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Introduction

Systematic antimicrobial, biofilm, free radical
inhibition and tyrosinase inhibition assessments of
efficient green silver nanoparticles from the aqueous
root extract of Cyphostemma adenocaule (CA)
Kamalakkannan Kaliappan,*® Pradeep Nagarajan,® Jayaprakash Jayabalan,®

Hemalatha Pushparaj, Selvaraja Elumalai,® Baranidharan Paramanathan,
Vijayabaskaran Manickam,® Huyn Tae Jang" and Ganesh Mani () *9

b

A novel, fast and optimized etiquette for the production of silver nanoparticles using the root extract of
Cyphostemma adenocaule (CA) is reported in our study. This plant is known to possess many natural ter-
penes, glycosides and sterols, which can reduce AgNOs solution. Typical physiochemical analyses like
UV-spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), powder
X-ray diffraction (XRD), and Fourier transformed infrared spectroscopy (FTIR) were used to characterize
and confirm the synthesis of the produced nanoparticles. The XRD and TEM analyses validated that the
obtained particles were spherical shaped with the average size of 18 nm. The CA-AgNPs depicted excel-
lent anti-bacterial activity against the studied gram (+ve) and (—ve) microorganisms and showed a very
good S. aureus biofilm in a dose-dependent response (a maximum inhibition of 88% at a 125 ug mL™*
dose). Further results proved its ability to neutralize ABTS free radicals (96.5% neutralization was noted at a
200 ug mL™! dose with the ICsq value of 48.62 pg mL™) and mushroom tyrosinase enzyme (tyrosinase is
the enzyme responsible for hyperpigmentation) inhibition from 34.25% + 3.68% to 90.90% + 3.45%, with
the highest activity at 100 pg mL™L. The above results indicate the potential of silver nanoparticles as anti-
bacterial and antioxidant agents and tyrosinase inhibitors in the food, cosmetics and medicinal industries.

natural compounds for alleviating various maladies. Indian
healers have been documented employing a synergy of herbo-

The millennia-old practices of traditional medicine across the
globe have consistently favored the use of metals and metal-
based herbal formulations for the treatment of contemporary
health issues. Systems such as Siddha and Ayurveda from India,
Unani from the Middle East, Homeopathy from Germany, and
Traditional Chinese Medicine (TCM) have long endorsed the
therapeutic application of metallic and metal oxide-based
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mineral concoctions, an approach substantiated by the ancient
writings of sages like Agasthiar and Bohar, which dates back to
over 3000 years." *° Within the realms of Siddha and ayurvedic
medicines, several herbo-mineral formulations, known as
Parpam (mineral and metal oxides), Chenduram (mineral or
metal sulfides), Chunnam (caustic oxide), Pathangam (sublima-
tion product), and aristas and basmas, continue to be utilized
for a myriad of health conditions. Notably, Parpam and
Chenduram are prized for their efficacy and longevity, boasting
shelf lives extending beyond 75 years.*'® Despite the general
consensus in modern medicine regarding the toxicity of metals
in their ionic forms, such toxicities are purportedly mitigated or
outrightly eliminated via specific purification procedures deli-
neated in Siddha and Ayurveda.'**°

Metals and non-metals, including gold, silver, iron, copper,
zinc, mercury, and arsenic, serve as fundamental components
in herbo-metallic formulations predominant in various tra-
ditional Indian medicines. The esteemed ‘Rasa Sastra’ texts by
the revered Siddha Nagarjuna detail methodologies for craft-
ing diverse herbo-metallic preparations. Primarily, these con-
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coctions, referred to as Basmasin Ayurveda and Parpam in
Siddha, are synthesized by amalgamating metals with specific
plant extracts, followed by repeated calcinations known as
‘shodhan’ in Ayurveda and ‘pudam’ in Siddha.'®** These tra-
ditional methodologies claim to attenuate the toxicological
aspects of the medicines while simultaneously enhancing
their therapeutic potency, contingent upon adherence to pre-
scribed dosages. Moreover, contemporary assertions suggest
that the metallic constituents within these formulations exist
as ultrafine nanoparticles, facilitating their integration into
the bloodstream.?*™° Furthermore, mercury and lead is used
in some of these formulations, despite their recognized tox-
icity in conventional medical paradigms.

Highlighting the intersection between traditional and
modern medical practices, platinum(un) complexes and their
analogs, such as carboplatin and oxaliplatin, have gained reco-
gnition for their cancer-fighting capabilities.?”?%3*
Additionally, chemical complexes incorporating iron(u), gold,
and copper have established themselves as effective chelating
anticancer agents.>**? Over the past decade, the development
of therapeutic agents based on ruthenium and gold has
gained momentum, offering a promising alternative to cispla-
tin due to their reduced cytotoxicity and enhanced anticancer
properties.>*** During the COVID-19 pandemic, supplements
based on zine, magnesium, and calcium have proven invalu-
able in combating viral infections and other health compli-
cations. These instances underscore the pivotal role of metals
and metal-based complexes not only in traditional medical
systems but also within the realm of contemporary allopathic
medicine.

