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environmental remediation and biomedical applications.

INTRODUCTION

Metal nanoparticles, including platinum, platinum, gold,
and silver, have garnered significant attention due to their excep-
tional physico-chemical properties, which encompass catalytic
activity, electrical conductivity, thermal properties, surface
plasmon resonance, and biological activities [1]. These unique
characteristics arise from their large surface area-to-volume ratio
and quantum size effects, making them suitable for diverse appli-
cations such as catalysis, electronics, optics and biomedicine
[2,3]. Among these, bimetallic nanoparticles, which combine
two different metals, offer the potential for enhanced properties
and functionalities compared to their monometallic counterparts
[4]. The synergistic effects in bimetallic nanoparticles, arising
from their nanoalloy or core-shell structures, lead to superior
catalytic activity and efficiency, making them attractive for fine-
chemicals synthesis and transformations [5]. Research into the
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development of eco-friendly technologies should focus on the
synthesis and design of clearly defined metallic and bimetallic
nanoparticles as well as an evaluation of the size-and shape-
dependent features that impact their potential uses [6].

The synthesis of nanoparticles can be achieved through
various chemical and physical methods. However, these tradit-
ional methods often involve the use of hazardous chemicals, high
energy consumption, and the generation of toxic byproducts,
raising environmental concerns. As a result, there is growing
interest in green synthesis approaches that utilize biocompatible
and eco-friendly materials. Green synthesis harnesses the redu-
cing and capping capabilities of non-toxic plant-based secondary
metabolites, offering an eco-conscious alternative [7]. The
utilization of plant extracts, microorganisms or other biological
sources for nanoparticle synthesis has emerged as a sustainable
approach, aligning with the principles of green chemistry. Plant-
mediated synthesis, in particular, has gained prominence due to
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its cost-effectiveness, ease of implementation, availability of
diverse biomolecules and ability to facilitate rapid nanoparticle
synthesis [8]. Plant extracts contain a mixture of various organic
compounds such as alkaloids, flavonoids and terpenoids, act as
both reducing and stabilizing agents, enabling the formation of
stable nanoparticles without the need for additional toxic chem-
icals [9]. The exploration of plant extracts for nanoparticle
synthesis provides a unique avenue for producing nanomaterials
with tailored properties and enhanced biocompatibility, paving
the way for various applications in catalysis, biomedicine, and
environmental remediation [ 10-12]. By employing green synthe-
sis methods, the negative environmental impacts associated with
conventional nanoparticle production can be minimized, leading
to a more sustainable and responsible approach to nanotechno-
logy [13].

In this context, Carica papaya, commonly known as papaya,
presents a promising candidate for green synthesis due to its rich
source of bioactive compounds. Belonging to the Caricaceae
family, C. papaya possesses a diverse array of secondary meta-
bolites, including alkaloids, flavonoids, amino acids, lipids and
carbohydrates, which are known for their reducing and stabi-
lizing properties [ 14]. These biomolecules can facilitate the reduc-
tion of metal ions into their corresponding nanoparticles and
provide a capping effect, preventing agglomeration and ensuring
stability. Papaya (C. papaya) extract has been successfully utilized
in the green synthesis of various metal nanoparticles, including
silver, gold and copper oxide, demonstrating its effectiveness
and versatility as a biological reducing agent. In addition to its
role in nanoparticle synthesis, C. papaya exhibits a range of bio-
logical activities such as antioxidant, antimicrobial and anti-
cancer properties, which may be further enhanced when incorp-
orated into nanoparticle formulations [15-19]. The use of C.
papaya extract offers a dual advantage by providing both a sus-
tainable synthesis route and endowing the resulting nanoparticles
with enhanced bioactivity [14].

