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Abstract: In this study, we biosynthesized the stable silver nanoparticles (AgNPs) from Momordica
cymbalaria leaves to evaluate their antioxidant, antibacterial, cytotoxic, and photocatalytic properties.
Initially, we screened the bioactive compounds from M. cymbalaria extract using GC-MS. The biosyn-
thesis of Mc-AgNPs was confirmed using instruments, such as UV-visible spectroscopy FT-IR, XRD,
SEM with EDX, and HR-TEM analyses. The UV-visible spectrum indicated absorbance at 425 nm.
The crystallite size of the M. cymbalaria-stabilized nanoparticles was determined to be 20.14 nm. The
morphology and size of the synthesized Mc-AgNPs were confirmed via SEM-EDX and HR-TEM
analyses, with a size range from 16 to 22 nm. The synthesized Mc-AgNPs exhibited a photocat-
alytic yield of 60%. The biosynthesized Mc-AgNPs demonstrated strong antioxidant properties and
prominent antibacterial activity against human pathogenic bacteria. The cytotoxicity study revealed
that Mc-AgNPs were effective against MCF-7 cells in a dose-dependent manner. The recognized
bioactivities confirm that the synthesized Mc-AgNPs act as effective catalysts in oxidation and serve
as potent antioxidant, anticancer, and antibacterial agents.

Keywords: M. cymbalaria; silver nanoparticle; antioxidant; antibacterial; anticancer and photocatalytic
activity

1. Introduction

Nanotechnology has evolved into a significant and intriguing field of research due
to its unique characteristics and wide range of applications in sectors, such as agriculture,
food, and health [1]. A different approach to addressing some of the most urgent issues
facing the world today, such as cancer and multi-drug resistance (MDR), is Nanotherapy.
When a microbe naturally becomes resistant to an antibiotic that was once useful for
treating infections it caused, this is known as multi-drug resistance (MDR) [2]. With
the few antimicrobial drugs now on the market, treating these drug-resistant bacterial
strains, also known as “superbugs”, is quite challenging. According to Shankar (2016),
if appropriate measures are not taken to address this problem, multi-drug resistance
(MDR) is predicted to claim up to 10 million lives by 2050, with over 4 million of those
fatalities occurring in Asia [3]. Therefore, the World Health Organization (WHO) has
asked researchers worldwide to perform research and create innovative anti-MDR agents,
particularly antibacterial medications, to solve this exceedingly worrisome topic [4].
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Cancer is another serious illness that has long plagued humanity and stands out as
one of the deadliest diseases in the contemporary world. Among women, breast cancer has
consistently ranked as a prominent contributor to mortality. According to their report, the
World Health Organization (WHO) anticipates a staggering 16.3 million fatalities from these
ailments by 2040 [5]. Most cancer treatments and controls include surgery, chemotherapy,
targeted therapy, immunotherapy, radiation therapy, and hormone therapy. Traditional
therapy may cause drug resistance, recurrence, metastasis, and toxicity. Nanotechnology
in medicine has offered hope to biological and therapeutic fields [6–8]. While surgery,
radiation, and chemotherapy are effective conventional cancer treatments, their severe side
effects lower patients’ quality of life. In addition, the patient might potentially acquire
resistance to MDR strains posing severe hurdles in treating cancer [9]. The development of
novel treatments utilizing nanotechnology has the potential to enhance the inadequacies of
existing cancer treatments.

Due to their intense color and persistent breakdown, synthetic dyes used in plastic,
food, paper, paint, and cosmetics pollute the environment [10]. Most of the standard proce-
dures to address this contamination, including reverse osmosis, coagulation, adsorption
and ultra-filtration, etc., fail to decolorize and mineralize these dyes due to their high
stability and complicated aromatic structures [11]. Thus, a new treatment approach is
needed to destroy and deprive these crucial hazardous chemicals or convert them into
environmentally friendly products [12]. Metal nanoparticles act as catalysts in several
chemical processes in nano-catalysis, a fast-growing nanotechnology field [13].

Nanoparticles exhibit potential as antibiotics, antioxidants, and anticancer agents
due to their small size, large surface-area-to-volume ratio, and diverse optical, chemical,
magnetic, and mechanical properties [14]. Noble metal nanoparticles, such as those made
from zinc, silver, copper, gold, platinum, magnesium, and titanium, have received con-
siderable attention in biological applications due to their multifunctional diagnostics [15].
While recent advances in nanotechnology and the increasing use of nanoparticles have
brought attention to previously untapped natural resources, they have also highlighted
cutting-edge methods for exploiting them. The physical and chemical processes for synthe-
sizing nanoparticles are widely known [16]. However, these techniques often produce toxic
by-products during synthesis. Consequently, researchers are exploring natural biological
resources, such as microbes, amino acids, polymers, sugars, vitamins, and plant extracts, to
rapidly and efficiently fabricate metal nanoparticles [17,18].

Plant-mediated nanoparticle synthesis is gaining importance due to its low toxicity,
efficiency, eco-friendliness, and shorter processing times [19]. This exploration into plant-
based nano-synthesis delves into the diverse range of plants employed, highlighting their
unique phytochemical compositions and properties. Medicinal plants’ leaves, stems, and
roots and the seeds and fruits of crops are harnessed to create a sustainable platform
for nanomaterial synthesis. These green-synthesized nanoparticles show promise across
multiple applications, driven by their biocompatibility, tunable physicochemical properties,
and renewable sources [20,21]. Plants provide a rich source of bioactive compounds
that can reduce, stabilize, and cap metabolites, converting metal ions into nanoparticles.
This can lead to the synthesis of nanoparticles with predefined characteristics, such as
flaviolin, polysaccharides, alkaloid amines, proteins, terpenoids, polyphenols, tannins, and
aldehydes [22].