Recent advancements in the green synthesis of metal and
metal oxide nanoparticles underscore the confluence of tra-
ditional wisdom and modern scientific practices. The green
synthesis approach has facilitated the rapid fabrication of
nanoparticles derived from the transition and precious metals
such as gold, silver, platinum, palladium, iron, as well as alka-
line earth metals, including magnesium, zinc, and trace
elements like arsenic and selenium.*******° Among these,
silver nanoparticles have garnered significant attention due to
their broad spectrum of activities encompassing anti-
microbial, anticancer, enzymatic inhibition, biofilm disrup-
tion, anti-inflammatory, wound healing properties, and photo-
catalytic efficiency. This widespread functionality is attributed
to their quantum-confined nature alongside a substantial
surface-to-volume ratio. Recent innovations have leveraged
various plants for the green synthesis of silver, gold, and zinc
oxide nanoparticles. The effectiveness of plant-based materials
in nanoparticle synthesis is attributed to the abundance of
reductive primary and secondary metabolites, such as carbo-
hydrates, amino acids, proteins, alkaloids, polyphenols, and
terpenes, among others. These metabolites not only facilitate
the reduction of metal ions into nanoparticles but also furnish
a protective coating that impedes aggregation and prolongs
shelf life, thereby mitigating the cost associated with external
capping agents commonly required in chemical synthesis
routes. Thus, green synthesis emerges as an environmentally
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benign alternative to traditional chemical approaches.
However, it is important to note that while plant-based meth-
odologies offer several advantages, microbial synthesis,
another green method, necessitates stringent sterile con-
ditions, potentially elevating production costs. In supporting
this, numerous research studies have been reported for the
synthesis of silver and gold nanoparticles using various kinds
of plants such as Salvia officinalis,"* Mentha asiatica,** Swertia
paniculate,® Laminaria japonica,*® Sida cordata,"” Achyranthes
Jjaponica,*® Paeonia japonica,”” Hydnocarpus alpina*® and by
using microbes®®™? and their conjugation with antibiotics to
achieve synergism in activity.>®> The reported procedure
resulted in Ag or Au nanoparticles with sizes ranging from
10-90 nm and with potent antimicrobial activities against the
studied microbes.

Cyphostemma adenocaule (Steud. ex A. Rich.) (CA) is a tropi-
cal and climbing shrub with yellow flowerings that belongs to
the Vitaceae Family from the Cyphostemma genus; the plant is
widespread in Senegal to Eritrea, south to Angola, DR Congo,
Malawi and Mozambique including India and Pakistan. It has
a large, fleshy perennial root stock.>*™° It is mainly used in
traditional medicines for folk remedies in Kenya, Nigeria and
South Africa. Its leaves in the raw or in the form of decoction
mixed honey are used to treat cough. Concentrated infusion of
leaves can be used as a purgative and to treat swellings in the
abdomen.>”"®® Tannins present in its root act as an astringent,
and macerated root extract was also used as a deworming
agent. Further, the root has been used to treat malaria and
syphilis and to prevent abortion. Though the leaf and root
extract of the CA has been pronounced for its various pharma-
cological and nutritional values, its efficacy in the synthesis of
metal/metal oxide nanoparticles, particularly, Ag, has not yet
been studied. Considering this as an advantage, our present
research aims to appraise the potential of CA root extract as a
reductant for silver nanoparticles (AgNPs) and characterizing
the AgNPs thus produced by the below listed physiochemical
techniques like Fourier transform infrared spectroscopy,
UV-Vis spectroscopy (UV-Vis), powder X-ray diffraction (PXRD),
field emission scanning electron microscopy (FE-SEM), high-
resolution transmission electron microscopy (HR-TEM) and
dynamic light scattering (DLS) and extend the research by eval-
uating the antimicrobial activity, biofilm inhibition, ABTS free
radical scavenging, mushroom tyrosinase inhibition and
photocatalytic roles in in vitro models. The method explained
herein is innovative in terms of the novel utilization of the said
CA plant extract for AgNPs synthesis, its optimization pro-
cedure, milder conditions and fast progress in the synthesis.
Further, this is the first report on the efficacy of the CA root
extract in silver nanoparticle production.

Experimental sections
Materials and methods

Plant collection. The dried plant root was acquired from the
Century Plant Nursery in Karnataka and was authenticated by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Professor Dr J. Jayaprakash, Professor, St Joseph College of
Arts and Science, Tamil Nadu (India). An herbarium specimen
with voucher no. 1075 of the plant has been preserved in the
department (Fig. 1).

Preparation of the CA leaf extract. Approximately 100 g of CA
fresh leaves were harvested from a local nursery, meticulously
sliced into minor pieces, thoroughly rinsed with water, and
subsequently extracted using a combination of maceration and
decoction methods at 60 °C. The resulting filtrate was then
concentrated via a rotary vacuum evaporator before being
freeze-dried at —80 °C and sealed in an airtight container. The
resultant dark brown extractive dry powder was preserved in a
refrigerator at 4 °C for future applications.®* The derived final
extract was subjected to preliminary phytochemical investi-
gations using the standard procedure.®*™®”

Green synthesis of AgNPs using the CA leaf extract

A 1% CA solution was prepared initially using the lyophilized
leaf extract, which served as the precursor for AgNP synthesis.
The AgNPs, synthesized with the CA extract, were obtained
through a method slightly modified from previously described
protocols.*™*® Into a 100 mL solution of 0.1 M AgNO; in a
flask, 50 mL of the diluted extract was incrementally added
under continuous magnetic stirring at 500 rpm. The transition
of the AgNO; solution from colourless to light yellow, culmi-
nating in a dark brown hue, was observed upon the extract’s
integration. Following the exhaustive addition of the extract to
the AgNO; solution, the resultant CA-AgNPs were isolated by
centrifugation at 10000 rpm for 10 minutes using a high-

Fig. 1

Image of Cyphostemma adenocaule (CA).
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speed cold centrifuge. The isolated AgNPs were thoroughly
washed with water to eliminate any residual AgNO; and
unreacted soluble phytoconstituents. Subsequently, these
AgNPs were dried in a hot air oven maintained at 50 °C for
2-3 hours. The dried AgNPs were then powdered using a
mortar and stored in light-resistant containers for subsequent
characterization purposes. This process was iterated to amass
an adequate quantity of CA-AgNPs for comprehensive
characterizations.

Reaction condition optimization

Study on the effect of extract quantity on AgNP synthesis. To
facilitate the optimal synthesis of CA-AgNPs, a defined volume
of 2 ml of 0.1 M AgNO; solution was treated with varying
volumes of the root extract solution (2, 4, 6, 8, 10, and 12 mL).
With each increment of the extract, the solution’s plasmon
resonance absorbance was meticulously monitored, aiming to
identify the maximal extract volume necessary to yield a sub-
stantial quantity of CA-AgNPs at ambient temperature.*”

Study on the effect of temperature. To ascertain the
optimum temperature necessary for synthesizing a high yield
of CA-AgNPs, a predetermined volume of 0.1 M AgNO; solu-
tion combined with an optimized amount of the extract was
incubated at various temperatures (25, 30, 40, 50, and 60 °C).
Modifications in the surface plasmon resonance (SPR) absor-
bance at 419 nm were meticulously recorded. The formation of
nanoparticles was analyzed by measuring the absorbance at
the plasmon resonance wavelength peaks associated with the
initial CA-AgNP formation and charting these values to ascer-
tain the optimal temperature necessary for achieving high
yields.

