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Abstract

With the increasing concern over antibiotic resistance and the side effects of synthetic drugs, there is a need for the development
of novel and potent alternative bactericidal agents. Metallic nanoparticles, a promising alternative to antibiotics, target multiple
biomolecules concurrently, making it difficult for bacteria to develop resistance against them. The present work reports the enhanced
antimicrobial and synergistic antifungal activity of Centratherum anthelminticum (CA) seed-ethyl acetate (EA) extract-derived silver
nanoparticles (AgNPs)—(CA-EA-AgNPs)—via biogenic synthesis. The CA-EA-AgNPs exhibited significantly enhanced antimicrobial
activity against Staphylococcus epidermidis, Staphylococcus aureus (Gram-positive), Proteus mirabilis, and Pseudomonas aeruginosa
(Gram-negative) bacteria compared to the crude CA-EA extract. CA-EA-AgNPs also demonstrated potent antifungal activity against
the dandruff-causing fungus Malassezia furfur and displayed a synergistic effect when combined with ketoconazole, increasing the
zone of inhibition from 15 mm (ketoconazole alone) and 11 mm (AgNPs alone) to 19 mm (combination). The synthesis of CA-EA-AgNPs
was optimized by systematically varying parameters such as pH, temperature, reaction time, CA-EA extract concentration, and AgNO,
concentration. The AgNPs were extensively characterized using UV-visible spectroscopy, dynamic light scattering, zeta potential, fourier
transform infrared spectroscopy, X-ray diffraction, field emission scanning electron microscopy, transmission electron microscopy,
and energy-dispersive X-ray analysis . To our knowledge, this research is the first to report the antifungal activity of C. anthelminticum-
derived AgNPs against Malassezia furfur. The results highlight the potential of C. anthelminticum seed extract as a green resource for
synthesizing AgNPs with promising applications in combating microbial infections, particularly skin and soft tissue infections.
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1 Introduction

Nanotechnology is a rapidly advancing field with pro-
found implications across diverse sectors, including agri-
culture, food science, and particularly biomedicine [1, 2].
Nanoparticles (NPs), defined as particulate matter with at
least one dimension in the 1-100 nm range, exhibit unique
physicochemical and biological properties — such as small
size, large surface area-to-volume ratio, and quantum
effects — distinct from their bulk counterparts [3, 4]. These
characteristics have positioned them as viable candidates
for innovative diagnostic and therapeutic uses, revolution-
izing approaches to disease prevention and treatment [5].
Among various types of NPs, metallic nanoparticles
derived from elements like silver, zinc, gold, and copper

have garnered considerable focus due to their versatile
biomedical applications [6]. However, conventional chem-
ical and physical techniques for synthesizing these NPs
often involve hazardous chemicals, high energy consump-
tion, and cumbersome purification processes, posing envi-
ronmental and biological risks [7-9]. These methods can
result in the adsorption of harmful chemical compounds
on the NP surface, limiting their biomedical utility [10].
Consequently, biogenic or "green" synthesis routes,
employing biological entities such as plants, algae, fungi,
or bacteria, have emerged as a cost-effective, eco-friendly,
and sustainable alternative [11]. Plant-mediated synthesis is
particularly advantageous due to the readily available and
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diverse repertoire of phytochemicals (e.g., polyphenols, fla-
vonoids, terpenoids, alkaloids) that can act as natural reduc-
ing, capping, and stabilizing agents, obviating the need for
external toxic chemicals [12, 13]. This approach is generally
simpler, faster, and more easily scalable compared to micro-
bial synthesis, which can be time-consuming and require
sterile conditions and elaborate culture maintenance [11].
Silver nanoparticles have been recognized for their remark-
able antimicrobial properties for centuries and are among
the most commercialized nanomaterials [14, 15]. They
exhibit broad-spectrum activity against bacteria, fungi,
and viruses, often at low concentrations where silver ions
demonstrate good biocompatibility [16, 17]. The antimicro-
bial actions of AgNPs are diverse, involving cell membrane
rupture, protein denaturation, DNA damage, and induction
of oxidative stress [18, 19].

The integration of traditional medicinal knowledge with
nanotechnology offers a promising avenue for developing
novel bio-nano formulations [20]. Herbal medicines are
gaining renewed interest due to their holistic approaches
and perceived safety [21]. Centratherum anthelminti-
cum (L.) Kuntze (syn. Vernonia anthelmintica), com-
monly referred to as kalijiri or somraj, is a member of the
Asteraceae family. Its seeds have a long history of use in
traditional medicine for treating various ailments, includ-
ing skin diseases, fever, parasitic infections, and diuretic
activity [22, 23], which are attributed to its rich phyto-
chemical profile, including flavonoids, sterols, and ses-
quiterpene lactones [24].

Although the green synthesis of silver nanoparticles
using various plant extracts has been widely reported,
studies predominantly focus on aqueous extracts [25, 26].
The present study employs ethyl acetate, a moderately
polar, low-toxicity, and low-boiling solvent with environ-
mental advantages. Owing to its intermediate polarity,
ethyl acetate is hypothesized to selectively extract both
lipophilic and hydrophilic constituents from plant mate-
rial, including secondary metabolites such as phenolics,
polyphenols, flavonoids, alkaloids, certain terpenoids,
and antioxidants, while largely excluding sugars, salts,
and chlorophyll when compared to other solvents [27].
Additionally, its compatibility with cell-based assays
makes it particularly suitable for biological investigations.