M. cymbalaria has been used in various Asian herbal medicine systems for an extended
duration [23]. Momordica plants are known for their biologically active compounds [24].
The identified alkaloids, flavonoids, and saponins are particularly noteworthy, as these
compounds have been associated with a range of beneficial biological activities. Alkaloids,
for instance, are known for their antimicrobial and anticancer properties [25]. Flavonoids
are recognized for their antioxidant and anti-inflammatory effects, contributing to potential
health benefits [26]. Saponins, on the other hand, have demonstrated antidiabetic prop-
erties in various studies [26]. The potential biological benefits of phytochemicals found
in Momordica have attracted significant interest in recent studies, focusing on compounds
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related to diabetes mellitus, cardioprotective properties, cancer, ulcers, and diabetic neu-
ropathy [27–30]. It has also been documented that the herb possesses wound-healing,
hypoglycemic, hypolipidemic, anti-infertility, nephroprotective, hepatoprotective, and
antioxidant properties [31–35].

Silver nanoparticles (AgNPs) have emerged as a leading type among biosynthesized
metal nanoparticles over the past two decades due to their distinct physical, chemical,
and biological properties [36]. While AgNO3 can be toxic at high concentrations, studies
have demonstrated increased catalytic activity, chemical stability, biocompatibility, and
therapeutic potential at lower concentrations of AgNO3 [37]. The potential anti-cancer and
antibacterial actions of silver nanoparticles are well-documented [38], with the controlled re-
lease of silver being a notable advantage over bulk metals and their salts [39]. The concept of
new-age bio-nano formulations espouses nanotechnology with traditional medicine [40,41].
Many studies have highlighted the green synthesis of AgNPs with plant leaves, but there
has been limited exploration of green synthesis using wild and native plant species with
biomedical applications [42–45]. Silver nanoparticles have shown considerable promise
in counteracting reactive oxygen species, indicating a potential role in reducing oxidative
stress [46]. Their selective cytotoxicity against cancer cells also ignites interest in their anti-
cancer mechanisms, leading to the development of novel, targeted cancer treatments [47,48].
Moreover, the broad-spectrum antimicrobial effectiveness of silver nanoparticles against
a variety of pathogens underscores their importance in tackling infectious diseases and
antibiotic resistance [49]. This extensive study aims to decipher the complex molecular
mechanisms underlying these critical aspects, offering a comprehensive view of silver
nanoparticles’ therapeutic prospects and aiding progress in nanomedicine [50]. The afore-
mentioned points indicate that synthesizing metal nanoparticles using a green chemical
approach is an intriguing and underexplored opportunity, which has sparked interest in
the current study.

This research examines the antibacterial, cytotoxic, and photocatalytic potential of
M. cymbalaria-mediated silver nanoparticle synthesis. By integrating the properties of the
Momordica genus with nanotechnology, this study seeks to demonstrate the potential appli-
cations of these nanoparticles in various medicinal and environmental contexts. Exploring
green synthesis using wild species and native plants, particularly those with anti-cancer
and antibacterial activities, represents a novel and underexplored opportunity, potentially
leading to new insights and applications in nanomedicine and environmental sustainability.

2. Materials and Methods

Most of the chemicals utilized in this investigation were procured from various sup-
pliers. All analytical-grade experimental chemicals were obtained from HI Media, located
in Mumbai, India. These included Muller Hinton agar, Nutrient broth, Modified Ea-
gle Medium (MEM), fetal bovine serum (FBS), trypsin, silver nitrate (AgNO3), iodine,
potassium iodide, magnesium ribbon, lead acetate, chloroform, concentrated sulfuric acid
(Conc. H2SO4), potassium sodium tartrate, sodium hydroxide (NaOH), methanol, glacial
acetic acid, ferric chloride (FeCl3), dimethyl sulfoxide (DMSO), and hydrochloric acid
(HCl). Additionally, two specific chemicals, 2,2 diphenyl 1 picrylhydrazyl (DPPH) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), were purchased from
Sigma Aldrich in Bangalore, India.

2.1. Preparation of Plant Extract

M. cymbalaria plant leaves were collected from Srivilliputtur, Tamil Nadu, India. Upon
collection, the plants were immediately placed in sterilized Ziplock bags and transported
to the laboratory. The specimens were authenticated by taxonomists at the Centre for
Research and Postgraduate Studies in Botany, Ayya Nadar Janaki Ammal College, Sivakasi,
Tamil Nadu, India. The leaves were then selected for further processing. To prepare the
leaf samples, they were initially rinsed with water and subsequently left to dry under
a sunshade. Once dried, the leaves were ground into a fine powder. For the extraction
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process, 10 g of this powdered M. cymbalaria leaves was steeped in conical flasks containing
100 mL of double-distilled water. The mixture was agitated thoroughly and left undisturbed
for five hours to ensure sufficient extraction. Following the extraction, the solution was
filtered through a Whatman No. 1 filter paper to obtain a clear filtrate, which was then
used to synthesize the Mc-AgNPs.

2.2. Phytochemical Analysis

The crude leaf extracts of M. cymbalaria were subjected to qualitative analysis to detect
the presence of phytochemicals. Phytoconstituents, such as alkaloids [51], flavonoids [52],
carbohydrates [53], phenols, and tannins [54], along with steroids, cardiac glycosides [55],
terpenoids, and phlobatannins [56], were analyzed using the following established
standard procedures.

