24 h, 5t d, 15thd, 30th
d and 60t d) [15].

Fourier transform infrared spectroscopy (FTIR) analysis

To determine the unique functional groups in the biogenic AgNPs, FTIR analysis was performed using BRUKER Optik GmbH (MODEL No-TENSOR 27,
SOFTWARE-OPUS version 6.5), and recorded in the wavenumber range of 400 to 4000 cm-. For comparison, FTIR spectral analysis was performed
on the aqueous stem extract and synthesized AgNPs of A. adenophora. The biomolecules responsible for reducing and stabilizing the silver
nanoparticles were identified using FTIR measurements. The FTIR peak values were recorded twice to ensure accuracy and reliability of the readings
[16].

X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was performed to identify and evaluate the structural properties of the silver nanoparticles synthesized using green
methods. The AgNPs coated on the XRD grid were examined using the Empyrean X-ray diffractometer model, running at 40 kV and 35 mA current,
with CuKa radiation of wavelength 1.5406 A. The crystalline size of AgNPs was determined through the XRD pattern measured over a 26 range from
35° to 70° with a step size of 0.04° per second [17]. The size of the AgNPs was determined by Scherrer’s formula, given as follows:

D = kA/BcosB

where D is the particle size (nm), k is a constant, A is the X-ray wavelength, 3 is the full line width at half maximum (FWHM) elevation of the important
peak, and 0 is the Bragg’s diffraction angle.

High-resolution transmission electron microscopy (HR-TEM) analysis

The morphological structure of AgNPs, including their size, shape and structure, was determined using TEM analysis. On copper grids covered with
carbon, a drop of synthesized AgNPs was applied. Blotting paper was used to remove any extra solution after it had stood for 2 min and it was then
allowed to dry at room temperature. Jeol/JEM-2100 instrument accelerating at 200 kV was used to carry out transmission electron microscopy studies
[18].

Dynamic light scattering (DLS) analysis

Dynamic light scattering (DLS) is a significant method used to investigate the size distribution of biosynthesized nanoparticles that exist within a
solution. The phase behavior of the nanoparticles was assessed using the Nano Plus particle size analyzer instrument. The measurements were taken
at 90° angle, and an average temperature of 25 °C was maintained. The silver nanoparticle suspension was sonicated in distilled water for 5 min. The
polydispersity index (PDI), which is the ratio of the weight average, was calculated. The normal range of PDI value was between 0.05 and 0.7, while a
value beyond 0.7 indicates an undesirable broad particle size distribution [7, 16].

Preliminary phytochemical analysis of Ageratina adenophora stem extract
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Ageratina adenophora aqueous stem extract was subjected to a qualitative phytochemical screening process using standard procedures. The outcome
was noticed by a change in colour. The qualitative phytochemical screening revealed the existence of alkaloids, carbohydrates, flavonoids, proteins,
amino acids, phenols, saponins, steroids, and terpenoid compounds [19].

Quantitative phytochemical analysis

Aqueous stem extract of A. adenophora was used to quantify phytochemicals. The total phenol content (TPC) was determined by the standard Folin-
Ciocalteau (F-C) method. The reagent (F-C) is sensitive to reducing compounds, forming a blue colour complex. UV-visible spectrophotometer
absorbance was measured at 650 nm for the sample, and gallic acid was used as a standard (1 mg/ml). The total phenolic content (TPC) was calculated
from the standard curve, and the results were expressed as gallic acid equivalent (mg/g of extracted compound) [20]. Total flavonoid concentration
(TFC) was determined using a modified calorimetric method. Following the protocol, the alkaloid content was determined. The absorbance was
measured at 510 nm. A standard calibration curve was prepared with standard quercetin (1 mg/ml) in deionised water. The total flavonoid content
(TFC) was calculated, and the results were expressed as quercetin equivalents (mg/g of extracts) [21]. The total alkaloid content (TAC) was
determined by following the standard protocol with slight modification by the spectrophotometer method [22]. The absorbance was measured at 470
nm. The quantitative experiment was conducted in triplicate.