The present work demonstrates its uniqueness through
the use of ethyl acetate as the extraction solvent for
Centratherum anthelminticum seeds, a solvent system that
has been rarely explored, if at all, for this plant species.
Most of the previously reported studies have predomi-
nantly utilized aqueous extracts of C. anthelminticum plant

parts other than seeds, with a primary focus on antibacte-
rial activity. In contrast, the present work reports the bio-
logical activity of the seed extract of C. anthelminticum.
The current study also expands its scope to include syn-
thesis of silver nanoparticles mediated by the above extract
and investigates both antibacterial and antifungal activity.
Furthermore, this work represents a novel attempt to eval-
uate the synergistic effect of the biogenically synthesized
nanoparticles with a commercially available ketoconazole
formulation, aiming to enhance its antifungal efficacy.
The combined approach provides new insights into the
potential of plant-mediated nano-silver systems as effective
adjuvants in antifungal therapy. To our knowledge, no prior
studies have reported the biogenic synthesis of AgNPs
using seed extracts of Centratherum anthelminticum, spe-
cifically the ethyl acetate fraction, and investigated their
antimicrobial and synergistic antifungal potential.
Comprehensive reviews have highlighted the use of
a wide range of plant species such as Ocimum sanctum,
Curcuma longa, Azadirachta indica, Camellia sinensis,
and many others for AgNP fabrication, with detailed dis-
cussions on how extract composition, pH, temperature,
and reaction time influence particle size, shape, stabil-
ity, and functionality [28, 29]. Recent systematic analy-
ses also emphasize biomedical applications, especially
antimicrobial and antioxidant activities, underscoring the
importance of phytochemical profiles in tuning biological
efficacy. Experimental studies on specific plants, such as
Withania coagulans, report synthesis of ~37 nm AgNPs
exhibiting strong inhibitory effects against Klebsiella
pneumoniae and Salmonella typhi, alongside acceptable
biocompatibility profiles [30]. Similarly, phytosynthesis
from Mentha (mint) leaf extracts shows efficient AgNP for-
mation with pronounced antimicrobial and pharmacolog-
ical properties [31]. The choice of plant source markedly
impacts nanoparticle characteristics; for example, Coleus
aromaticus produced ~44 nm AgNPs with significant bac-
tericidal activity toward Bacillus subtilis and Klebsiella
planticola [32], Magnolia alba leaves aqueous extract pro-
duced slightly larger-sized nanoparticles (~40 nm) [26],
while the ethyl acetate extract of the Urtica diocia leaves
produced smaller-sized (~19 nm) nanoparticles [33].
Jaison et al. reported the green synthesis of nanoparticles
from the plant extracts of the Asteraceae family, including
the ethyl acetate extract of Blumea balsamifera, which pro-
duced silver nanoparticles of size ranging 30-55 nm [34],
while the present study reported Centratherum anthel-
minticum seed-ethyl acetate (EA) extract-derived silver
nanoparticles (CA-EA-AgNPs) size ranging 11-17 nm,



reinforcing how varying phytochemical matrices influ-
ence bioactivity. Across studies, color change (typically
to brown) and surface plasmon resonance peaks in UV—
Vis spectra remain consistent indicators of AgNP forma-
tion, while advanced characterizations (X-ray diffraction
XRD, Fourier transform infrared spectroscopy FTIR, field
emission scanning electron microscopy FESEM) confirm
crystalline structures and capping interactions [28]. These
collective findings from both experimental research and
recent reviews consistently demonstrate that plant-medi-
ated AgNP synthesis not only enables tunable physico-
chemical features but also enhances functional properties
for antimicrobial, antioxidant, and catalytic applications,
offering important insights for further optimization and
translational research [28]. This study, therefore, is aimed
to (i) synthesize AgNPs using an ethyl acetate extract of
CA seeds; (ii) optimize the synthesis parameters; (iii) char-
acterize the synthesized AgNPs using various analyti-
cal techniques; (iv) evaluate their antimicrobial activity
(against clinically relevant bacteria mentioned above); and
(v) assess their antifungal activity against Malassezia fur-
fur, including a synergistic study with ketoconazole. This
research explores the potential of CA-EA-AgNPs as a novel
antimicrobial agent, particularly for topical applications.

2 Materials and methods

2.1 Materials

Soybean casein digest agar (SCDA), soybean casein digest
medium (SCDB), yeast peptone dextrose agar (YEPD),
yeast peptone dextrose broth (YEPDB), silver nitrate
(purity > 99.90%), and streptomycin sulfate were procured
from HiMedia Laboratories Pvt. Ltd., Mumbai, India.
Methanol (HPLC grade, purity > 99%), aqueous ammo-
nia (25%), n-hexane, chloroform, ethyl acetate and ace-
tone (all analytical grade) were purchased from Merck,
India. Bacterial strains: Staphylococcus epidermidis
(MTCC 2639), Staphylococcus aureus (MTCC 9542),
Pseudomonas aeruginosa (MTCC 1934), Proteus mira-
bilis (MTCC 9242), and the fungal strain Malassezia fur-
fur (MTCC 1765) were obtained from the Microbial Type
Culture Collection and Gene Bank (MTCC), Chandigarh,
India. Commercial antidandruff shampoo (containing
2% w/v ketoconazole) was purchased from a local phar-
macy. Deionized (DI) water was used for all solution prepa-
rations and dilutions. Centratherum anthelminticum seeds
were purchased from a local herbal store in Pune, India,
and dried in the shed and cleaned before use. Solvents -
hexane, chloroform, ethyl acetate, acetone, ethanol, and
methanol (Merck India) - were used as received.
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2.2 Methods

2.2.1 Plant material authentication and extract
preparation

The CA seeds were taxonomically identified and authenti-
cated as per the standard protocol and were cleaned, shade-
dried, and crushed into a fine powder before use. Powder
microscopy revealed abundant uniseriate trichomes
(166.7-194.5 pm in length). The ground tissue was mul-
tilayered and comprised of thick-walled, compactly
arranged parenchymatous cells. Sclerenchymatous ele-
ments included thin-walled fibers, pitted tracheids from
the hilum furrow, and elongated and rectangular stone cells
(sclereids) with a lumen of variable width (appearing both
broad and narrow). Fig. 1 represents the photomicrographs
of the CA plant, CA seeds, and powdered CA seeds.