2.3. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

Chemical analysis of the M. cymbalaria leaf extract was performed using a Gas
Chromatography-Mass Spectrometry (GC-MS, Shimadzu, Tokyo, Japan) system equipped
with a Thermal Desorption (TD) unit. The GC-MS apparatus featured an Rtx-5 capillary
column (30 m × 0.25 mm, with a film thickness of 0.25 µm) and employed helium as the
carrier gas at a constant flow rate of 1.21 mL/min. The oven temperature was programmed
to rise from 60 ◦C to 200 ◦C at a rate of 5 ◦C per minute before a final ramp to 280 ◦C. Scans
were carried out at m/z values ranging from 50 to 450. The mass fragmentation patterns
of the compounds were identified using the NIST library, with the mass spectrometer
operating at 70 eV.

2.4. Synthesis of AgNPs from M. cymbalaria

Silver nitrate served as the precursor for the synthesis of AgNPs. As detailed in a
previous report, a 1 mM AgNO3 solution (100 mL) was prepared by dissolving the silver
nitrate in deionized water. This solution was then combined with the M. cymbalaria leaf
extract at a 2:10 ratio and incubated in a dark area. After incubation, the sample was
centrifuged at 10,000× g rpm for 15 min at 4 ◦C to obtain a clear supernatant. The resulting
pellet was washed three times with deionized water [57].

2.5. Characterization of Mc-AgNPs
2.5.1. UV-Vis Spectroscopy

A noticeable color change occurred after incubating the M. cymbalaria (Mc) aqueous
extract with the AgNO3 solution. UV-visible spectroscopy (Shimadzu, Japan) was utilized
to analyze the peaks of Mc-AgNPs within the wavelength range of 200 to 800 nm.

2.5.2. Fourier-Transform Infrared Spectroscopy (FT-IR) Analysis

The functional groups present in the green-synthesized Mc-AgNPs were characterized
using Fourier Transform Infrared (FT-IR) spectroscopy to investigate the plant compounds
responsible for the reduction of silver ions. The dried nanoparticle powders and the plant
extract were mixed with KBr to form pellets, which were then analyzed with an FT-IR
spectrometer (Spectrum 65, PerkinElmer, WA, USA).

2.5.3. X-ray Diffraction (XRD) Analysis

XRD analysis was conducted to determine the crystallinity, phase, and average crys-
tallite size of the Mc-AgNPs. The synthesized nanoparticles were dispersed in ethanol and
deposited onto a glass substrate for XRD analysis. The analysis was carried out using an
Ultima IV-Rigaku diffractometer equipped with CuKα radiation (λ = 1.540 Å) at 45 kV and
30 mA, in Tokyo, Japan.
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2.5.4. SEM and EDX Analysis

The dimensions and morphology of the Mc-AgNPs were analyzed using a Scanning
Electron Microscope (SEM), specifically the Carl Zeiss Microscopy GmbH, EVO18 model
from the Jena, Germany. To prepare the samples, the Mc-AgNPs were dispersed in 100%
ethanol through ultrasonication. The solution was then deposited onto a glass slide and
left to air-dry, allowing the solvent to evaporate completely. Subsequently, a thin layer of
gold, approximately 3 nm in thickness, was sputtered onto the sample using a vacuum
sputter coater. The SEM was equipped with an integrated Energy-Dispersive X-ray (EDX)
analysis system (Quantax 200 with X Flash® 6130) to determine the elemental composition.

2.5.5. HR-TEM and SAED Analysis

The research utilized a high-resolution transmission electron microscope (HR-TEM)
and the selected area diffraction pattern (SAED), specifically the JEOL-2100 model from
JEOL India Pvt. Ltd., in New Delhi, India, with a magnification capability of 46,000×. Sam-
ples were prepared using the Formvar resin grid technique: a suspension of the synthesized
nanoparticles at a weight-to-volume ratio of 0.5% was deposited onto a TEM grid coated with
Formvar resin. The grid was air-dried for ten minutes before being examined. Photographs
were captured to document the morphology of the nanoparticle aggregates.

2.6. DPPH-Radical-Scavenging Assay

A DPPH-radical-scavenging assay was developed to evaluate antioxidant properties
by measuring the free-radical-scavenging activity. Mc-AgNPs were dissolved in deionized
water at concentrations ranging from 200 to 1000 µg/mL. Ascorbic acid was used as a
positive control. The assay commenced by mixing 0.1 mL of the Mc-AgNPs solution with
1 mL of a freshly prepared 0.1 mM DPPH solution in ethanol. After 20 min of vigorous
shaking at room temperature, the absorbance at a wavelength of 517 nm was measured.
A control sample, devoid of silver nanoparticles, was also prepared [58]. The radical-
scavenging activity was calculated by measuring the reduction in DPPH absorbance using
the following formula (Equation (1)):

Scavenging e f f ect (%) =

[
Ac − As

Ac

]
× 100 (1)

where, Ac is the abs of the control, and As is the abs of the sample or standard.