Study on the time required for the reaction. To ascertain the
optimal duration necessary to generate a high yield of CA-
AgNPs in the shortest possible time, experiments were con-
ducted using a fixed volume of 0.1 M AgNO; solution. An opti-
mized quantity of the extract was introduced at a controlled
temperature, and the reaction was allowed to proceed at
various intervals (15, 45, 60, 90, and 120 min), during which
the SPR absorbance changes at 419 nm were meticulously
recorded. Observations of nanoparticle formation were made
by measuring the absorbance at the maximum plasmon reso-
nance wavelength coinciding with the initial CA-AgNP for-
mation. These measurements were then graphically rep-
resented to pinpoint the optimum duration for achieving a
high nanoparticle yield.

CA-AgNP physiochemical characterization

Detection of plasmon resonance by UV-Visible spectroscopy.
To confirm the synthesis of CA-AgNPs, the dried and pow-
dered sample was dispersed in DI water and subjected to soni-
cation. Subsequently, its absorbance was measured using a
UV-visible spectrophotometer (Shimadzu-1240, Tokyo, Japan),
scanning across the wavelength spectrum of 300-800 nm.

Fourier transform infrared spectroscopy (FTIR). The FTIR
spectra for both the dried extract and the CA-AgNPs samples
were acquired with a Nicolet 6700 FT-IR spectrometer at room
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temperature (RT), employing the KBr pellet method.
Specifically, 40 scanning cycles were utilized to capture the
FTIR spectrum with a resolution of 4 cm™, spanning a spec-
tral range from 4000 to 400 cm™".

Field emission scanning electron microscopy (FE-SEM). The
surface morphology of the synthesized AgNPs was assessed uti-
lizing FE-SEM (FE-SEM, JEOL Corp., JSM6700F). A properly
sized specimen of CA-AgNPs was affixed to the aluminium
stub of the scanning electron microscope using double-sided
adhesive tape. Subsequently, the samples underwent a coating
process with gold plasma using a sputter coater (Sputter
Coater-108 Auto, Cressington).

High resolution transmission electron microscopy
(HR-TEM). The morphology and dimensions of the syn-
thesized CA-AgNPs were examined using a Hitachi-800 tunnel-
ling electron microscope (Hitachi-800, Japan). The CA-AgNPs,
dispersed in ethanol, were applied onto a copper grid of the
TEM analyser, dried at ambient temperature, and sub-
sequently positioned in the sample holder of the TEM instru-
ment for analysis. The particle diameter of the CA-AgNPs was
measured manually using the Image-J1 image processor and
open-source software. About 200 individual particles were con-
sidered from three different TEM images, and the average dia-
meter was computed statistically. Selected area electron diffrac-
tion (SAED) measurement was also conducted for the
particles.

Powder XRD analysis. To elucidate the crystalline attributes
of the synthesized CA-AgNPs, a comprehensive wide-angle
powder X-ray diffraction (PXRD) analysis was conducted using
a Rigaku Miniflex diffractometer equipped with Cu-Ko radi-
ation (1 = 1.54 A) across a 26 span of 10°-80°, utilizing a step
size of 0.1° and a dwell time of 1 s. The average particle size of
the CA-AgNPs was determined employing Scherrer’s equation
(eqn (1))

D= 1)
B2 cos o
1 is the wavelength of X-rays (1.5418 A), > denotes the full
width at half maximum (FWHM) of the XRD peak, k is the
shape factor, and 6 is the diffraction angle.

Dynamic light scattering and zeta potential analysis.
Dynamic light scattering, also referred to as quasi-elastic light
scattering, was employed to analyse the distribution of particle
sizes and the characteristics of their movement within the
medium. The light scattering and surface charge properties of
the synthesized silver nanoparticles were measured using a
Zetasizer from Malvern, version 6.20.

Antibacterial studies

The assessment of antibacterial activity was conducted by
employing the agar well diffusion method. To ascertain the
antibacterial efficacy of AgNPs, the following Gram-positive
Staphylococcus aureus (MTCC 3160), Yersinia enterocolitica
(MTCC 840), and Gram-negative Shigella flexneri (MTCC 1457),
along with Salmonella typhimurium (MTCC 3224) pathogenic
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bacteria were selected and obtained from our microbiology
department (Nadha College of Pharmacy, Erode, India), based
on a previously established methodology with minor
modifications.*>*7*>®® Nutrient agar media was prepared,
and 30-35 ml of this media was dispensed into sterile Petri
plates. Following the solidification of the media, 100 pL of the
working stock culture (1 x 10° cells per mL) was uniformly
spread using a sterile cotton swab, and holes of 0.5 cm dia-
meter were created using stainless steel cylinders. Various con-
centrations of serially diluted CA-AgNPs (50, 100, 150, and
200 pg mL™") were added to the wells in the Petri dishes.
Thereafter, the plates were incubated at 37 °C for 24 hours in a
BOD incubator.