Considering the aforementioned advantages, this study
focuses on the green synthesis of platinum@silver (Pt@Ag)
bimetallic nanoparticles using the aqueous extract of C. papaya
and the evaluation of their catalytic and antimicrobial properties.
The selection of platinum and silver as the constituent metals is
based on their established catalytic activity and antimicrobial
efficacy, respectively. Platinum nanoparticles are known for their
exceptional catalytic properties in various chemical reactions,
including reduction of dyes, oxidation of alcohols and hydro-
genation of alkenes [20]. Silver nanoparticles, on the other hand,
exhibit broad-spectrum antimicrobial activity against bacteria,
fungi, and viruses, making them attractive for biomedical appli-
cations [21,22]. By combining platinum and silver into a bime-
tallic nanostructure, synergistic effects can be achieved, leading
to enhanced catalytic activity and antimicrobial efficacy
compared to their monometallic counterparts.

The novelty of this research lies in the combination of silver
and platinum into a bimetallic nanostructure using a green syn-
thesis approach, leveraging the reducing and capping capabilities
of the aqueous extract of C. papaya leaves [23]. Furthermore,
the evaluation of the catalytic and antimicrobial properties of
the synthesized bimetallic nanoparticles aims to provide insights

into their potential applications in environmental remediation
and biomedicine.

EXPERIMENTAL

Hexachloro platinic acid hexahydrate [H,PtCls-:6H,O] as
the source of platinum ions and silver nitrate (AgNOs) as the
source of silver ions were procured from Alfa Aesar and used
without further purification. Sodium borohydride (NaBH.,),
methylene blue and Congo red dyes were procured from Merck
Ltd., India. All the solutions were prepared in demineralized
water.

Preparation of leaf extract of Carica papaya: Fresh C.
papaya leaves were collected from the local market of Chennai
city, India and washed with demineralized water and air dried
for two weeks. It was then freshly powdered and stored. The
leaf powder (0.1 g) was added in 125 mL of demineralized
water and heated at 85 °C and filtered using whatmann filter
paper. The filtrate was kept at 5 °C as reducing and stabilizing
agent for further study.

Green synthesis of bimetallic Pt@Ag core shell NPs: To
a 10 mL of 0.5 mM of H,PtCls-6H,0 aqueous solution, 10 mL
of C. papaya leaves extract was added slowly for 10 min with
stirring at 1500 rpm for 1 h at 80 °C. The reduction process Pt**
to Pt” nanoparticle is followed by the colour of the solution
changes from yellow to greyish brown indicating the formation
of PtNPs. To this PtNPs, 10 mL of 0.5 mM of aqueous AgNO;
solution added slowly for 10 min with stirring at 1500 rpm for
1.5 h at 80 °C. The green synthesized Pt@Ag core shell NPs
were separated by centrifuging at 3500 rpm for 20 min and
dried in an oven at 60 °C for 2 h. The purified bimetallic Pt@Ag
core shell NPs were subjected to the characterization studies.

Antimicrobial study: The antimicrobial activity of synth-
esized Pt@Ag core shell NPs was evaluated using well diffusion
method [24,25]. The bacterial strains Escherichia coli IMTCC
443), Bacillus subtilis MTCC441), Salmonella typhi MTCC
98), Staphylococcus aureus (MTCC96) and fungal strains Candida
albicans MTCC 227), Aspergillus niger MTCC404), Aspergillus
Sflavus MTCC277), and Penicillium chrysogenum (MTCC5108)
were obtained from MTCC, IMTECH, Chandigarh, India.

Procedure for reduction of dyes: The reduction of meth-
ylene blue and Congo red dyes using NaBH, in the presence
of Pt@Ag NPs nanoparticle was carried out to demonstrate
the catalytic activity of the prepared bimetallic nanoparticles.
A solution of sodium borohydride (1 mL of 10 mM) was mixed
ether with methylene blue dye or Congo red dye (1.5 mL of 1
mM) and the mixture was made upto 10 mL using doubled
distilled water and then stirred for 5 min. To these two solutions,
sufficient quantities of green synthesized Pt@Ag NPs nano-
particles were added separately and the UV-Vis spectra were
recorded at regular intervals of time.