2.7. Cytotoxicity Assay

The MCF-7 (breast cancer) and Vero cell line (non-cancerous) were cultured in DEME
medium supplemented with 10% fetal bovine serum, 100 units/mL of penicillin, and
streptomycin at 37 ◦C with 5% CO2 and 95% relative humidity. The culture media were
replaced twice a week. The in vitro cytotoxicity activity Mc-AgNPs was evaluated against
the MCF-7 human breast cancer cell line and Vero cell lines using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay [59]. Initially, 1 × 105 cells were
seeded in a 96-well plate and allowed to attach for 24 h. The previous culture medium
was then replaced with a medium containing various concentrations of Mc-AgNPs (1.95 to
1000 µg/mL), and the assay was triplicated. Doxorubicin was used as the reference drug
(0.1 g/mL). After a 24 h incubation, the cells were washed three times with 1× PBS buffer,
and MTT solution (5 mg/mL) was added. Following a 2 h incubation at 37 ◦C, the formed
formazan crystals were diluted in 1 mL of dimethylsulfoxide (DMSO), and the absorbance
was measured at 570 nm using a microplate reader (BMG Labtech in Ortenberg, Germany).
The percentage of viability was calculated using the following formula [60] (Equation (2)).

Cell viability(%) = [(ODsample − O.D.blank)/O.D.conrtol]× 100 (2)
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2.8. Antibacterial Activity

The bacterial strains, such as methicillin-resistant Staphylococcus aureus ATCC-43300
(MRSA), vancomycin-resistant Enterococcus faecium ATCC 49624 (VREF), Escherichia coli
ATCC-25922, and Serratia marcescens ATCC-27137, were obtained from the American Type
Culture Collection (ATCC). Muller Hinton Agar (MHA) was used as the medium to test
the antibacterial efficacy of Mc-AgNPs via the Kirby-Bauer well-diffusion methods. The
process involved pouring sterilized MHA onto sterile Petri plates and waiting for it to
solidify. After the medium was ready, bacteria were inoculated onto the surface using
a sterile cotton swab. In the well-diffusion method, wells were punched into the agar
using a cork borer 15 min later. Mc-AgNPs were introduced into three separate wells at
concentrations of 50 µg/mL, 100 µg/mL, and 150 µg/mL, which were made from a stock
solution dissolved in 50% DMSO. The plates were incubated at 37 ◦C, and the inhibition
zones were measured 24 h later to evaluate the antibacterial activity of Mc-AgNPs [61].

Microbial Growth Assay

The assessment of the antibacterial efficacy of Mc-AgNPs against bacterial pathogens
was conducted by subjecting 107 colony-forming units (CFUs) of bacterial isolates to
individual treatments with varying concentrations of Mc-AgNPs (100, 80, 60, 40, and
20 µg/mL). Following an initial incubation period of 1 h at 30 ◦C, bacterial colonies were
quantified using an automated colony counter [62].

2.9. Photocatalytic Activity

The photodegradation of methylene blue dye solution was investigated under sunlight
in a batch reactor system, utilizing the synthesized Mc-AgNPs as the catalyst [63]. An
open-type rectangular tray measuring 16 × 15 × 5 cm and made of borosilicate glass was
employed as a reactor to sustain the dye solution in sunlight-mediated photocatalysis.
Methylene blue dye (0.159 g) was dissolved in distilled water to produce a 1 molar solution
of 1 L. From this, 50 mL was taken and diluted to a 250 mL solution (500 ppm). This
prepared solution was transferred to the rectangular tray and Mc-AgNPs (50 mg or 0.05 g)
were added. One molar NaOH/HCl was used to maintain a neutral pH. The mixture
of the 250 mL dye solution with a known concentration and the synthesized Mc-AgNPs
nanocomposite was stirred vigorously using a magnetic stirrer at a medium rotation to
attain equilibrium. After allowing the adsorption process to equilibrate, the mixture was
exposed to sunlight for 30 min. UV-visible spectroscopy was used to analyze the solution
to obtain the maximum absorption range. Then, the solution was irradiated in sunlight
for 180 min with continuous stirring. Initially, the irradiated dye solution was collected
within 10 min, and the remaining dye solution was collected at intervals every 20 min
and then analyzed using a UV-Visible spectrophotometer. The ideal conditions for the
photodegradation investigation were maintained under direct sunlight. Every 30 min, the
amount of solar light was monitored, and the average amount of light over the course of
each experiment was computed. The UV-Vis spectrophotometer measured the residual
concentration of the dye solution at 665 nm. A digital lux meter was used to measure the
intensity of light and sunshine throughout the reaction time, which was around 820 lux.
Throughout the studies, the intensity remained almost constant.

The formula below was used for calculating the degradation percentage (Equation (3)).

% of degradation = ((C0 − Ct)/(C0))× 100 (3)

Where C0 was the initial absorbance of the dye solution and Ct was the absorbance at
time intervals.

2.10. Statistical Analysis

All experiments were conducted in triplicate to ensure reproducibility. Statistical
analyses were performed to assess the significance of differences between the measured
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mean values using a two-tailed Student’s t-test. A p-value of less than 0.05 was deemed
to indicate statistical significance. All statistical calculations were performed using SPSS
software (version 21.0; I.B.M. Corp., New York, NY, USA).

3. Results and Discussion

The presence of diverse phytochemicals in M. cymbalaria underscores its potential as a
valuable source of bioactive compounds in Table 1. While our results support the potential
pharmacological relevance of M. cymbalaria extracts, it is crucial to highlight the need for
further investigations, including detailed chemical isolation and mechanistic studies. Iden-
tifying the compounds responsible for the observed bioactivities would provide a more
comprehensive understanding of the plant’s therapeutic potential. Moreover, contrary to
some previous studies, the absence of tannins in the extract warrants additional exploration
to elucidate the variability in the phytoconstituent compositions among different plant
samples. The phytochemical profile of M. cymbalaria showcases its richness in bioactive
compounds, opening avenues for future research on its medicinal and therapeutic applica-
tions. However, further studies are necessary to unravel the mechanisms underlying its
observed pharmacological activities.