Antibiofilm assay

The in vitro microtitre plate method was utilized to assess the
extent of biofilm formation and its inhibition by CA-
AgNP.*>*7%An overnight culture of the drug-resistant S. aureus
and E. coli in LB broth and Brain Heart Infusion (BH) broth
was used to access the biofilm inhibition of two selected
strains in two different media. The cultures were subsequently
diluted to achieve a final cell count of 5 x 10™> CFU mL™.
Following this, 10 pL of the culture was dispensed into the
wells of a microtitre plate, and then 10 pL of CA-AgNPs at
varying concentrations (0-250) pg mL~' were added. The
assembly was incubated at 37 °C for 24 h. Post incubation, the
wells were meticulously rinsed with phosphate-buffered saline
(PBS) to eliminate free-floating bacterial cells. The biofilm
thus formed was fixed via the addition of 200 pL of 0.1%
crystal violet in acetic acid for 10 minutes. Any excess stain was
eliminated by washing with DI water and left to dry briefly.
The dye bonded to the bacterial biofilm was extracted using
200 pL of 95% ethanol. The absorbance of the ethanolic
crystal violet solution was then measured at 620 nm using the
Agile ELISA reader, enabling the quantification of cells with
biofilm-forming capabilities. Both negative and positive con-
trols were incorporated into the assay for comparative analysis.
The same procedure was repeated for the E. coli also in both
LB and BH broths. The percentage biofilm inhibition was cal-
culated using the following equation (eqn (2))

% biofilm inhibition by CA — AgNp’ s =

Aborbance of cell treated with TS — AgNPS at 620 nm 100
Absorbance of untreated control at 620 nm

(2)

ABTS scavenging assay

ABTS' radicals were generated through the reaction of potass-
ium persulfate (2.5 mM) with ABTS (7 mM) at a 1:1 (v/v) ratio,
and subsequently, the mixture was shielded from light and
maintained at 25 °C for 10-15 hours before its application.
The reagent solution underwent dilution with methyl alcohol
until it reached an absorbance of 0.700 at 734 nm. Various
concentrations of silver NPs (1 mL; ranging from 25 to 200 pg
mL™") were amalgamated with the ABTS" solution (4 mL), and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the absorbance was recorded after a period of 30 min. These
antioxidant assays were systematically executed in triplicate.”*
The calculation of the percentage ABTS inhibition was
implemented utilizing the ensuing formula (eqn (3)).
Percentage ABTS inhibition (%)
(control abs) — (sample abs)

= 100 3
(control abs) % )

Mushroom tyrosinase assay

The mushroom tyrosinase (Sigma Chemical Co.) was employed
for an in vitro bioassay following a reported procedure with
certain modifications.*® In short, phosphate buffer (20 mM, pH
6.8) 140 pl, mushroom tyrosinase (125 pg mL™' in DI water)
20 pl, and green synthesized CA-AgNPs inhibitor solution 20 pl
with concentrations ranging from 50 to 200 pg mL™" were dis-
pensed into the wells of a 96-well microplate. Similarly, water
(the dispersion medium for CA-AgNPs) functioned as a nega-
tive control, while Kojic acid, a well-recognized tyrosinase
inhibitor at 60 pg mL™", was employed as a positive control for
the assay. Following pre-incubation for 10 minutes at room
temperature, 20 pL of i-dopa (3,4-dihydroxyphenylalanine,
0.85 mM) was added, and the plate was subsequently incubated
at 30 °C for 20 minutes. The absorbance of dopachrome was
then measured at 491 nm using a microplate reader (Agile
Microplate Reader, USA). Kojic acid served as the reference
inhibitor, and phosphate buffer alone was utilized as the nega-
tive control. The inhibition efficacy of AgNPs was quantified as
the percentage of concentration required to achieve a 50% inhi-
bition rate (ICs,). This metric was derived from three separate
experiments, each conducted in triplicate. The ICs, values were
determined using data analysis and graphing tools, specifically
Sigmaplot and Origin Pro, version 8.

Assessment of cytotoxicity using MTT assay

HT-29 cells were trypsinized, and the cell concentration was
adjusted to 1.0 x 10° cells per mL in Roswell Park Memorial
Institute (RPMI) medium, enriched with 10% heat-inactivated
fetal bovine serum (FBS) and 1% penicillin/streptomycin.
About 100 pL of this diluted cell suspension (1 x 10* cells per
well) was dispensed into each well of a 96-well plate and incu-
bated for 24 hours to promote partial monolayer formation.
After incubation, the supernatant was carefully removed, and
the monolayer was washed with a fresh medium. The cells in
the selected wells were then treated with 100 pL of CA-AgNPs at
various concentrations (32.5, 65, 130, and 260 pug mL™) in de-
ionized water. The plates were incubated in a CO, incubator at
37 °C with 5% CO, and 95% relative humidity for an additional
24 hours. Following this period, the supernatants were dis-
carded, and the cells received 20 pL of MTT solution (2 mg
mL ™" in phosphate-buffered saline). The plates were incubated
for another 4 hours under the same conditions. Afterward, any
unreacted dye and media were removed, and the formazan crys-
tals were dissolved in 100 pL of dimethyl sulfoxide. The absor-
bance of the formazan solution was measured at 570 nm using
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a microplate reader (Agile Reader, ACT Gene, USA). A negative
control (untreated) and a positive control (5-fluorouracil at an
IC50 concentration of 10 pg mL™") were also included for com-
parative analysis. The percentage of cell viability was calculated
using the following formula, eqn (4):

Abs of sample — Abs of blank

Viable cells (%) = Abs of control — Abs of blank %

100 (4)

Blank refers to the background, which means the solution
without cells.

Statistical evaluation

Statistical analyses were performed utilizing the SigmaPlot-
10.0 package. Student’s ¢-test was utilized to decide significant
contrasts between the output with p values (p < 0.05).

Results and discussion
Phytochemical screening

The results from phytochemical screening reveal the presence
of phytoconstituents such as proteins, carbohydrates, phytos-
terols, terpenes, glycosides, among others. The findings corres-
pond closely with those reported in prior studies by other
researchers.”>®”  Primary metabolites, including carbo-
hydrates, reducing sugars, flavonoids, and hydroxyl terpenes,
are identified as potent agents for reducing AgNO; into AgNPs
(Ag°) in the synthesis process of AgNPs. Secondary metabolites
like proteins, tannins, and glycosides, present in the extract,
are purported to play a crucial role in the stabilization of Ag-
nanoparticles, serving as a protective capping layer on the
surface of the AgNPs thus formed. These metabolites are
inclined to inhibit the agglomeration of nanoparticle clusters
within the dispersed medium. Further, corroborative evidence
from previous studies on the plant extract’s ABTS activity also
suggests that the extracts may be effective in reducing metal
salts into their nanoparticle form.