Characterization: The formation of Pt@Ag bimetallic
nanoparticles was confirmed by visual colour changes and
characterized by UV-Visible spectrophotometer (JASCO, V-
650) instrument. FTIR (JASCO, FTIR-4100) was used to deter-
mine the functional group of green synthesized Pt@Ag core
shell NPs, which was compared to aqueous extract of C. papaya
leaf. D8 Advance (Bruker) D8 Goniometer instrument was used




1798 Jayamani et al. Asian J. Chem.
to analyze the crystallinity of bimetallic nanoparticles. The 4
SEM observations were performed on Carl Zeiss MA15/EVO 3 §
18 scanning electron microscope. High resolution transmission 3 b
electron microscope (HRTEM, JEM 3010, JEOL,300 kV) was 8 2y
used to analyze the shape, size and structure of Pt@ AgNPs § 1t
sample at 200 kV and the filament is LaB6. < o
RESULTS AND DISCUSSION 4L K ‘
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UV-Vis spectra: The UV-Visible absorption spectrum of
Pt@Ag nanoparticles exhibited a strong and sharp peak at 314
nm, indicative of the surface plasmon resonance (SPR) behav-
iour of metallic nanoparticles shown in (Fig. 1). This absorption
peak lies within the expected range for silver and platinum nano-
structures, although pure silver nanoparticles typically exhibit
SPR around 400-450 nm. The blue-shift to 314 nm suggests
either nanoscale particle size increase, alloy formation or core-
shell Pt@Ag interactions. The high absorbance intensity (~4
a.u.) also implies a high concentration of nanoparticles with
uniform size distribution. The sharpness of the peak confirms
good monodispersity and crystalline surface structure. This is
in alignment with the XRD data, which confirmed a face-centered
cubic (FCC) structure and nanocrystalline nature. Previous
studies have reported similar blue-shifted SPR peaks in Pt-Ag

110

Wavelength (nm)

Fig. 1. UV-Vis spectrum of platinum@silver nanoparticles

hybrid nanostructures, which are attributed to the electronic
interactions between Pt and Ag atoms. These shifts correlate
with enhanced catalytic properties, making these nanoparticles
suitable for photocatalytic dye degradation and biological appli-
cations.

FTIR spectra: The FTIR spectrum of the C. papaya leaf
extract exhibited several key peaks indicative of phytochemical
constituents involved in nanoparticle synthesis (Fig. 2a), which
exhibited the broad O-H stretching around 3426.89 cm’, C-H
stretching at 2922.59 and 2855.1 cm™ and C=0 stretching at
1722.00 cm™. These groups are typical of polyphenols, flavo-
noids and other reducing agents. The FTIR spectrum of Pt@ Ag
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Fig. 2. FTIR analysis of (a) Carica papaya leaf extract and (b) platinum@silver nanoparticles
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nanoparticles (Fig. 2b) showed the shifted and diminished
peaks corresponding to the original functional groups in the
leaf extract, suggesting their role in metal ion reduction and
nanoparticle stabilization. Notable peaks include O-H stretc-
hing at 3436.53 cm™, C-H stretching at 2921.9 cm™ and C=0
stretching at 1633.9 cm™, alongside the appearance of new
peaks in the fingerprint region indicative of metal-oxygen bonds.
The low wavenumber peaks (below 600 cm™) suggest metal-
oxygen or metal-metal bond formation, typical of Pt-Ag nano-
particle systems. The broad OH and carbonyl/amine features
support the use of biomolecules for nanoparticle synthesis and
stabilization, which is common in green synthesis of Pt@Ag
NPs. The presence of C-N, O-H and amide bands (1400-1000
cm’") supports the biogenic origin. These functional groups may
stem from proteins, enzymes or polysaccharides-indicative of
microbial involvement in synthesis or capping [24-26].

XRD studies: The diffraction patterns obtained at various
20 angles exhibit significant peaks, which is the characteristic
of the face-centered cubic (fcc) crystal structure and a distin-
ctive feature of both silver (Ag) and platinum (Pt) (Fig. 3).
These peaks were observed at approximately 38°, 44°, 64° and
77°, corresponding to the (111), (200), (220) and (311) planes
of the fcc structure, respectively. This matches well with the
standard JCPDS patterns for silver (JCPDS No. 04-0783) and
platinum (JCPDS No. 04-0802) [27].