The powdered material was subjected to successive
Soxhlet extraction for a predetermined time with solvents
in the order of increasing polarity: n-hexane, chloroform,
ethyl acetate, acetone, ethanol, water, and methanol. Each
of the above extracts was subjected to preliminary screen-
ing for phytochemical content and antimicrobial activity.
From among the above extracts, the EA extract was chosen
for nanoparticle synthesis based on the above preliminary
results (i.e., phytochemical content and highest antimicro-
bial activity). The CA-EA extract was eventually filtered,
concentrated, and dried under reduced pressure, and the
resulting viscous residue was stored at 4 °C in sealed sample
tubes for further use. A reported extraction procedure with
minor modifications was adopted for the same [16].

2.2.2 Phytochemical profiling of Centratherum
anthelminticum seed-ethyl acetate extract
Determination of total polyphenolic content

Total polyphenolic content (TPC) was assessed utilizing
the Folin-Ciocalteu technique as reported in literature
with minor modifications [35]. Gallic acid was used as
a standard, and TPC was expressed as mg of gallic acid

Fig. 1 (a) CA plant, (b) CA seeds, (c) uniseriate trichomes, and
photomicrographs of (d) stone cells and (e) sclerenchymatous cells
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equivalents per gram of dry extract (mg GAE/g DW).
The calibration curve for gallic acid is represented by
using the Eq. (1):

¥ =0.007x-0.0264(R* = 0.9941) )

Determination of total flavonoid content

Total flavonoid content (TFC) was determined using the
aluminum chloride colorimetric method with minor mod-
ifications to the method described by Formagio et al. [36].
Quercetin served as the standard, and TFC was quanti-
fied as mg of quercetin equivalents per gram of dry extract
(mg QE/gDW). The calibration curve for quercetin is rep-
resented by the Eq. (2):

¥ =0.0085x —0.0096( R* = 0.9933) ()

Determination of reducing power capacity

The reducing power of the CA-EA extract was determined
according to the method described by Bhalodia et al. [37],
where ascorbic acid served as the standard and reducing
power was quantified as mg of ascorbic acid equivalents
per gram of dry extract (mg ASE/g DW). The Eq. (3)

y=0.019x—0.1133(R* =0.9937) )

represents the calibration curve for ascorbic acid.

Experimental observations for TPC, TFC, and the
reducing power capacity of the CA-EA extract are pre-
sented in Table 1. Fig. 2 represents the standard curves for
(a) gallic acid, (b) quercetin, and (c) ascorbic acid based on
values from Table 1.

2.2.3 Biogenic synthesis of silver nanoparticles

A stock solution of CA-EA extract (10 mg/mL) was pre-
pared in methanol and diluted with DI water before use.
An AgNO, stock solution (100 mM) was prepared using
DI water and stored in an amber-colored bottle. The syn-
thesis of CA-EA-AgNPs was optimized by systematically

Table 1 Experimental observations for TPC, TFC, and reducing

power capacity

Conc Absorbance  Absorbance Absorbance
( /n;L) (Gallic acid)  (Quercetin) (Ascorbic acid)
e TPC TFC Reducing power capacity

20 0.122 0.15 0.237

40 0.257 0.323 0.635

60 0.372 0.517 1.095

80 0.513 0.697 1.442

100 0.689 0.812 1.738
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Fig. 2 The standard curves for (a) gallic acid, (b) quercetin, and (c)
ascorbic acid

altering one parameter at a time while maintaining others
constant, as discussed in the next section.

2.2.4 Optimizing factors for the biogenic synthesis

of Centratherum anthelminticum seed-ethyl acetate
extract-derived silver nanoparticles

Effect of Centratherum anthelminticum seed-ethyl acetate
extract concentration

CA-EA extract concentrations from 25 to 2000 pg/mL
were tested on biogenic synthesis. AgNPs were syn-
thesized as described in Section 2.2.3. The nanoparti-
cle solution was examined by UV-visible spectroscopy



(Shimadzu UV-1900, Japan) at 300-600 nm and absor-
bance at 0.1-4. For silver nanoparticle synthesis, CA-EA
extract concentration was established by UV absorbance or
surface plasmon resonance (SPR) intensity [16].

Effect of pH and temperature

The effect of pH was assessed over a pH range of 6 to 11 as
per the literature method. The synthesis was attempted at
pH6,7,8,9, 10, and 11 [38]. The effect of temperature was
observed over the temperature range of 30 to 90 °C in the
interval of 30, 50, 70, and 90 °C in the dark for 1 h [39].
AgNPs formed in both cases were characterized with
UV-visible spectroscopy as described above.

Effect of silver nitrate concentration

The effect of silver nitrate concentration on biogenic
synthesis of AgNPs was studied over a range of 1| mM
to 50 mM, and the optimum concentration was finalized
based on the UV-Visible absorbance intensity [40].

Effect of time

The time required for the nanoparticle synthesis at various
temperatures was studied, and based on the stable absor-
bance intensity, the optimum time for the nanoparticle
synthesis was set [41].