UV-vis spectral characterization of CA-AgNPs

The transformation of the transparent AgNO; solution to a
yellow, and finally, a dark brown colour (Fig. 2(a)) signals the
successful synthesis of AgNPs through the introduction of the
CA leaf extract solution. In contrast, the reference control com-
prising solely the AgNO; solution exhibited no change in
colour over time, underscoring the necessity of both AgNO;
and the leaf extract for the successful generation of CA-~AgNPs.
The surface plasmon resonance (SPR) spectra of the resultant
CA-AgNPs colloidal solution, depicted in (Fig. 2(b)), demon-
strate a surface plasmon resonance peak at 419 nm,*’ further
corroborating the formation of AgNPs. The analysis indicates
that the synthesized CA-AgNPs are approximately 20 nm in
size, aligning with previous studies relating to size-dependent
plasmon resonance.”””> The proposed mechanism for the for-
mation of CA-AgNPs from aqueous AgNO; illustrated in
Fig. 2(c) represents the reduction of AgNO; by myricetin iso-
lated by Gebrehiwot et al. (2024).In the initial step, AgNO;
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Fig. 2 (a). Synthesis of silver nanoparticles with CA leaf extract (b) SPR
spectra of CA-AgNPs, (c) plausible mechanism of formation of CA-
AgNPs.

dissociates into Ag" ions and nitric acid. Subsequently, Ag"
ions undergo reduction to Ag° facilitated by the reducing
metabolites present in the extract, such as myricetin, polyphe-
nols, reducing sugars, and reductive metabolic enzymes (NAD
and NADPH). These components donate electrons for the
reduction process. This is followed by the nucleation and
growth of nanoparticles, which are stabilized by the surface
capping agents, including tannins and other polymeric
substances.®!

Optimization of reaction conditions

Effect of the quantity of CA leaf extract. The impact of the
extract volume on the synthesis of CA-AgNPs was investigated
by maintaining the concentration and volume (ml) of the
AgNO; solution constant while varying the CA-extract volume
(1% solution) between 2 to 10 mL in distinct test tubes. UV
spectral scans post CA-AgNPs formation revealed a single
overlay spectrum in Fig. 3, evidencing a characteristic plasmon
resonance absorbance spectrum akin to preliminary findings.
Notably, the color intensity of the AgNO; solution augmented
with the increased extract volume up to a 5 mL extract to 2 mL
of 0.1 M AgNO; solution ratio (Fig. 3). Subsequent addition of
the extract (exceeding 5 mL) resulted in minimal or no signifi-
cant changes in plasmon resonance absorbance, indicating
that the maximum effective volume of 1% extract for the com-
prehensive conversion of Ag” ions to Ag® nanoparticles is 5 ml,
deemed the optimal volume for complete reduction of Ag"
ions in the solution. These findings demonstrate the enhanced
efficacy of the CA extract at this optimized volume, which was
subsequently employed for further optimization studies invol-
ving reaction time and temperature.***®

Effect of temperature on AgNPs formation. Fig. 4 presents
the UV-Vis spectra for the CA leaf extract plus AgNO; reaction
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Fig. 4 Effect of temperature on CA—AgNPs synthesis.

mixture at various temperatures ranging from 25 to 60 °C. The
absorbance peak, centred at approximately 419 nm, is attribu-
ted to the surface plasmon (SP) resonance of AgNPs, with its
intensity varying according to the AgNPs concentration in the
solution. Fig. 4 illustrates how the maximum absorbance of
this peak correlates with temperature at a fixed heating dur-
ation. It is evident from Fig. 4 that the synthesis temperature
significantly influences the intensity changes of the SP reso-
nance band. At 25 °C, the CA-AgNPs formation process is
markedly slow, with the resonance absorption intensity incre-
mentally rising alongside the synthesis temperature, indicating
that the increase in reaction temperature enhances the inter-
actions between the bioactive compounds in the extract and
the AgNO; molecules in the solution without reaching a point
of saturation until the temperature hits 50 °C. At lower temp-
eratures, a gradual rise in the intensity of the SP band versus
temperature was observed, indicating a slower nanoparticle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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growth rate as exemplified by the SPR bands at 25 °C and 30 °C
in Fig. 4. Beyond this threshold, a temperature increment leads
to accelerated collisions, thereby rapidly increasing the SPR
intensity and causing a redshift indicative of larger particle
sizes and aggregation and visually confirmed by precipitate for-
mation at 60 and 70 °C. At 70 °C, the intensity of the SPR
decreases due to the settling of aggregates, leaving a limited
number of particles dispersed in the medium. These aggre-
gates, or larger particles, exhibit diminished biological efficacy.
Consequently, 50 °C was selected as the optimal temperature
for synthesis. The lower operational temperature compared to
that reported in other studies for the green synthesis of AgNPs
using different plant extracts underscores the superior efficacy
of the CA leaf extract in this synthesis process.

Effect of time on AgNPs formation. The influence of time on
the formation of AgNPs was investigated over a duration of
1 hour, maintaining constant volumes of the extract and con-
centrations of AgNO; (0.1 mM AgNOj; concentration and 5 ml
of 1% v/v of the prepared extract) at an optimized temperature.
According to the data shown in Fig. 5, a notable increase in
the surface plasmon resonance (SPR) absorbance intensity was
observed over time, peaking at 419 nm. The alteration in the
SPR absorbance intensity at 419 nm, noticeable after
10 minutes of the reaction, signified the commencement of
CA-AgNPs formation, which consistently intensified over time
up to a certain point. Beyond this, further elongation in the
reaction time managed to not only augment the intensity but
also induce a red-shift, specifically from 420 to 425 nm. This
shift denotes an increase in the nanoparticle size as a result of
prolonged exposure time.** The absorbance continued to rise
until the 40 minute mark, beyond which a plateau or minimal
change in absorbance was noted, suggesting the depletion of
reducible Ag" ions in the solution.*>”* Thus, it was determined
that the optimal conditions for the swift synthesis of CA-
AgNPs are a 2:5 ml 0.1 M AgNO; to 1% extract ratio over a
period of 40 minutes.
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Fig. 5 Effect of time on CA—AgNPs synthesis.
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FTIR