Table 1. Preliminary phytochemical analysis of M. cymbalaria extract.

S.No. Phytochemical Class M. cymbalaria Leaf Extract

1 Alkaloids ++

2 Flavonoids ++

3 Tannins −
4 Phenols +

5 Steroids +

6 Saponin ++

7 Terpenoids +

8 Carbohydrates +

9 Phlobatannins −
++ Indicates the presence of a high amount; + indicates the presence; − indicates the absence of the phytochemical.

3.1. GC-MS Analysis

The GC-MS analysis of the leaf extract of M. cymbalaria leaves provided valuable insights
into the composition of phytocompounds present in the plant (Figure 1 and Table 2). Oleic
acid emerged as the predominant compound, constituting 39.37% of the total composi-
tion. This finding aligns with previous studies highlighting the prevalence of oleic acid
in various plant extracts, showcasing its significance in plant metabolism and potential
health benefits [64–66]. n-Hexadecanoic acid (20.86%) and octadecanoic acid (11.26%)
further contributed to the fatty acid profile of the extract. Fatty acids play crucial roles
in plant development and are known for their diverse physiological functions [67,68].
Additionally, the presence of 5-hydroxymethylfurfural (8.49%), known for its antioxidant
properties, adds another layer of potential health benefits associated with the extract [69].
The diverse classes of compounds, including esters, steroids, fatty acids, terpenes, aliphatic
alcohols, and flavonoids, suggest the complex chemical composition of Momordica cym-
balaria, contributing to its pharmacological significance [70]. It is noteworthy that while the
identified compounds provide valuable information, further research is essential to explore
the specific biological activities and potential synergistic effects of these phytocompounds.
Comparative studies with other Momordica species may reveal unique chemical signatures
and therapeutic potentials. Future studies should delve into the bioactivities associated
with these compounds and their practical applications in medicine and nutrition.
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Table 2. GC-MS profile of phytocompounds in M. cymbalaria extract.

Peak R. Time Area Area% Name

1 6.409 4,709,431 1.66 S-Methyl-L-cysteine, N-(ethoxyca. . .

2 6.602 3,217,202 1.14 S-Methyl-L-cysteine, N-(ethoxyca. . .

3 8.523 2,997,683 1.06 4H-Pyran-4-one, 2, 3-dihydro-3,5-. . .

4 9.764 24,034,843 8.49 5-Hydroxymethylfurfural

5 13.094 13,332,417 4.71 2-Isopropoxyethyl propionate

6 13.422 10,307,348 3.64 1,3-Dioxane, 4,4-dimethyl-

7 15.066 3,657,786 1.29 Humulenol-II

8 16.374 5,827,800 2.06 Tetradecanoic acid

9 17.096 2,281,005 0.81 Cyclohexanol, 3-ethenyl-3-methyl. . .

10 17.834 3,981,804 1.41 (3S,3aS,6R,7R,9aS)-1, 1, 7-Trimeth. . .

11 18.237 2,697,462 0.95 Palmitoleic acid

12 18.514 59,065,176 20.86 n-Hexadecanoic acid

13 20.208 111,488,797 39.37 Oleic Acid

14 20.393 31,876,258 11.26 Octadecanoic acid

15 22.800 3,678,672 1.30 Dehydroabietic acid
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3.2. Green Synthesis of Mc-AgNPs

The silver nitrate was mixed with the plant extract, the silver ions from AgNO3
bound to the plant proteins, and water-soluble compounds using –OH and –COOH groups,
leading to conformational changes in the protein molecule, which contributed to the
captured metal ion transformation into a silver nanoparticle [71]. In general, a metal
nanoparticle synthesis mechanism using plants and plant extracts contains three main steps:
(1) the phase of activation wherein metal ions are reduced and reduced metal atoms are
nucleated; (2) the growth phase that is characterized by an increase in the thermodynamic
stability of nanoparticles and the spontaneous coalescence of small adjacent nanoparticles
into larger particles (direct formation of nanoparticles through heterogeneous nucleation
and growth, and further metal ion reduction; a process referred to as an Ostwald ripening);
(3) the final shape of the nanoparticles is determined at the process termination step.

3.3. Characterization of Mc-AgNPs
3.3.1. UV-Vis Spectroscopic Analysis

The aqueous leaf extract of M. cymbalaria was mixed with an AgNO3 solution and
initially turned into a pale yellow color. Then, after incubation at 8 h, the solution turned
dark brown, indicating the synthesis of Mc-AgNPs. Similar observations were reported by
other investigators who used plant extracts as a reducing agent [72,73]. Further, the UV-Vis
spectroscopy, widely employed for identifying the structural properties of nanoparticles,
revealed a distinct peak at 425 nm, indicating the broad size distribution and presence
of AgNPs on the surface of the nanoparticles in the solution (Figure 2). This peak is
attributed to the surface plasmon resonance of electrons [74]. The transformation of silver
ions into silver nanoparticles began as soon as the reaction was initiated, with the complete
reduction occurring within about two minutes at ambient conditions, which signifies the
quick biosynthesis of the silver nanoparticles [75].
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3.3.2. FT-IR Analysis