For a typical optimized synthesis, 10 mL of aqueous
CA-EA extract (1000 pg/mL ) was mixed with 90 mL
of aqueous AgNO, solution (10 mM), adjusting the pH
at 10 using aq. ammonia (2.5%) and maintaining it at 90 °C
for 45 min in the dark with constant stirring at 150 rpm.
A color transition from pale yellow to reddish-brown signi-
fying AgNP formation was monitored using a UV-Vis spec-
trophotometer. The resulting CA-EA-AgNP suspension was
centrifuged (10,000 rpm) at 4 °C, washed repeatedly with
DI water, and re-dispersed in DI water for further char-
acterization and bioassays, or freeze-dried (Lyophilizer,
Labconco, USA) for solid-state characterization (XRD,
FTIR, FESEM) and stored at 4 °C in the dark [42].

2.2.5 Characterization of Centratherum anthelminticum
seed-ethyl acetate extract-derived silver nanoparticles
UV-Visible spectroscopy

The bioreduction of Ag* ions was assessed by studying
the UV-Visible (UV-Vis) spectra of the reaction mixture
at different time intervals between 300-600 nm using a
(Shimadzu UV-1900, Japan) spectrophotometer at RT using
DI water as a blank and compared with C. anthelminticum
extract (1000 pg/mL) and silver nitrate solution [43].
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Fourier transform infrared spectroscopy

FTIR spectra of the KBr pellets of CA-EA-AgNPs were
studied using a (Thermo Scientific Nicolet iS5 FTIR spec-
trometer, USA) over the range of 4000-500 cm ™! and com-
pared against CA-EA extract (1000 pg/mL) [44].

X-ray diffraction analysis

The crystalline nature of the lyophilized CA-EA-AgNPs
was analyzed using an X-ray diffractometer (Panalytical
Empyrean, Netherlands) with Cu Ka radiation
(A = 1.5406 A) at 40 kV and 30 mA. Data were collected
over a 20 range of 30°-90° with a scan rate of 0.02°/s [45].

Field emission scanning electron microscopy, energy-
dispersive X-ray and transmission electron microscopy
analysis

The morphology and elemental composition of
CA-EA-AgNPs were examined using a Nova Nano
FESEM 450 (Field Electron and Ion Company (FEI) Nova
NanoSEM 450, USA) instrument coupled with an EDAX
detector. The size, shape, and morphology of the silver
nanoparticles were determined by TEM analysis. A sam-
ple thin film was created on a copper grid that was coated
with carbon, dried, and then sputter-coated with a thin

layer of gold under vacuum before imaging [46, 47].

Dynamic light scattering and zeta potential analysis
Hydrodynamic particle size distribution, polydispersity
index (PDI), and zeta potential ({) of the CA-EA-AgNP
suspension (diluted in DI water and sonicated for 5 min)
were determined using a Zetasizer Nano ZS (Malvern
Instruments, UK) at 25 °C with a scattering angle
of 90° [7].

2.2.6 Antimicrobial activity assessment

The agar well diffusion method was utilized for assessing
both antimicrobial and antifungal activity [48]. Bacterial
inocula were prepared from pure cultures using SCDB,
while fungal inocula were prepared from pure cultures
using YEPDB. Antibacterial and antifungal activity was
assessed using the SCDB and YEPDB, respectively.

Preparation of inocula

Bacterial strains (S. aureus, S. epidermidis, P. aerugi-
nosa, P. mirabilis) were revived by inoculating into SCDB
and incubating at 37 °C for 18-24 h. The fungal strain
(M. furfur) was revived in YEPDB and incubated at 30 °C
for 48-72 h as per the reported procedures [49-52].
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Agar well diffusion assay

Antimicrobial and antifungal activity was evaluated by
the agar well diffusion method using SCDA and YEPD
agar plates, respectively, having wells with a diameter of
8 mm created in the agar using a sterile cork borer [48].

2.2.7 Statistical analysis

All the experiments were performed in triplicate (n = 3),
and the results are expressed as mean + standard devia-
tion (SD). Statistical analysis was conducted using one-
way analysis of variance (ANOVA) to evaluate differences
among groups, and the differences were considered statis-
tically significant at p < 0.05.

3 Results and discussion

The present study is aimed at the successive extraction of
C. anthelminticum seeds using various solvents with vary-
ing polarity, their antibacterial efficacy, and the biogenic
synthesis of silver nanoparticles using the above extracts.
All the above extracts were checked for their antibacterial
activity. The extract showing promising results, i.e., the
highest antibacterial activity, was chosen for further study
— i.e., biogenic synthesis of silver nanoparticles and their
antimicrobial and antifungal study on various microbial
and fungal strains. As discussed above in Section 2.2.1,
the ethyl acetate extract exhibited the most promising
results in terms of highest antibacterial activity; hence,
the ethyl acetate extract of C. anthelminticum was cho-
sen to synthesize the silver nanoparticles (CA-EA-AgNPs)
biogenically.

3.1 Phytochemical analysis of Centratherum
anthelminticum seed ethyl acetate extract

The ethyl acetate extract of C. anthelminticum seeds
(CA-EA) was analyzed for its total polyphenolic content,
total flavonoid content, and reducing power capacity, as
these phytoconstituents are primarily responsible for the
reduction of Ag' ions and stabilization of AgNPs [12].
The results are summarized in Table 2. The CA-EA extract
exhibited a significant TPC of 124.63 + 0.8 mg GAE/g DW
and TFC of 28.78 £ 0.3 mg QE/g DW. The reducing power

was found to be 94.02 = 0.6 mg ASE/g DW. These results
indicate a substantial presence of phenolic and flavonoid
compounds, which possess hydroxyl and carbonyl groups
capable of donating electrons for the reduction of Ag" to
Ag” and subsequently capping the formed AgNPs to pre-
vent aggregation [53]. The majority of phytochemicals
recovered in polar solvents play a key role in the prepara-
tion of nanoparticles [54].