Determination of free radical scavenging activity - DPPH assay

The DPPH scavenging ability of AgNPs was determined according to Rajamanikandan et al. [23]. Various concentrations (20, 40, 60, 80, and 100
ug/ml) of biogenic AgNPs was mixed with the methanolic DPPH working solution of 2 ml concentration. Methanolic DPPH reagent without silver
nanoparticles was used as a control and ascorbic acid was used as a standard [24]. The mixture was shaken and incubated in a dark condition for 20
min at room temperature. The radical scavenging activity was measured at 517 nm using a UV-Visible spectrophotometer against methanol as a blank.
The inhibition (%) was calculated using the following equation, with a lesser ICso value indicating stronger antioxidant capacity:

Inhibition % = [(Acontrol - Asample) / Acontrol] x 100

where Aconrol Was the absorbance of control (blank, without samples) and Asample Was the absorbance in the presence of the sample. All the tests were
done in triplicate, and the mean values were used to plot the graph from which the ICso values (ug/ml) were determined. Here ICso value is the effective
amount of test samples needed to scavenge DPPH radical by 50%.

Antibacterial activity of synthesized AgNPs

Agar well diffusion method was used to study the antibacterial activities of the biogenic AgNPs. Gram-positive bacteria Bacillus subtilis, Staphylococcus
aureus and Gram-negative bacteria Escherichia coli, Pseudomonas aeruginosa were used as test pathogens. The bacterial pathogens were freshly
cultured in the nutrient broth for 24 h, and the pathogens were spread on the medium plates and four wells of 6 mm diameter were made using a
sterile cork borer. During preliminary screening, AgNPs of different concentrations (20, 40, 60, 80 and 100 pl**) were evaluated to test the pathogens
and the optimum concentration was finalized to 80 ul** and 20 pl** of 10 ug positive control gentamicin based on earlier reports [25]. The synthesized
AgNPs were loaded in well A, aqueous stem extract in well B, AgNO3 (1 mmol) in well C with a concentration of 80 pl** and 20 pl** of 10 ug positive
control gentamicin concentration in well D, and the plates were incubated for 24 h at 37 °C. The zone of inhibition (ZOI; mm) was measured for
antibacterial activity.

Antifungal activity of synthesized AgNPs

The antifungal activity of the biogenic AgNPs was investigated using the agar well diffusion technique. Fungal pathogens Aspergillus niger and Candida
albicans were inoculated in potato dextrose agar (PDA) media. In the petri plate, the samples were loaded into four wells of 6 mm diameter. The
synthesized AgNPs were loaded in well A, aqueous stem extract in well B, AgNO3 (1 mmol) in well C with a concentration of 80 pl** and 20 pl** of 10
ug positive control clotrimazole in well D and the plates were incubated for 24 h at 37 °C. The zone of inhibition was recorded [25, 7].

Minimal inhibitory concentration (MIC)

The MIC of the AgNPs was determined according to the methodology of Sengupta et al. [26] using the broth microdilution method. The selected strains
of bacterial suspensions. (E. coli, P. aeruginosa, B. subtilis and S. aureus) were prepared and added to Muller-Hinton broth (MHB) cultures. Then two-
fold dilutions of different concentrations of AgNPs (1.25 to 10 mg/ml) were loaded into the respective wells and incubated at 37 °C for 16 to 24 h. The
absorbance was measured at 600 nm to obtain the MIC, and the values were recorded for all the triplicates. The MIC is the lowest dose of AgNPs at
which bacteria impedes 90% of growth.

In vitro cytotoxicity of synthesized AgNPs on vero cell line (MTT assay)

MTT assay was used to evaluate the cytotoxic effects of biogenic AgNPs on Vero cells [27]. 96-well microplates were used to seed Vero cells and they
were cultured for 48 h at 37 °C with 5% CO2 to promote 90% of cell growth under the optimum conditions. The cells were treated with different
concentrations of biogenic AgNPs (10, 20, 40, 60, 80 and 100 pg/ml) and they were incubated for 24 h. The non-treated cells were marked as control.
After 24 h of incubation, the medium was removed, and the cells were washed with PBS. The treated cells were subjected to a concentration of 20 uL.
of MTT solution and incubated for 2 h at 37 °C in dark. The blue formazan crystals that formed were dissolved in 100 uL of DMSO. An ELISA microplate
reader was used to measure the absorbance at 570 nm. The morphological alterations of untreated (control) and treated cells were examined. The
cell viability percentage was calculated using the formula:

Cell Viability (%) = (Absorbance of treated cells/Absorbance of control cells) x 100
In vitro wound healing activity of synthesized AgNPs

The experiment was performed according to the standardised protocol and previous reports [28, 29]. Vero cells were seeded in a 6-well plate and
grown under optimum conditions until they attained a 90-95% confluence. A P10 pipette tip was used to create a wound-like scratch in the middle
of the cell monolayer, and the cell debris was then washed away with new media. The wound was exposed to synthesized AgNPs with a concentration
of 50 pg/ml in a humidified environment containing 5% COz at 37 °C for 24 to 48 h. The negative control cells were not given any treatment,
and cipladine was used as a positive control with 50 pg/ml concentration. The study of scratch wound closure was analysed by taking digital images
under the digital inverted microscope at different time intervals: 0 h (t0), 24 h (t1), and 48 h (¢2). By evaluating the difference between the wound
widths at t0, t1 and t2, using the Image ] processing software, the scratch's closure was noted as described by Felice et al. [29]. Scratch closure rate
(SCR) was calculated using the formula:

SCR = [(At0 — At) / At0] x 100
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where At0 is the scratch area at time 0, and At is the scratch area at 24 h and 48 h.
RESULTS
Biosynthesis of AgNPs

The biological reduction approach used to synthesize AgNPs from A. adenophora aqueous stem extract exhibited a change in color from pale yellow
to dark brown was observed in the test sample (T) when compared to the control (C), as shown in fig. 1b. Along with good stability, indicating the
formation of nanoparticles. The phytochemicals in the plant are responsible for the formation of AgNPs by causing the surface plasmon resonance
excitation effect, which is linked to the various color changes of silver nanoparticles [30].

Characterization of AgNPs

The biologically synthesized AgNPs nanoparticles were characterized using various techniques, including ultraviolet-visible spectroscopy (UV-
Vis), Fourier transform infrared spectroscopy (FTIR), High-resolution transmission electron microscopy (HR-TEM), Particle size analysis and X-ray
diffraction (XRD).

UV- visible spectroscopy and stability analysis

The UV-Visible True Beam Spectrophotometer (UV PLUS Motras Scientific) was used to examine the optical properties of AgNPs. The change in color
due to the excitation of surface plasmon resonance (SPR) in metal nanoparticles. The SPR displayed a wavelength peak at 430 nm followinga 12 h
incubation period. The peak moved to 450 nm after 24 h and remained stable for two months (fig. 2a). UV-visible spectra analysis was used to evaluate
the stability of the synthesized AgNPs at regular time intervals (12 h, 24 h, 5t'day, 15tday, 30t day, and 60t day), with wavelengths ranging from 300
to 700 nm as shown in (fig. 2b). The AgNOs solution and A. adenophora aqueous stem extract alone did not show any peaks. The results align with
previous studies reporting SPR peaks for green synthesized AgNPs with good stability using plant extract [25, 31].

e

Fig. 1: a) Aerial part of A. adenophora in its natural habitat, b) Biosynthesis screening of AgNPs from Ageratina adenophora stem extract
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Fig. 2: (a) UV-vis spectra of AgNPs and (b) Stability spectra of AgNPs at different time durations . Abbreviations: h (n=6)

Fourier transform infrared spectroscopy

The interaction of AgNPs with the functional groups of aqueous stem extract of A. adenophora was analyzed by FTIR analysis. For comparative study,
FTIR spectra analysis of A. adenophora stem extract, both before and after the formation of AgNPs, was performed to identify the functional groups
responsible for nanoparticle production. In this study, the FTIR spectra for the stem extract, displayed several prominent peaks at 1121, 1384, 1595,
2929, 3438 cm! as shown in (fig. 3a). A broader peak at 3,438 cm~! due to the stretching of the hydroxyl functional group in alcohols and phenolic
compounds, while an absorption band at 2,929 cm! due to -C-H stretching indicated an alkane group. The two absorptions recorded at 1384 cm! and
1595 cm are due to C-H and N-H stretching, indicating aldehyde and amine groups. And an absorption band at 1121 cm! due to -C-O stretch,
indicating strong alcohol stretching vibrations [32-38].