To ascertain the major functional groups present in the CA
extract and their potential roles in the formation and stabiliz-
ation of AgNPs, FTIR spectral analyses were conducted. The
FTIR spectrum of the CA extract powder is illustrated in Fig. 6.
The FTIR spectrum of the CA extract unveiled multiple peaks,
revealing its complex composition and concoction of various
compounds. The vibrational band near 1610 cm™" was attribu-
ted to the NH, group in the amino acids of proteins, while the
bands at 1270 ecm ™" corresponded to the stretching vibrations
of the C-N amine bond. The band at 1160 cm™" indicated the
presence of (-CO-) carbonyl compounds. Moreover, a broad
and overlapping band observed from 3000-3450 cm™" was
attributed to the -OH groups in phenolics and terpenes, as
well as the NH group in amines. These findings suggest the
presence of secondary metabolites akin to terpenoids, phytols,
coumarins, etc.,”%°762

The FTIR spectrum of CA-AgNPs, displayed in Fig. 7,
demonstrates that nearly all significant vibrational bands
identified in the FTIR spectrum of CA extract are also present
here, albeit with diminished intensity relative to that of the CA
leaf extract. The stretching vibration of the C=O bond of car-
boxylic acids or esters appeared near 1715 cm™', and the
vibrational bands of nitro compounds and C-N amine bond
were observed at 1634 cm™" (NH, scissoring) and 1038 cm™".
Analogous to the extract, a broad band from 3000-3450 cm™"
was assigned to the -OH groups in phenolics and terpenoids.
This suggests that the secondary metabolites possessing these
functionalities, such as polyphenolics, terpenoids, flavonoids,
etc., are considered responsible for the reduction of Ag" ions to
Ag® nanoparticles and the subsequent stabilization of the
formed nanoparticles by enveloping the particle surface.**"*>™*

Electron microscopy results

Field emission scanning electron microscopy (FE-SEM). The
FE-SEM images, as presented in Fig. 8, revealed the morpho-
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Fig. 6 FTIR spectra of CA leaf extract.
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Fig. 8 FE-SEM images of CA—AgNPs at 500 nm magnification.

logical characteristics of the prepared CA-AgNPs. It was dis-
tinctly observed from the images that the manufactured nano-
particles predominantly exhibit a spherical morphology.
Furthermore, the quantification of particle size, determined
through the Image-J software analysis, yielded an average dia-
meter of approximately 20 nm for the CA-AgNPs. This determi-
nation was based on the sizing of roughly 200 particles. The
findings from these measurements are in alignment with the
particle size previously reported, as corroborated by the UV-vis
surface plasmon resonance data at 419 nm.***>"

High-resolution transmission electron microscopy (HR-TEM)

To further confirm the morphology of the CA-AgNPs syn-
thesized by the optimized procedure, the high-resolution
transmission electron microscopy (HR-TEM) technique was
utilized, with the results presented in Fig. 9(a). A predominant
presence of spherical/oval nanoparticles, with sizes ranging
from 5 to 35 nm, was observed. The particle size distribution,
as depicted in Fig. 9(insert), revealed that the majority of
AgNPs had sizes within the 5 to 35 nm range, averaging
18 nm. The results indicate that the particles were dispersed
well, maintaining separation from one another without any
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Fig. 9 (a) HR-TEM image of CA—AgNP. Inset: TEM-particle size distri-
bution, (b) SAED pattern of the CA—AgNP.

clustering. This suggests a high level of stabilization afforded
by the plant-derived capping agent. Further, the SAED pattern
for the particle (Fig. 9(b)) shows concentric circular 2D pat-
terns for lattice plane values of (111), (200), (220), and (311).
This proves the face-centered cubic crystalline nature of the
CA-AgNPs. This finding aligns with previous studies, which
have demonstrated that plant biomolecules can serve as
effective capping agents, significantly enhancing the re-disper-
sibility of green-synthesized AgNPs.*””°

XRD characterization. XRD traces were acquired to deter-
mine the crystalline nature of the green synthesized CA-AgNPs
mediated by CA root extract. Fig. 10 illustrates the XRD pattern
of the CA-AgNPs, where diffraction peaks observed at 260 =
38.28°, 44.56°, 64.84°, and 78.18° have been indexed with the
corresponding lattice plane values of (111), (200), (220), and
(311). These results align with the standard XRD specifications
for AgNPs established by the Joint Committee on Powder
Diffraction Standards (JCPDS: 04-0783). The observed reflec-
tions denote the face-centered cubic (FCC) structure character-
istic of AgNP. Utilizing Debye-Scherrer’s equation and measur-
ing the half-width of the most intense peak corresponding to
the (111) lattice plane,***’ the average particle size of the

040703 SaverC - Ay
00.0340) L - Lauam baydnde

(111)

(200)

10 2 E]

Cps
e

@20 311)

W %
Degree (20)

Fig. 10 XRD traces of CA—AgNPs.
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AgNPs was calculated to be 20 nm. The presence of other pro-
nounced peaks in the XRD pattern of CA-AgNPs indicates that
the nanoparticles were efficaciously stabilized by the chemical
constituents in the CA extract. These constituents may also
play a role in reducing Ag’ ions in AgNOj; solution to AgNP
(Ag®).*>*” Meanwhile, co-existing peaks with lower intensity
are attributed to organic impurities adhering to the
sample.”**®*” The results for the XRD diffraction are further
supported by the above TEM results.