3.2 Optimization of Centratherum anthelminticum
seed-ethyl acetate extract-derived silver nanoparticle
synthesis

The formation of biogenically synthesized nanoparticles
and their particle size is strongly influenced by extract
concentration, reaction time, pH, and temperature, which
collectively govern the reduction kinetics, nucleation rate,
and capping efficiency of phytochemicals. The synthe-
sis of CA-EA-AgNPs in the present study was optimized
by monitoring the maximum SPR peak intensity using
UV-Vis spectroscopy. Upon addition of CA-EA extract to
the AgNO; solution under optimized conditions, a grad-
ual color change from pale yellow to reddish-brown
was observed within 10-15 min, intensifying over
45 min (Fig. 3(a)). This color change is a hallmark of AgNP
formation due to the excitation of SPR [55]. The UV-Vis
spectrum of the synthesized CA-EA-AgNPs displayed a
characteristic SPR peak at 434 nm (Fig. 3(b)), consistent
with previously reported AgNPs [17]. The CA-EA extract
alone and the AgNO, solution alone did not show any
absorbance peak in this region (Fig. 3(b) insets).

3.2.1 Effect of synthesis parameters
The optimization results are summarized in Table 3 and
illustrated in Fig. 4.

Concentration of ethyl acetate extract of Centratherum
anthelminticum seeds

The SPR intensity increased with extract concentration up
to 1000 pg/mL, beyond which it slightly decreased or pla-
teaued, possibly due to excessive phytochemicals causing
aggregation or light scattering [56] (Fig. 4(a)).

Table 2 Phytochemical analysis of ethyl acetate extract of C. anthelminticum seeds

S.N. Phytochemical estimation Content (mg/g) Content (%)
1 Total polyphenol content 124. 63 + 0.8 mg GAE/g 12.09 £ 0.08
2 Total flavonoid content 28.78 £ 0.3 mg QE/g 2.76 £ 0.04
3 Reducing power capacity 94.02 + 0.6 mg ASE/g 8.81 £0.06

*GAE = gallic acid equivalent, QE = quercetin equivalent, ASE = ascorbic acid equivalent
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Fig. 3 (a) Visual confirmation of CA-EA-AgNPs synthesis: (i) CA-EA extract, (ii) AgNO; solution, (iii) CA-EA-AgNPs suspension after 45 min.
(b) UV-Vis absorption spectrum of CA-EA-AgNPs showing SPR peak at 434 nm. Insets: UV-Vis spectra of CA-EA extract (1000 pg/mL) and
AgNO, solution (10 mM).

Table 3 Optimized parameters for the biogenic synthesis of CA-EA-AgNPs

Optimum value

Parameters Experimental values

CA-EA extract concentration (p1g/mL) 25,50, 100, 200, 300, 400,500, 1000, 2000 1000

AgNO, concentration (mM) 1,2,5,10, 15, 20, 30, 40, 50 10

Reaction pH 6,7,8,9,10, 11 10

Reaction time (min) 5, 10, 15, 20, 30, 45, 60 45
30, 50, 70, 90 90

Reaction temperature (°C)

AgNO:s concentration

The SPR intensity increased up to 10 mM AgNOs, then
decreased at higher concentrations, likely due to incom-
plete reduction or rapid aggregation of NPs [57] (Fig. 4(b)).

pH

The SPR intensity was maximal at pH 10. Alkaline pH
facilitates the deprotonation of hydroxyl groups in phyto-
chemicals, enhancing their reducing capacity. A similar
effect of pH on the synthesis of silver nanoparticles uti-
lizing the extract of Pometia pinnata (Matoa) leaves as a
reducing agent has been reported [58] (Fig. 4(c)).

Temperature

The SPR intensity increased with temperature, with 90 °C
being optimal, indicating that higher temperatures accel-
erate the reaction rate [59] (Fig. 4(d)).

Reaction time
The SPR peak intensity increased steadily with time,
reaching a maximum at 45 min at 90 °C, after which it

stabilized, indicating completion of the reaction (Fig. 4(e)).
Optimization at room temperature (25 °C) required a
much longer time (approx. 240 min).

3.3 Characterization of Centratherum anthelminticum
seed-ethyl acetate extract-derived silver nanoparticles
3.3.1 Polydispersity index and zeta potential

The analysis using dynamic light scattering (DLS) revealed
an average hydrodynamic diameter of 46.58 nm for the
CA-EA-AgNPs, accompanied by a PDI of 0.503 (Fig. 5(a)).
A low PDI value of 0.503 suggests a relatively moderate
and homogenous dispersion [3]. The zeta potential was
—22.0 mV (Fig. 5(b)), indicating moderate colloidal stability
due to electrostatic repulsion between the negatively charged
nanoparticles. The negative charge likely arises from
the ionization of hydroxyl or carboxyl groups of capping
phytochemicals on the NP surface [55]. Furthermore, the
hydrodynamic size might be influenced by the phytochem-
icals in the seed extract. For cells to absorb, nanoparticles
smaller than 150 nm are sufficient in size [5, 60]. The higher
the negative or positive (-potential, the higher the stability,
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Fig. 4 Optimization of CA-EA-AgNPs synthesis parameters monitored by UV-Vis spectroscopy. Effect of (a) CA-EA extract concentration,

(b) AgNO, concentration, (c) reaction pH, (d) reaction temperature, and (€) reaction time at 90 °C on SPR intensity.

the better the colloidal properties due to electrostatic repul-
sion, and the higher the dispersity [61]. The {~potential of
CA-EA-AgNPs was negative, suggesting that negatively
charged functional groups from the plant extract contribute
to the colloidal stability of the AgNPs [62].