The FTIR spectrum of biogenic AgNPs exhibited similar FTIR spectral peaks at 1383, 1611, 2925, and 3460 cm1 (fig. 3b). As a result of the NO:
symmetric resonances that stretch to nitro compounds, the band at 1383 cm! suggests C-H vibrations [39]. Peaks at 1,611 cm ! indicate C-C stretching.
Further, the peaks at 2,925 caused by aliphatic C-H stretching vibration [40]. The probability of the existence of alcohol in compounds is substantiated
by the presence of peaks at 3000 cm-}, indicating a strong intermolecular bond. The O-H stretching shows the highest peak at 3460 cm! [41, 42]. In
previous reports, similar biomolecules were discovered during the synthesis of AgNPs [43]. Compared to the data shown by the synthesized AgNPs
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and the plant extracts, these peaks could also be composed of organic materials like proteins and metabolites with functional groups of amines,

alcohols, ketones, aldehydes and carboxylic acids. However, the strong broad absorption bands at 3438 cm1, 1383 cm!, and 2925 cm-'were attributed
to the potential involvement of the functional groups, which were also involved in the reduction of silver nanoparticles [44].
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Fig. 3: (a) FTIR spectrum of Ageratina adenophora aqueous stem extract. (b) FTIR spectrum of synthesized AgNPs from Ageratina
adenophora stem extract

X-ray diffraction analysis

To evaluate the crystalline structures of the synthesized AgNPs, XRD analysis was performed. These well-defined XRD patterns showed distinct peaks
at 38.03°,44.06°,64.37° and 77.34° that correspond to the 111, 200, 220 and 311 crystallographic planes with face-centred cubic structure of metallic
silver, respectively (JCPDS No. 04-0783). The average crystalline size was determined by the standard Debye-Scherrer equation. The Bragg’s
peaks show the arrangement of nanoparticles, and the mean size of the AgNPs was 28.27 nm. The minor background features are attributed to the
presence of residual phytochemical compounds from the stem extract. The XRD results (fig. 4) highlight the importance of the stem extracts in shaping
the properties of the synthesized AgNPs. The results were compared with the synthesized AgNPs from the P. alba leaf extract which showed similar
observations reported by Rudrappa et al. [45].
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Fig. 4: XRD pattern of synthesized AgNPs from Ageratina adenophora stem extract

High-resolution transmission electron microscopy (HR-TEM) analysis

High-resolution transmission electron microscopy (HR-TEM) was used to analyse the synthesized AgNPs particle size, shape, and crystalline nature.
TEM investigation showed that the biogenic AgNPs were irregular to spherical in shape, at scale range 50 nm, as shown in fig. 5a and 5b, with particle
size in the nano range between 20 to 60 nm with a mean size of 42.1+13.6 nm, respectively (fig. 5¢). Similarly, Alshameri et al. [46] reported the
synthesis of spherical shape AgNPs in the range from 20 nm to 70 nm using R. nervousus aqueous leaves extract.

Dynamic light scattering (DLS) analysis

Particle size analysis evaluated the size distribution of biosynthesized AgNPs with an average size range of 115.8 nm with a polydispersity index (PDI)
of 0.350, as shown in fig. 5(d). The lower the PDI value (0.7), indicated good quality and the relatively well-defined dimensions of the synthesized
AgNPs using A. adenophora stem extract. The NPs values of previous studies are different from the values obtained in this study. The disparity in
values is likely to be due to the differences in the preparation of the nanoparticles.
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Fig. 5: (a), (b) TEM images showing the morphology of AgNPs in two different magnifications, (c) Histogram showing the size distribution
of AgNPs, (d) Particle size distribution by DLS analysis

Qualitative phytochemical analysis

The stem extract of A. adenophora yielded flavonoids, saponins, terpenoids, alkaloids, phenols, steroids, proteins, amino acids and sugars as shown in
table 1. A slight variation in the secondary metabolite profile was observed with that of earlier reports, which might be due to the variations in the
growing conditions across different geographical regions, soil physicochemical and biological parameters [47, 48].