DLS and zeta potential evaluation

The particle size distribution of the silver nanoparticle (CA-
AgNP) mixture analysed using DLS is illustrated in Fig. 11(a).
The results were greatly influenced by the larger particles,
yielding a z-average size of 24 nm. Generally, DLS is known to
be more responsive to larger particles, which implies that its
measurements may not accurately reflect the characteristics of
polydisperse samples. Additionally, the particle sizes obtained
through UV-Vis spectroscopy and DLS were marginally larger
than those measured by TEM and XRD. This discrepancy may
arise from the fact that DLS and UV-Vis techniques assess
hydrodynamic sizes rather than actual physical dimensions.
Fig. 11(b) represents the surface charge of the nanoparticle as
zeta potential. Zeta potential for the synthesized CA-AgNP was
observed to be —18.9 mV, which proved the high stability of
the particles formed in the study.

View Article Online
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Antimicrobial activity

Fig. 12(a and b) presents the results of the antimicrobial pro-
perties exhibited by the CA-AgNPs. It was noted that the CA-
AgNPs are more effective in inhibiting Gram-negative patho-
genic bacteria than Gram-positive bacteria. The inhibition
zones from the activity of CA-AgNPs against the Gram-negative
S. flexneri and S. typhimurium bacteria were notably larger than
those against the Gram-positive S. aureus and Y. entercolitica.
Prior studies have demonstrated that AgNPs are potent against
both multidrug-susceptible and multidrug-resistant strains of
microbes. The precise mechanism underlying the anti-
microbial properties of AgNPs against these pathogens
remains elusive. Nevertheless, extensive research efforts have
been dedicated to elucidating their mode of action, where
three principal mechanisms have been thus far proposed: (i)
damage to the cell wall and membrane, (ii) penetration and
subsequent damage within the cell, and (iii) induction of oxi-
dative stress.”*”7°

Antibiofilm activity

Fig. 13 illustrates the quantitative assessment of biofilm for-
mation in response to various concentrations of CA-AgNPs,
showing the percentage of biofilm inhibition for S. aureus and
E. coli in the LB and BH broth. The results indicate that CA-
AgNPs significantly inhibit biofilm formation for both bac-
terial species, even at sub-inhibitory concentrations (p < 0.05),
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Fig. 11 (a) DLS particle size distribution (b) zeta potential of CA—AgNP.
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in a concentration-dependent manner. Specifically, the inhi-
bition of S. aureus biofilm reached a maximum of 79% in LB
broth and 76% in BH broth at the highest concentration tested
(250 pg mL ™). Similarly, E. coli biofilm inhibition peaked at
82% in LB broth and 77% in BH broth at the same concen-
tration. Notably, E. coli demonstrated a greater sensitivity to
CA-AgNPs compared to S. aureus. Typically, biofilms offer
microorganisms protection against environmental stresses
such as changes in osmolarity, pH, and paucity of food and
nutrients. Moreover, biofilms can impede the efficacy of anti-
biotics and shield the microorganisms from the host’s
immune responses.*>®>”® As highlighted earlier, external
stimuli on microbial cultures, particularly those forming bio-
films, affect the production and release of exo-polysaccharides
(EPSs). Metals and metal oxide nanoparticles, including Ag,
Cu, and ZnO, have been shown to prevent EPS formation,
thereby inhibiting biofilm development. This principle under-
pinned the inception of our AJ-NP anti-biofilm initiative. Given
this, there is a pressing need for novel agents, beyond anti-
biotics, to counteract microbial biofilms. Biofilm inhibitors
emerge as a promising solution to address the challenge of
multi-drug-resistant bacteria. Numerous studies confirm the
efficacy of metal and metal oxide nanoparticles in thwarting
biofilm formation by target bacteria. Reports, including those
by Goswami et al., endorse the antimicrobial and anti-biofilm
prowess of biogenically synthesized AgNPs, showing (5%-89%)
biofilm inhibition against various pathogens.”” Additionally,
Gurunathan et al. conducted further studies on the anti-
biofilm efficacy of synthesized AgNPs against pathogens like
P. aeruginosa, S. flexneri, S. aureus, and S. pneumoniae. Their
findings underscored significant anti-biofilm activity for
AgNPs with particle sizes <100 nm, attributing inhibition of
EPS synthesis to enhanced anti-biofilm effects. Despite biofilm
EPS structures being rigid, they possess numerous pores and
water channels, allowing small and nearly spherical nano-
particles to penetrate biofilms and effectively target and neu-
tralize bacteria within. In summary, this study substantiates
the efficacy of CA-mediated AgNPs as antibacterial and anti-
biofilm agents. Previous research suggests that coupling
AgNPs with antibiotics like chloramphenicol, kanamycin,
ampicillin, and sulfanilamide can synergize their effects.
Combining AgNPs with chloramphenicol resulted in up to a
50% inhibition of E. coli, S. typhimurium, and S. aureus growth,
with kanamycin co-administration elevating inhibition rates to
95%.° These findings advocate for a synergistic approach,
highlighting that AgNPs can alter cellular integrity and mem-
brane potential, thereby enhancing antibiotic entry and
microbial eradication. In light of the remarkable antibacterial
properties of silver nanoparticles, they have been successfully
employed in antimicrobial bandages, wound care formu-
lations, antibacterial textiles, and as microbial and biofilm
inhibitors in dental and urinary catheter applications.****77~7°

ABTS free radical scavenging assay

Diseases such as Parkinson’s disease, various neural disorders,
mild cognitive impairment, and the aging process are primar-
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ily attributed to the action of one or more free radicals, includ-
ing hydroxyl, superoxide, and peroxide radicals. These radicals
can be neutralized by the regular consumption of dietary anti-
oxidants found in natural foods.*® Recent studies have exten-
sively documented the antioxidant properties of green-syn-
thesized metal and metal oxide nanoparticles. In this study,
the antioxidant behaviour of CA-mediated AgNPs was explored,
focusing on its effectiveness in scavenging ABTS radicals, and
this activity was benchmarked against ascorbic acid (AA), a
well-known natural antioxidant. The outcomes of this examin-
ation are depicted in Fig. 14(a). The data from ABTS scaven-
ging assays demonstrate that the CA-AgNPs exhibit notable
antioxidant activity. The radical scavenging efficacy of the CA-
AgNPs escalated with concentrations ranging from 25 to
200 pg mL™", showing an inhibition percentage spanning from
25.45% + 1.98% to 96.5% + 2.4% (Fig. 14(a)). Maximum ABTS
inhibition of about 96.5% =+ 2.4% was attained with 200 pg
mL™" of CA-AgNP dose. The ICs, value, the concentration
needed to neutralize 50% of ABTS radicals, was determined to
be 48.62 pg mL™'. Though the exact mechanism for ABTS
scavenging AgNP has not been well established, it is believed
that the antioxidant molecules bound to the surface of the
nanoparticle are responsible for the activity. The myricetin or
other ceanothane triterpenoid antioxidants in the CA extract
are capable of scavenging the ABTS cation radical produced
with the aid of the oxidant. The activity of the CA-AgNP is
higher than that of the CA-extract due to the AgNP size and
high surface-to-volume ratio. Hence, the AgNP thus formed
can carry a larger quantity of antioxidant molecules than the
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Fig. 14 (a) ABTS free radical scavenging activity, (b) plausible mecha-