3.3.2 FTIR analysis

FTIR spectroscopy was employed to determine the sec-
ondary metabolites that play a role in the reduction and
capping of CA-EA-AgNPs. The FTIR spectrum of the
C. anthelminticum seed extract showed prominent peaks
at 3339, 2933, 2250, 1720, 1352, 1138, 941, and 637 cm™
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Fig. 5 (a) Dynamic light scattering analysis showing hydrodynamic
size distribution of CA-EA-AgNPs, (b) zeta potential analysis showing

colloidal stability of nanoparticles

(Fig. 6(a)). The FTIR spectrum of CA-EA-AgNPs dis-
played significant absorption peaks at 3741, 3314, 2348,
1653, 1424, 1286, 1015, and 912 cm™, indicating the pres-
ence of phytoconstituents serving as capping agents
[63, 64] (Fig. 6(b)). The FTIR spectra of the C. anthel-
minticum seed extract corresponding to CA-EA-AgNPs
showed substantial and small changes in the peaks,

% Transmittance

(b)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’)

Fig. 6 FTIR spectra of (a) C. anthelminticum ethyl acetate (CA-EA)
extract and (b) CA-EA-AgNPs
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possibly attributable to the reduction, capping, and stabi-
lization of the synthesized nanoparticles [65]. The peak
at 3339 cm™ shifts to a lower wavelength of 3314 cm™
due to O—H or N—H stretching of phenolic chemicals in
the seed extract [66]. The absorption peak at 2933 cm™ is
attributed to the C—H stretching of phenolic substances,
organic acids, alkanes, and aldehydes [67]. The band at
2348 cm ™' may be due to the presence of phosphine [68].
The band at 1720 cm™ shifted to a lower wavelength of
1653 cm™' showing the involvement of alkenyl or aromatic
C=C stretch and C=0 amide group stretching [64, 65];
the band at 1424 cm™ showed the presence of secondary
amines; and the band shifting to higher frequency at 1286
cm', 1015 cm™, 912 em™ and 664 cm ™! may be attributed
to various phytochemicals such as polyphenols, glyco-
sides, flavonoids, triterpenoids, alkaloids, etc. present in
the extract responsible for the bio-reduction and formation
of CA-EA-AgNPs nanoparticles [61, 66].

3.3.3 XRD analysis

The biosynthesized CA-EA-AgNPs exhibit five promi-
nent X-ray diffraction peaks at 26 = 38.59, 44.38, 64.78,
77.64, and 81.02° (Fig. 7). These prominent peaks in the
spectrum, which correspond to the (111), (200), (220),
(311), and (222) planes, respectively, indicate the patterns
of the cubic close-packed (ccp), also called face-centric
cubic (fcc), and crystalline structure of the biosynthesized
AgNPs [69—71]. The XRD peak patterns are substantially
influenced by the size of the nanoparticles. The presence
of reducing agents in the extract plays a crucial role in sta-
bilizing AgNPs and consequently contributes to the crys-
talline structure of AgNPs, which has been thoroughly
examined (sharpness of the peaks) in numerous biosyn-
thesized nanoparticles [72].

250
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20°

Fig. 7 X-ray diffraction pattern of CA-EA-AgNPs
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3.3.4 FESEM, TEM and EDAX analysis

FESEM was used to investigate the morphology of bio-
genically synthesized CA-EA-AgNPs. The synthesized
CA-EA-AgNPs were discovered to be irregularly granu-
lated or spherical, somewhat polymorphic, and well-dis-
persed, although some aggregation was observed, likely
due to the involvement of multiple biomolecules acting
simultaneously as reducing and capping agents at differ-
ent rates, leading to non-uniform nucleation, anisotropic
growth due to non-selective capping, and polymorphic
particle formation [73] (Fig. 8(a)). The spherical shape of
nanoparticles is due to the reducing agent present in the
seed extract of C. anthelminticum [74, 75]. Microscopic
examination utilizing a scanning electron microscope
revealed that the CA-EA-AgNPs exhibited uniform distri-
bution. The size of CA-EA-AgNPs from FESEM analysis
was found to be in the range of 16—27 nm, which is smaller
than the hydrodynamic diameter from DLS. The hydrody-
namic size (46.58 nm) is typically larger than that observed
by FESEM (16—27 nm) due to the silver core with plant-de-
rived capping agents and bound solvent molecules (hydra-
tion shell) on its surface, creating a soft organic corona
increasing hydrodynamic radius, while FESEM measures
the dry, solid core in a high-vacuum environment [76, 77].

Furthermore, the substantial aggregation of the biosyn-
thesized AgNPs was presumably caused by the dehydra-
tion exerted during the preparation of samples for FESEM
examination [78]. The TEM micrographs of the CA-EA-
AgNPs are shown in Fig. 8(b). The typical diameter of the
nanoparticles was found to be between 11-17 nm. It showed
a nearly spherical shape morphology of the AgNPs, and
they are well distributed and distanced from each other.
EDAX analysis confirmed the presence of elemental sil-
ver as the major constituent, with a strong signal at ~3 keV,
characteristic of metallic silver [79] (Fig. 8(c)). Other signals
for C, O, and N were also detected, likely originating from
the phytochemical capping of the AgNPs, which plays an
essential role in the reduction and stability of biosynthesized
CA-EA-AgNPs [80]. The Al signal might be from the sam-
ple stub or minor impurities, and Au from the sputter coat-
ing [81]. Supported by EDAX analysis, it can be corrobo-
rated that there is a consistency in the distribution of silver
elements in biogenically produced silver nanoparticles [82].