Table 1: Qualitative phytochemical analysis of the aqueous stem extract of Ageratina adenophora

Phytochemicals Aqueous extract
Alkaloids +
Carbohydrates +
Flavonoids +
Glycosides -
Proteins and amino acids +
Steroids +
Phenols +
Terpenoids +
Saponins +

Notes: (+) Sign signifies presence and (-) Sign signifies non-appearance
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Quantitative phytochemical analysis

In this study, the determination of total phenolics, flavonoid and alkaloid content was evaluated to explore the biological significance of the aqueous
stem extracts of A. adenophora. The stem extract had a total phenol content of 38+0.73 mg/g gallic acid equivalents. The total flavonoid content of
45.16+1.44 mg/g quercetin equivalent, and the total alkaloid content, as determined using the standard curve was 30+0.07, respectively. The alkaloid
content was low when compared to the phenol and flavonoid content. The results revealed that the stem extract contains potential amounts of
phenolic, flavonoid and alkaloid compounds. According to the previous reports, the determination of total phenolics and flavonoid content of the
methanolic extract of the leaves of A. adenophora showed that this plant can be one of the potential source of safe natural antioxidants and bioactive
components [48]. Further, a detailed examination of these bioactive compounds present in the stem extract is required for the complete evaluation
of the individual compounds to understand their different biochemical properties.

Determination of free radical scavenging activity - DPPH assay

The scavenging activity of the biogenic AgNPs with different concentrations 20, 40, 60, 80, and 100 pg was studied by DPPH assay as shown in fig. 6.
Ascorbic acid was used as a positive control. The AgNPs showed higher inhibition percent at 100 pug concentration. It also reveals that as the amount
of the test sample increased, the free radical scavenging rate also increased. The ICso values, indicating the concentration necessary to block 50% of
DPPH radicals, were determined to be 99.08 pg/ml. Accordingly, a previous report by Rajamanikandan et al. [23] has stated that the antioxidant
activity of AgNPs against different concentrations, with the visual monitoring of the reaction was noticed by the gradual change of colour from dark
purple to yellow, which enhanced good antioxidant activity [49, 50].
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Fig. 6: Antioxidant activity of synthesized AgNPs, values are given as mean+SD for each concentration (n=3)

Antibacterial activity of synthesized AgNPs

The antibacterial effectiveness of biogenic AgNPs against the bacterial culture showed significant inhibitory activity, as shown in table 3. Among the
tested pathogens, S. aureus showed the largest zone of inhibition, measuring 19.9+0.13 mm, whereas E. coli showed the lowest ZOI, measuring
15.0£0.20 mm, as shown in fig. 7. Gentamicin used as a positive control had a strong bactericidal activity. The aqueous stem extract of A. adenophora
showed some activity for E. coli and S. aureus. An effective antibacterial activity of AgNPs against bacterial strains demonstrated a similar effect when
compared to positive showing prominent activity against infection. However, the present results obtained from the evaluation of the minimum
inhibitory concentration against bacterial strains in 24 h are shown in table 2. The MIC against S. aureus was 5.5+0.70 pg/ml, 8+0.8 pg/ml for P.
aeruginosa followed by 7.3+0.45 pg/ml against B. subtilis and 8.7+0.05 pg/ml for E. coli. However, some previous reports evaluated Gram-negative
bacterial strains such as E. coli and P. aureginosa, which showed lower MIC values when compared to results obtained in this study [51].

Table 2: Antibacterial activity of synthesized AgNPs

S. No. Microorganisms ZOI (mm in diameter) Plant extract AgNPs MIC of AgNPs
Positive control AgNOs (ng/ml)

1 Bacillus subtilis 24.8+0.15 - - 19.1+0.13 7.3£0.45

2 Escherichia coli 26.0+0.03 11.9+0.07 9.9+0.13 15.0+0.20 8.7+0.05

3 Staphylococcus aureus 22.9+0.06 10.0+£0.03 15.0£0.7 19.9+0.13 5.5+0.70

4 Pseudomonas aeruginosa 24.9+0.12 - - 18.8+0.12 8+0.8

Note: AgNPs, AgNOs, Plant extract-80 pl concentration, Positive control-20 pul concentration Abbreviations: AgNPs-Silver nanoparticles; AgNO3-Silver
nitrate; Plant extract-A. adenophora stem extract, Positive control - Gentamycin; ZOI-Zone of inhibition in mm (means of triplicatexstandard
deviation) and MIC-minimum inhibitory concentration in pg/ml
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Staphylococcus aureus Pseudomonas aeruginosa