nism of ABTS radical inhibition.
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crude extract. The plausible mechanism behind the activity is
represented in (Fig. 14(b)).5"%?

Mushroom tyrosinase assay

The capability of CA-AgNPs to inhibit mushroom tyrosinase is
depicted in Fig. 15. CA-AgNPs exhibited potent inhibitory
effects on the mushroom tyrosinase enzyme, ranging from
34.25% =+ 3.68% to 90.90% =+ 3.45% at a concentration of
100 pug mL~". These inhibition levels were found to be on par
with those of the standard Kojic acid at 60 pg mL™", which
demonstrated an inhibition of 99.48% + 2%. Moreover, the
IC50% value, indicating the amount of CA-AgNPs necessary to
inhibit 50% of the mushroom tyrosinase activity, was deter-
mined to be 85.23 pg mL™'. Tyrosinase, a copper-containing
metalloenzyme, plays a pivotal role in melanin synthesis by
converting tyrosine into di-hydroxyphenyl alanine (DOPA) and
then to DOPA quinones, which polymerize to form melanin
pigments. Inhibition of the tyrosinase enzyme, through the
use of natural or synthetic antioxidants, is a strategy to prevent
excessive melanin formation. A recent study by Armstrong
et al. indicated that silver nanoparticles (AgNPs) disrupt
copper homeostasis in cellular systems in a concentration-
dependent manner.®? This interference may represent a poten-
tial mechanism through which AgNPs regulate melanin pro-
duction by inhibiting the activity of the enzyme tyrosinase
(Fig. 16).5%%

Cytotoxicity activity by CA-AgNPs

The cytotoxic effects of CA~AgNPs on HT-29 cells are illustrated
in Fig. 17. Treatment with 32.5 pg mL ™" of CA-AgNPs resulted
in a significant decrease in cell proliferation, with a 44.8%
reduction in cell viability compared to the untreated control
(100% viability). The observed cytotoxicity was dose-depen-
dent, peaking at the highest concentration of 260 pg mL™,
which achieved a 76.8% inhibition of cell viability.
Additionally, 5-fluorouracil (5-FU) at its ICs, concentration of
10 pg mL ™" produced a growth inhibition rate of 51.3%.
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Fig. 15 Mushroom tyrosinase inhibition by CA—AgNPs.
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Fig. 17 Cytotoxic activity of CA-AgNPs (**P < 0.01, ***P < 0.001).

When compared to the 5-FU positive control, cells treated
with CA-AgNPs at concentrations of 65 ug mL™", 130 pg mL™",
and 260 pg mL™" exhibited significantly different cytotoxic
effects, with the corresponding p-values of P < 0.01, P < 0.001,
and P < 0.01, respectively. These findings confirm that the syn-
thesized nanoparticles possess potent cytotoxic activity against
HT-29 cells. Notably, the cytotoxic effects of CA-AgNPs were
more pronounced than those observed with CA extract alone.
This discrepancy can be attributed to the presence of various
metabolites in the crude extract, some of which may contrib-
ute to cytotoxicity while others may not, resulting in an overall
diminished effect at higher concentrations.

In contrast, CA extract-coated AgNPs, due to their smaller
size and larger surface area, showed enhanced efficacy. This
aligns with previous studies suggesting that nanoparticles can
penetrate cells more effectively, thereby apprehending their
full potential.®*"®” Generally, the green-synthesized silver nano-
particles exhibit cytotoxicity against cancer cells through mul-
tiple mechanisms. AgNPs can (i) disrupt cellular signaling
pathways, (ii) intercalate with DNA, leading to DNA damage
and cell death, and increase the expression of caspase-3, pro-
moting apoptosis. Moreover, AgNPs may disrupt the mitochon-
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drial oxidative phosphorylation chain, which is often more
active in cancer cells than normal cells. This disruption can
result in the release of reactive oxygen species (ROS), triggering
the release of cytochrome C into the cytosol, which in turn
increases caspase protein expression and culminates in cell
death.®"®

Conclusions

The results of the physiochemical analysis evidenced the suc-
cessful transformation of silver nitrate into silver nano-
particles, with a size range of ~(5-35) nm and spherical mor-
phology, with the aid of aqueous Cyphostemma adenocaule (CA)
root extract through a novel green synthetic protocol. In
addition, carbohydrates, phytosterols, terpenes, glycosides (as
major components), proteins, polysaccharides, and phenolic
compounds are expected to act as a reductant cum stabilizing
agent in green synthesis. Similarly, the nanoparticles thus syn-
thesized herein had the ability to inhibit the growth of micro-
organisms belonging to Gram (—ve) and Gram (+ve) pathogens
and are efficient in biofilm inhibition against S. aureus and
E. coli biofilms. Additionally, it showed excellent ABTS free
radical scavenging activity and cytotoxic and mushroom tyrosi-
nase inhibition comparable to that of the standards used.
From the results, we conclude that the silver nanoparticles syn-
thesized using CA have the potential as a broad antibacterial,
antibiofilm, antioxidant and mushroom tyrosinase inhibition
agent in various industries, mainly chemical, food, and medi-
cine, as an additive/protectant.
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