3.4 Antimicrobial activity

The antibacterial activity of the CA-EA extracts and
biosynthesized CA-EA-AgNPs was checked by the agar
well diffusion method against S. aureus and S. epidermidis
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Fig. 8 (a) Field emission scanning electron microscopy image of CA-EA-AgNPs showing spherical morphology and size,

(b) transmission electron microscopy images of CA-EA-AgNPs, (c) energy-dispersive X-ray spectrum confirming the elemental composition
of CA-EA-AgNPs



(Gram-positive) and P. aeruginosa and P. mirabilis
(Gram-negative) bacteria, as shown in Fig. 9. CA-EA-
AgNPs demonstrated significantly greater antibacterial
efficacy against all examined microorganisms relative to
the CA-EA extract alone, as indicated by the zone of inhi-
bition. The results, expressed as zones of inhibition (ZOI),
are presented in Table 4 and graphically in Fig. 10.

The antibacterial activity of CA-EA-AgNPs was nota-
bly superior to that of the CA-EA extract at both concen-
trations tested (1000 pg/mL and 2000 pg/mL), as detailed
in Table 4. Against the Gram-positive bacterium S. aureus,
the CA-EA-AgNPs exhibited a zone of inhibition (ZOI) of
15.00 £ 1.00 mm, which was greater than the 9.67 = 0.6 mm
and 10.67 = 0.6 mm ZOI observed for the CA-EA extract
at 1000 ug/mL and 2000 pg/mL, respectively. A similar
trend was observed against S. epidermidis (G+), where
the AgNPs showed a ZOI of 13.67 = 0.6 mm, compared
to 9.33 + 0.6 mm and 9.67 + 0.6 mm for the extract con-
centrations. For the Gram-negative bacteria, CA-EA-
AgNPs produced a ZOI of 15.67 + 0.6 mm against P. aeru-
ginosa, surpassing the 9.67 = 0.6 mm and 10.67 + 0.6 mm
shown by the extract. Most significantly, against P. mira-
bilis (G-), the CA-EA-AgNPs demonstrated a ZOI of
17.67 = 0.6 mm, markedly higher than the 10.00 £ 1.00 mm

Bacterial Strain CA-EA- extract | CA-EA- extract | CA-EA-AgNPs | Streptomycin
(1000 pg/mL) | (2000 pg/mL) | (10 mM) (standard )
(a) S. aureus SN AR
® & @
e
(b) S. epidermidis \A".LL'/ \ Q
(c) P aeruginosa (@; 1 °
(d) P. mirabilis @ v | Ml ‘

Fig. 9 Antibacterial activity of CA-EA extracts, CA-EA-AgNPs, and
streptomycin (standard) against (a) S. aureus, (b) S. epidermidis,
(c) P. aeruginosa, and (d) P. mirabilis
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Fig. 10 Antibacterial activity against (a) Gram-positive bacteria,
(b) Gram-negative bacteria

and 11.67 + 0.6 mm recorded for the CA-EA extract. While
the standard antibiotic streptomycin showed higher activ-
ity against S. aureus (20.33 + 0.6 mm), S. epidermidis
(19.67 £ 0.6 mm), and P. aeruginosa (27.67 = 0.6 mm), it
was less effective against P. mirabilis (8.33 £ 0.6 mm) com-
pared to the CA-EA-AgNPs (17.67 + 0.6 mm). These results
clearly indicate that the incorporation of silver nanoparti-
cles significantly enhances the antibacterial potency of the
CA-EA extract against all tested bacterial strains.

The enhanced activity of AgNPs is attributed to their
nanoscale size, large surface area, and ability to release
Ag" ions, which can disrupt cell membranes, interfere with
respiratory enzymes, and damage DNA [18, 19]. AgNPs
primarily disrupt microbial membranes by adhering to

Table 4 Antibacterial activity (zone of inhibition in mm) of CA-EA extract and CA-EA-AgNPs

Zone of inhibition in mm against bacteria

Test sample S. aureus S. epidermidis P. aeruginosa P. mirabilis
G+ G+ G- G-
CA-EA- extract (<1000 pg/mL) NZ NZ NZ NZ
CA-EA- extract (1000 pg/mL) 9.67+0.6 9.33+0.6 9.67 + 0.6 10.00 + 1.00
CA-EA- extract (2000 pg/mL) 10.67 + 0.6 9.67+0.6 10.67 + 0.6 11.67 £ 0.6
CA-EA-AgNPs (10 mM) 15.00 + 1.00 13.67 0.6 15.67 £ 0.6 17.67 + 0.6
Streptomycin (standard) 20.33+0.6 19.67 + 0.6 27.67+0.6 8.33+£0.6

*NZ: No Zone; G+: Gram-positive; G—: Gram-negative
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the cell wall, causing structural damage, increasing per-
meability, and inducing pit formation. These mechanisms
lead to electrolyte leakage, loss of membrane potential,
and ultimately cell death, often enhanced by the release
of Ag" ions from the nanoparticles [83—85]. Many phy-
tochemicals are themselves intrinsically antimicrobial.
These phytochemicals on the surface of nanoparticles
form a bioorganic corona and make them more stable
against aggregation, and improve surface area, which in
turn improves their bioactivity. This organic capping layer
controls the release of Ag" ions, provides sustained antimi-
crobial action, and prolongs and controls toxicity toward
microbes. Plant-mediated AgNPs enhance drug uptake
and therapeutic efficiency through a mechanism combin-
ing biocompatible stabilization, size-dependent cell pen-
etration, and synergistic membrane disruption. These
nanoparticles act as efficient carriers, often improving the
delivery of drugs to target cells while reducing toxicity
compared to chemically synthesized alternatives. Plant-
mediated AgNPs, which are often coated with phytochem-
icals like polyphenols or flavonoids, show enhanced bio-
logical activity [86]. Due to the affinity of silver ions to
sulfur-containing proteins and their binding to respiratory
enzymes, they inhibit electron transfer, and that stops ATP
production, and cells lose their energy. Ag" ions interact
with the sulfur and phosphorus components of DNA, caus-
ing it to condense and prevent replication and cell [87—89].