Fig. 7: Antibacterial activity of synthesized AgNPs, Notes: (A) Biogenic AgNPs (B) Aqueous stem extract (C) Silver nitrate (D) Positive
control-Gentamycin

Antifungal activity of synthesized AgNPs

The antifungal activity was studied using the well diffusion method of two different fungal strains, Aspergillus niger and Candida albicans. Among the
two fungal pathogens, C. albicans was highly sensitive to synthesized AgNPs, 11.9+0.13 mm zone of inhibition, followed by A. niger of 10.0£0.03 mm.
AgNOs and plant extract showed the least activity, as shown in fig. 8. The positive control clotrimazole showed higher antifungal activity, yet biogenic
AgNPs were discovered to have comparably similar activity to that of the positive control, as shown in table 3. According to the previous report,
Bishoyi et al. have stated similar fungicide properties of AgNPs against different strains [7, 36].

Table 3: Antifungal activity of synthesized AgNPs

S. No. Microorganisms ZO0I (mm in diameter) Plant extract AgNPs

Positive control AgNO3
1 Aspergillus niger 13.8+0.15 8.9+0.06 7.9+0.07 10.0+0.03
2 Candida albicans 14.0+0.03 8.9+0.12 - 11.9+0.13

Note: AgNPs, AgNOs, Plant extract-80 pl concentration, Positive control-20 pl concentration Abbreviations: AgNPs-Silver nanoparticles; AgNO3-Silver
nitrate; Plant extract-A. adenophora stem extract, Positive control - Clotrimazole; ZOI = Zone of inhibition in mm (means of triplicatexstandard
deviation)

Candida albicans Aspergillus niger

Fig. 8. Antifungal activity of synthesized AgNPs, Notes: (A) Biologically synthesized AgNPs (B) Aqueous stem extract (C) Silver nitrate
(D) Positive control-Clotrimazole

In vitro cytotoxicity of synthesized AgNPs
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The MTT assay was performed to examine the cytotoxic and cell viability effects of synthesized AgNPs on the Vero cell line. In the present investigation,
the AgNPs treated Vero cells demonstrated concentration-dependent cell viability, where low concentration maintained acceptable biocompatibility,
and with an increase in AgNP concentration (20, 40, 60, 80, and 100 pg/ml) reduction in cell viability was seen with distinct morphological changes
when compared to control cells. The ICso value for Vero cells was recorded at 108.61 pug/ml, respectively, at 24 h (fig. 9). The present study, compared
with previous reports using the MTT assay to examine the cytotoxic impact, has shown a low inhibitory effect on the growth of Vero cells, indicating
concentration-dependent toxicity of the biosynthesized AgNPs [49, 52].

Control 20 40 60 80 100

Concentration( pg/ml)

Y
=2,
o o

Cell Viability (%)
o8 8 8 8

Fig. 9: (A) Cell viability (%) of different concentrations of biosynthesized AgNPs on Vero cell line (20, 40, 60, 80, and 100 pg/ml) by MTT
assay, (n=3 values are given as meanxSD)

Fig. 9: (B) Cytotoxic effect of biosynthesized AgNPs on Vero cell line. Morphological changes in treated cells with different concentrations
of AgNPs (a) 20, (b) 40, (c) 60, (d) 80, (e) 100 ng/ml and (f) Morphological changes in untreated cells (control), respectively

In vitro wound healing activity of synthesized AgNPs

The wound healing activity of the synthesised AgNPs was studied under an inverted microscope, and the percentage rate of the wound healed was
calculated. Based on the result obtained at 24 h (18.47%), 48 h (30.43%) and 72 h (57.97%), wound healing was shown to be more effective with
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AgNPs significantly accelerated the wound healing process as compared to the negative control group 24 h (11.48 %), 48 h (25.55%), 72 h (36.29%),
as shown in fig. 10. The healed cells resembled normal healthy cells, thus showed a positive healing potential. On the other hand, no significant effects
were observed after 72 h. Cipladine used as a positive control showed a higher healing rate compared to treated cells. According to previous studies,
Ebeling S et al. stated that antioxidant and antibacterial activities appear to have beneficial effects on wound healing. Cell migration supported cellular
movement, which plays a critical part in the process of wound healing [53]. Kithiyon et al. [54] reported the wound healing efficacy of the
mycosynthesised AgNPs from E. scabrosa with a similar concentration when compared with commercial drug. Thus, it was inferred that biogenic
AgNPs have significant wound healing potential.