The chemical composition and functional groups present in Mc-AgNPs were investi-
gated using FT-IR spectroscopy. The probable biomolecules responsible for the capping
and reduction of silver nanoparticles were determined using FT-IR spectroscopy. Figure 3
displays the FT-IR spectrum for the Mc aqueous extract and Mc-AgNPs. The strong and
broad absorption peak observed at 3412.13 cm−1 represents the O-H stretching of water
molecules. The characteristic peaks at 2930.79 cm−1 and 2854.58 cm−1 are attributed to
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C-H stretching vibrations [14]. The peak at 2923.79 cm−1 corresponds to the medium C-H
stretching of alkanes. The absorption at 2164.07 cm−1 is indicative of the strong C-N stretch-
ing of thiocyanate. The peaks at 2387.24 cm−1, 2059.09 cm−1, and 1745.72 cm−1 correspond
to strong C=O stretching in the compound. The smaller peaks at 1626.27, 1403.57 cm−1,
and 1654.74 cm−1 are credited to the medium C=C stretching of disubstituted alkenes (cis)
and medium O-H bending and medium C=N stretching of imines/oximes. The functional
group C=C stretching of cyclic alkenes was observed at 1563.54 cm−1. The minor peaks at
1250.38 and 1118.19 cm−1 were strongly related to the C-O stretching of aromatic esters
and aliphatic/aryl ethers, respectively. The C-N stretching of amine groups was recorded
at 1160.18 cm−1. The sharp peaks at 1076.20 cm−1 correspond to the strong C-O stretching
of primary alcohols. The presence of flavanones and terpenoids in the plants are evidenced
by the absorption by AgNPs, confirmed by the presence of carbonyl (C=O) groups. These
carbonyl groups strongly bind to AgNPs and act as stabilizing molecules [76].
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3.3.3. XRD Analysis

The crystallographic characteristics of the Mc-AgNPs were determined through X-ray
diffraction (XRD) analysis. The XRD spectrum highlighted several distinct peaks corre-
sponding to the Bragg reflections, notably at 2θ angles of 38.15◦, 44.48◦, 64.56◦, and 77.64◦.
These peaks were attributed to the (111), (200), (220), and (311) lattice planes, respectively,
as shown in Figure 4. These lattice planes indicate the face-centered cubic (F.C.C.) structure,
confirming the crystalline nature of the Mc-AgNPs, which is in alignment with the standard
JCPDS card no: 84-0713. The presence of these peaks suggests that the plant-based synthesis
approach yields well-defined crystalline nanoparticles, likely due to the presence of natural
stabilizing compounds in the plant extracts that aid in maintaining the structural integrity
of the nanoparticles. Comparative analysis suggests that the diffraction patterns of the
Mc-AgNPs show remarkable similarity to those reported for nanoparticles synthesized
using Euphorbia antiquorum and Corallocarpus epigaeus, which exhibit analogous diffraction
features corresponding to the same indexed planes [77,78]. This similarity underscores a
consistent crystalline structure among plant-mediated synthesized silver nanoparticles [79].
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using the M. cymbalaria leaf extract.

3.3.4. SEM and E.D.X. Analysis

The SEM analysis was used to determine the size and shape of the Mc-AgNPs. Ac-
cording to the SEM analysis, the synthesized Mc-AgNPs had a cluster-like shape and
significantly agglomerated. The SEM analysis of Mc-AgNPs is shown in Figure 5. Addi-
tionally, the dehydration that occurred during sample preparation for SEM analysis most
likely contributed to the substantial aggregation of the biosynthesized AgNPs [80]. E.D.X.
analysis determined the elemental makeup, atomic composition and weight percentage of
the Mc-AgNPs. The E.D.X. analysis of Mc-AgNPs is shown in Figure 5. The study revealed
certain contaminants, including carbon, oxygen, silicon, and very minute amounts of cal-
cium and sodium. Oxygen and carbon were also present in the spectra. These elements
were found to be essential for stabilizing and reducing biosynthesized AgNPs and were
associated with the organic substances of the leaf extract on the surfaces of Mc-AgNPs [81].
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3.3.5. HR-TEM with SAED Analysis

Figure 6A displays the HR-TEM analysis of Mc-AgNPs. Most of the nanoparticles had
a spherical shape in their morphology. It was discovered that some of the nanoparticles had
an oval or elliptical shape. It is uncommon for biological systems to produce nanoparticles
with varying degrees of sphericity and dimensionality. The noticeable distinction of lighter
edges compared to the centers of the particles led researchers to hypothesize that proteins
or other biomolecules enveloped the Ag nanoparticles [82]. HR-TEM examination revealed
that most particles had a size of around 16 to 22 nm. Figure 6B presents an overview of the
SAED pattern for the Mc-AgNPs. The synthesized silver nanoparticle (AgNP) crystallinity
was confirmed through selected area electron diffraction (SAED) pattern analysis. The
diffraction rings observed in the SAED patterns corresponded to the (111), (200), (220),
and (311) planes, which are indicative of the fcc lattice structure commonly associated
with Mc-AgNPs. This observation perfectly correlated with the XRD results, underscoring
the spherical and crystalline nature of the NPs. High-resolution SAED images further
substantiated the crystalline structure of the AgNPs, as demonstrated by the clear and
consistent diffraction patterns across multiple magnifications [83].
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3.4. DPPH Assay

The antioxidant capacities of Mc-AgNPs were assessed using the DPPH assay. It is
understood that DPPH-scavenging activities are related to hydrogen’s ability to donate
to different antioxidant molecules. Figure 7 depicts how the behavior of DPPH in radical
scavenging is affected by various Mc-AgNP concentrations. Mc-AgNPs and ascorbic acid
produced a potent inhibitory activity against DPPH radicals, a source of antioxidants.
With higher concentrations, Mc-AgNPs’ free radical scavenging ability seems to improve.
Notably, at 1000 µg/mL, Mc-AgNPs showed more decisive antioxidant action, with a 67.77%
inhibition rate, compared to ascorbic acid at 73.31%. Previous research has also indicated
that as treatment doses are increased, antioxidant activity progressively rises [84–86]. As
a result, the potential antioxidant capability of our synthesized Mc-AgNPs was evident.
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Examining the ability of nanoparticles to quench neutrals revealed that Mc-AgNPs could
produce free, stable neutral radicals from DPPH. Different facets of the antioxidant process
were highlighted in the experimental investigations used. The DPPH assay showed that
AgNPs donate electrons to neutralize the free radicals of unstable DPPH within the reaction
medium [87].
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3.5. Cytotoxicity Activity