Gram-negative bacteria, with their thinner peptidogly-
can layer, are sometimes reported to be more suscepti-
ble to AgNPs, though this can vary [89] [66]. In the pres-
ent study also, P. mirabilis, a Gram-negative bacterium,
showed slightly higher susceptibility. Gram-negative
bacteria have a single layer of peptidoglycan in their cell
membrane, whereas Gram-positive bacteria have multiple
layers of peptidoglycan in their membrane, which makes
them more rigid. This slight difference may be caused by
the different composition of their cell walls [90]. The neg-
ative charge of the bacterial cell wall draws the silver ions
from the nanoparticles, and when they encounter an elec-
trostatic attraction, they move and adhere to the wall,
changing its permeability and ultimately changing the
composition of the cell wall [91].

3.5 Antifungal and synergistic activity against
Malassezia furfur

The antifungal activity of CA-EA-AgNPs alone and in com-
bination with ketoconazole (a standard antifungal drug)
was tested against the dandruff-causing yeast M. furfur.

The inhibition zones are summarized in Table 5. Fig. 11(a)
shows the agar well diffusion inhibition zones, which are
presented graphically in Fig. 11(b).

The antidandruff potential of the synthesized CA-EA-
AgNPs, both alone and in combination with a standard anti-
fungal, was evaluated against M. furfur, with demineral-
ized (DM) water serving as a negative control. As expected,
DM water exhibited no zone of inhibition (NZ) in either
the single plate or comparative assays. The CA-EA-AgNPs
(5 mM) demonstrated moderate antifungal activity, produc-
ing a zone of inhibition of 11 &+ 0.5 mm in both assay condi-
tions. Ketoconazole (0.5 mg/mL), a known antifungal agent,
showed a more pronounced effect, with zones of inhibition
of 15+ 0.9 mm (single plate) and 16 + 0.9 mm (comparative).

Table 5 Antifungal activity (zone of inhibition in mm) against
Malassezia furfur

. Zone of inhibition (mm)
Test sample and concentration )
Single plate

DM water NZ Nz

Comparative

CA-EA-AgNPs (5§ mM) 11+0.5 11+£0.5
Ketoconazole (0.5 mg/mL) 15+0.9 16+0.9
Ketoconazole (0.5 mg/mL) +
+ 0. +0.
CA-EA-AgNPs (5 mM) 1808 19+038
*NZ: No zone
Fungal Strain | DM Water CA-EA-AgNPs Ketoconazole CA-EA-AgNPs
(5 mM) shampoo (5 mM) +
(0.5 mg/mL) Ketoconazole
shampoo
(0.5 mg/mL)
Malassezia
furfur G
@
® Single plate ® Comparative
. 30
é 25
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S
o 15
S
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Control Standard  CA-EA-AgNPs Keto shampoo
(DM water)  ketoconazole + CA-EA-
2% shampoo AgNPs
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Fig. 11 (a) Antifungal activity against Malassezia furfur.
(Wells: 1-DM water, 2-CA-EA-AgNPs (SmM), 3-ketoconazole
(500 pg/mL), 4-CA-EA-AgNPs (5§ mM) + ketoconazole (500 pg/mL),

(b) antibacterial activity against dandruff-causing fungus M. furfur.



Notably, when CA-EA-AgNPs (5 mM) were combined with
ketoconazole (0.5 mg/mL), the resulting zone of inhibition
was further enhanced to 18 £ 0.7 mm (single plate) and
19 £ 0.7 mm (comparative). This increased inhibitory effect
of the combination surpasses the activity of either keto-
conazole or CA-EA-AgNPs, when used individually, indi-
cates a synergistic interaction between the nanoparticles
and the conventional antifungal drug against M. furfur. This
synergy could be due to AgNPs disrupting the fungal cell
wall/membrane, thereby facilitating increased uptake or
efficacy of ketoconazole, which inhibits ergosterol synthe-
sis [72, 90]. Silver nanoparticles (AgNPs) and ketoconazole
work together to combat Malassezia furfur through a
dual-action mechanism that targets both the cell's inter-
nal metabolic processes and its external defenses. Silver
nanoparticles can have fungicidal activity (kill the fun-
gus), which results in total eradication when combined
with ketoconazole, which is largely fungistatic (inhib-
its growth) [92]. The silver nanoparticles induced inside
the cell produce reactive oxygen species that create more
oxidative stress to the cell and damage the mitochondrial
membrane and structure of fungi [93]. The phytochemicals
present in the extract have beneficial antioxidant properties
(reducing power capacity), and the antimicrobial capacity
itself is acting synergistically with silver nanoparticles to
enhance antimicrobial and antifungal activity [29]. Mussin
and Giusiano reported the mechanisms of action of AgNPs
and ketoconazole on fungi, but the combination of both is
efficacious due to their synergistic effect [92]. This is the
first report of AgNPs from C. anthelminticum exhibiting
activity against M. furfur and synergism with ketoconazole.
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