Fig. 10: In vitro wound scratch assay (a) Wounded cells (untreated) at different intervals and (b) AgNPs-treated cells at different time
intervals (0 h, 24 h,48 h, 72 h)

Fig. 11: In vitro wound scratch assay (a) Wounded cells, (b) untreated cells, (c) AgNPs treated cells, (d) Commercial drug treated cells

DISCUSSION

The present study demonstrated the successful green synthesis of silver nanoparticles (AgNPs) using the aqueous stem extract of Ageratina
adenophora. The biological applications of the AgNPs are highly promising. The structural properties were studied by HR-TEM, DLS and XRD
analysis. According to previous reports, the peak observed at 410 to 455 nm is attributed to the Surface Plasmon Resonance (SPR) peak of spherical-
shaped AgNPs. Previous reports on green synthesized AgNPs have shown peaks at similar positions with good stability. Kowsalya et al. reported that
V. vinifera extract showed good stability for biosynthesis of AgNPs, which strongly supports our result [25]. TEM analysis revealed irregular to
spherical in shape of the nanoparticles with a size range of 20 to 60 nm, while XRD analysis confirmed the crystalline nature of the synthesized
nanoparticles. The results were compared with Yarrappagaari et al. findings obtained for the XRD pattern that showed evidence of diffraction peaks
at 111, 200, 220, and 311 at 26 angles [55]. The average crystalline size calculated from XRD was a smaller particle size of 28.27 nm compared to that
observed in TEM images. According to the DLS test, the particles were 115.8 nm in size and showed a narrow distribution with a polydispersity index
(PDI) of 0.350. The lower PDI value (0.7) indicated good quality of particles suitable for predictable reactions with tissues and cell walls in the body.
Since the properties of nanoparticles vary from formulation to formulation, it highlights the need for careful optimization methods during nano
formulations [17]. Thus, the FTIR peaks indicated the presence of amine, hydroxyl and phenolic groups that acted as stabilizing and capping agents,
supporting stable nanoparticle formation. In addition, flavonoid being the key phytochemical in the stem extract highlights the significant free radical
scavenging properties. These results agree with earlier reports that the AgNPs exhibited significant bioactivities such as antibacterial, antifungal and
antioxidant activity. Highlighting the fact that AgNPs are surrounded by a thin layer of organic molecules, which play the role of phytochemicals as
capping ligands. Maheswari et al. reported ethanol and aqueous extract of A. adenophora to exhibit higher scavenging activity, which might
be attributed to the presence of polyphenolic compounds and flavonoids [21]. The potential antimicrobial properties shown by AgNPs can therefore
be attributed to their morphological size and shape, along with surface chemistry, as these properties are vital during the interaction of NPs with
microbial cells. In accordance with the findings of our results, earlier investigations by MosaChristas et al. reported antibacterial activity of M. calabura
methanol leaf extract with similar concentrations by evaluating the minimum inhibitory concentration against pathogenic Gram-negative and Gram-
positive bacterial strains [50]. In addition, the AgNPs formed also showed concentration-dependent toxicity on Vero cell line at higher
concentrations. The results of our wound scratch assay prove that the biosynthesized AgNPs possess enhanced wound healing properties. Our results
correlate with the study of Veeraraghavan et al. [57], where the wound healing property of Sb-AgNP with two different concentrations decreased the
migration of L929 fibroblast cells and thereby reduced the size of the wound created. Thus, these findings align with previous literature on plant-
mediated silver nanoparticles, emphasizing the safety of biologically synthesized nanomaterials.
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CONCLUSION

In conclusion, the biosynthesized silver nanoparticles (AgNPs) from Ageratina adenophora stem are an eco-friendly approach to form bioactive
materials that support future pharmacological and therapeutic applications, particularly in treating infected wounds, highlighting their potential as
promising agents in biogenic nanomedicine. A thorough investigation to better understand the mechanism of action in vivo is needed. Besides, a
further study is aimed at exploring in vivo chronic wound infection and also to improve the cell regeneration processes to reduce the side effects.
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