The cytotoxic effects of Mc-AgNPs were investigated on both MCF-7 cells and Vero
cells. Mc-AgNPs had a dose-dependent cytotoxic impact on breast cancer cells. The IC50
values were 54.89 µg/mL for MCF-7 breast cancer cells and 160.74 µg/mL for the non-
malignant Vero cells. Cytotoxicity assays indicated that Mc-AgNPs are more cytotoxic to
cancer cells than to non-tumorigenic cells. Doxorubicin, used as a comparative standard,
exhibited IC50 values of 2.04 µg/mL for MCF-7 cells and 3.08 µg/mL for Vero cells, as
depicted in Figures 8 and 9 [88,89]. Likewise, the leaf extract of the A. vulgaris-mediated
synthesis of AgNPs (AV-AgNPs) demonstrated an IC50 value of approximately 60 µg/mL
for MCF-7 cells [87]. Due to improved cellular uptake and the retention of nanoparticles,
Cp-AgNPs demonstrated a cytotoxicity gap in MCF-7 cell lines [90]. Despite their small
size, nanoparticles resist P-glycoprotein efflux and can enter cells via endocytosis [91].
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treated with doxorubicin; (F) Vero cell line treated with Mc-AgNPs.
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3.6. Antibacterial Activity

Multi-drug resistance has been a significant obstacle to promising antibiotic therapeu-
tics and necessitates the development of a medication with nanoforumulations to tackle
resistant bacterial strains [92]. In this study, the antibacterial activity of biosynthesized
Mc-AgNPs was evaluated by using the well-diffusion method, against a selection of four
bacterial pathogens: Gram-positive (E. coli ATCC-25922, and S. marcescens ATCC-27137)
and Gram-negative (MRSA ATCC-43300, and VREF ATCC-49624). Concerning the zone
of inhibition for each strain of bacteria, Mc-AgNPs exhibited a significant level of inhibi-
tion of E. coli, followed by S. marcescens, MRSA, and VREF, respectively. The maximum
zone of inhibition observed for E. coli at the highest dose of Mc-AgNPs was 17.33 mm
(Figure 10). Mc-AgNPs exhibited dose-dependent antibacterial efficacy against all the bacte-
rial pathogens. In the present study, the inhibitory action of Mc-AgNPs was comparatively
low for Gram-negative bacteria. This difference in susceptibility is often attributed to the
structural variations in the cell walls of these two types of bacteria [93]. Gram-positive
bacteria have a thick peptidoglycan layer in their cell walls, making them more susceptible
to the action of nanoparticles. On the other hand, Gram-negative bacteria have a thinner
peptidoglycan layer and an outer membrane made up of LPS, lipoproteins, and phospho-
lipids that act as a penetration barrier and only permit the entry of macromolecules [94].
The silver ions from the nanoparticles are attracted to the negative charge of the bacterial
cell wall. When they encounter electrostatic attraction, they migrate and bind to the bac-
terial cell wall, influencing the permeability of the cell wall and altering its structure [75].
The DNA of microorganisms loses its ability to replicate and to produce cellular proteins,
such as ribosome subunits. After exposure to Ag+ ions, most of the enzymes necessary to
produce ATP become inactive [95]. In our study, chloramphenicol was used as a positive
control. The synthesized Mc-AgNPs had low antibacterial efficacy, when compared to
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chloramphenicol. Contreras and Vazquez (1977) reported that chloramphenicol inhibited
translation by preventing the peptidyl transferase reaction or translocation step on the 50S
component of the bacterial ribosome [96].
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bacteria.

Microbial Growth Assay

Microbial growth assays were conducted to evaluate the bactericidal activity of Mc-
AgNPs against MRSA, VREF, E. coli, and S. marcescens. Bacterial isolates, numbering
approximately 107 colony-forming units (CFUs), were exposed to varying concentrations of
Ag-NPs (100, 80, 60, 40, and 20 µg/mL) and cultured on Mueller-Hinton agar (MHA) plates.
Following treatment, a notable reduction in the colony count was observed for all four
pathogens after 24 h, particularly with concentrations of 60 and 80 µg/mL of Mc-AgNPs.
The observed reduction in colony numbers suggests the bactericidal efficacy of AgNPs
against the tested microbial strains (Figure 11). The mechanism of action of Mc-AgNPs
involves anchoring to the bacterial cell wall at multiple sites, followed by penetration and
the induction of structural changes. This process leads to cell wall perforations, resulting
in intracellular substance leakage [97]. Dizaj et al. (2014) suggested that AgNPs interact
with the cell wall, causing disruptive effects [98]. Moreover, upon penetration, Mc-AgNPs
release silver ions, which, in turn, generate reactive oxygen species. This oxidative stress
affects membrane proteins and disrupts the electron transport chain [99]. The cumulative
effect of these processes contributes to the observed bactericidal activity of Mc-AgNPs
against bacteria, providing insights into their potential as antibacterial agents.
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3.7. Photocatalytic Studies

For the past several years, the photocatalytic degradation of hazardous organic pol-
lutants has drawn significant interest from researchers worldwide. Particularly toxic and
non-biodegradable, colored organic dyes from the textile and paper industries harm the
environment. Seventy percent of the dye material, sourced from azo dyes, severely pollutes
the environment by dispersing potentially harmful particles into the aquatic system [100].
However, the conventional bio-treatment methods for degrading dye wastewater have
recently been costly and ineffective due to the stability and aromatic complex structures
of these organic dyes [101]. As a photocatalyst, metal oxide nanoparticles have shown
remarkable effectiveness in mineralizing various environmental contaminants, including
detergents, dyes, and volatile organic compounds [102]. Various metal oxides, such as
Ag2O, TiO2, ZnO, WO3, Fe2O3, and CuO, have recently been used as essential photocata-
lysts for degrading organic dye pollutants in water and air [103].

The environmental concern of the photocatalytic nature and efficiency of the synthe-
sized nanocomposite was evaluated effectively. Figure 12A shows the UV-Vis absorption
spectra of an organic dye molecule, like methylene blue, when exposed to sunlight with
a maximum light intensity of approximately 860–980 lux from 11.30 am to 2.30 pm. The
sample solutions were collected at several time intervals, such as 0, 10, 30, 50, 70, 90, 120,
and 180 min, in the presence of Mc-AgNPs nanocomposites as the photocatalysts. Decol-
orization was observed during the degradation study and may be due to damage to the
sulfur-nitrogen bonds in the MB solution. After the degradation study, CO2 and H2O were
formed along with degraded products. From the studies, the maximum photodegradation
percentage obtained for methylene blue for each sample in the presence of the synthesized
catalyst, Mc-AgNPs, was found to be around 60%. The photodegradation percentage values
of MB dye in the presence of the Mc-AgNPs nanocomposites after 180 min of exposure are
shown in Figure 12B. From Table 3, Mc-AgNPs have higher photocatalytic activity against
M.B. dye than some other reported plant-mediated silver nanoparticles.
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Table 3. Comparison of photocatalytic activity of some silver nanoparticles against MB dye.

S.No Catalyst Pollutant Degradation Efficiency (%) and Time References

1 Morinda tinctoria-Ag MB 95.3% & 72 h [104]

2 Honey-Ag MB 92% & 72 h [105]

3 Imperata cylindrical-Ag MB 92.06% & 14 min [106]

4 Gymnema sylvestre-Ag MB 95% & 7 h [107]

5 Peltophorum pterocarpum-Ag MB 82% & 6 min [108]

6 Camellia sinensis-Ag MB 95% & 72 h [109]

7 Momordica cymbalaria-Ag MB 60% & 3 h Present work

The photocatalytic degradation process induces the degradation of MB. The destruc-
tion of MB was probable owing to the production of an electron and hole pair on the catalyst
surface during light-source radiation. The electron and hole pair intermingled with a water
molecule, generating hydroxyl radicals. This is accountable for breaking the harmful MB
components. Electrons in the conduction band on the catalyst’s surface alter the molecular
oxygen to superoxide ions and ultimately form hydrogen peroxide. The hole generates a
hydroxyl radical, which plays an important role in the breakage of MB molecules [110].

Mc − AgNPS + hν → Mc − AgNPS
(
e−CB + h+

VB
)

h+
VB + MB → MB+ → Oxidation of MB

h+
VB + H2O

(
OH−) → OH + H+

OH + MB dye → CO2 + H2O

Reusability Test and Stability Analysis of Mc-AgNPs

Regeneration and reusability are significant factors in the field of catalysis for an
environmental friendly and cost-effective point of view. To evaluate the stability of the
Mc-AgNPs, a reusability study was performed on the degradation of methylene blue dye.
The catalyst was collected after the completion of the degradation study and washed, dried,
and used for the reusability study. The degradation efficiency was slightly decreased during
the degradation study and may be due to the loss of catalyst weight while washing and
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drying. The degradation efficiency was found to be 60% in cycle I and gradually decreased
after cycle IV, which was found to be 51%. Figure 13A shows the reusability study of the
Mc-AgNPs against MB dye.
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The Mc-AgNPs are moderately stable up to the IV cycle in the degradation of MB.
However, the stability of the catalyst after the degradation process was investigated using
XRD (Figure 13B). The results confirmed that the crystallinity of the Mc-AgNPs became
lower, and impurity peaks appeared after the 4th cycle. This may be due to the catalyst’s
photo corrosion and photo dissolution.

4. Conclusions

In this study, an aqueous leaf extract from M. cymbalaria was successfully utilized to
synthesize silver nanoparticles, where the extract plays an important role as a capping
agent. In addition, the synthesized Mc-AgNPs show bacterial-inhibitory effects against
MDR bacterial strains. The synthesized Mc-AgNPs exhibit potent scavenging properties
and act as a defense activator against MCF-7 cells while exhibiting lower toxicity to Mc-
AgNP-treated Vero cells. According to the results of the photocatalytic analysis, Mc-AgNPs
were effective at degrading methylene blue dye when exposed to sunlight. As a result, the
textile and water purification industries stand to gain a great deal from this. Our findings
unequivocally corroborate the theory that plant-mediated nanoparticles will soon be able
to be used as potent therapeutic agents against human pathogens to treat diseases brought
on by free radicals and purify wastewater by eliminating harmful dyes.
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preparation: M.S., G.R. and A.N.; Writing—review and editing: S.P.K. and S.M. All authors reviewed
the results and approved the final version of the manuscript.
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