The key observation from the XRD data is the overlap of
the diffraction peaks for Ag and Pt (Table-1). This suggests
that the nanoparticles are likely composed of either a Pt@Ag
core-shell structure or a Pt-Ag alloy. The core-shell structure

200

0
5 10 20 30 40 50 60 70 80 920

Fig. 3. XRD image of platinum@silver nanoparticles after green synthesis

would involve a core of platinum (Pt) surrounded by a shell of
silver (Ag), whereas an alloy structure would result from the
uniform mixing of Pt and Ag at the atomic level. Both scenarios
are plausible based on the XRD peaks observed [28-30]. The
broadening of the diffraction peaks is indicative of the nano-
particles being in the nanometer size range, typically less than
20 nm. This is supported by the size calculation from the Debye-
Scherrer’s equation, which gives an approximate crystallite
size. The broad peaks in XRD are a hallmark of nanocrystalline
materials due to the increased number of grain boundaries, which
cause a decrease in the coherence length of the crystalline
domains. The absence of additional peaks corresponding to
oxide or impurity phases further suggests that the nanoparticles
are of high purity, with no significant secondary phases detected
[31,32].

Morphological studies: The SEM images (Fig. 4) reveal
a dense arrangement of bimetallic nanoparticles, indicating the
potential aggregation of particles, which is a common pheno-

TABLE-1
XRD PEAK INTERPRETATION OF PLATINUM @SILVER BIMETALLIC NANOPARTICLES
Feature Observation Interpretation
Peak positions (260) ~38°, 44°, 64°, 77° Match fec structure of Ag and Pt
Peak assignment (111), (200), (220), (311) Typical of metallic nanocrystals
Peak broadness Broad peaks Indicates nanocrystalline nature (< 20 nm)
Phase purity No additional peaks High purity Pt@Ag nanoparticles
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Fig. 4. SEM imaging of platinum @silver nanoparticles after green synthesis
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menon in the nanoparticle synthesis. This aggregation could
be due to van der Waals forces, which may cause some degree
of nanoparticle clumping. The average particle size, observed
to be in the nanometer range, further supports the synthesis of
Pt@ Ag nanoparticles. These shapes can influence the surface
reactivity, as nanoparticles with higher surface area-to-volume
ratios often exhibit increased reactivity. This suggests that the
Pt@ Ag nanoparticles are likely to be effective in applications
such as catalysis and drug delivery [28,29].

The HRTEM images (Fig. 5) provide further details on
the size distribution and crystalline nature of the Pt@ Ag nano-
particles. The first image (Fig. 5a), with a scale bar of 5 nm,
shows well-defined nanoparticles exhibiting lattice fringes
characteristic of crystalline structures, which are typically seen
in face-centered cubic (fcc) metals such as Pt and Ag. This
confirms the crystalline nature of the bimetallic nanoparticles
and supports the findings from the XRD analysis that indicated
an fcc structure for both platinum and silver. The lattice spacing
visible in the TEM image correlates with the interplanar dist-
ances of the (111) plane of both Ag and Pt, as previously identi-
fied by XRD.

In the second TEM image (scale bar of 20 nm, Fig. 5b), a
mixture of spherical and oval-shaped nanoparticles is observed,

with some nanoparticles showing a core-shell structure, parti-
cularly Pd at the core and Ag at the shell. This observation
aligns with the XRD data, which suggested that the Pt@Ag
nanoparticles could be either core-shell structures or Pt-Ag
alloy nanoparticles. The contrast variation in the image indicates
different electron densities between the Pd core and the Ag
shell, further supporting the formation of a core-shell structure
[28,29].

Antimicrobial activity: The green synthesized Pt@Ag
bimetallic nanoparticles were tested against four bacterial
strains viz. Bacillus cereus, Escherichia coli, Staphylococcus
aureus and Salmonella typhi. The zone of inhibition (ZOI) incr-
eased with the nanoparticle concentrations (Table-2). Remar-
kably, the Pt@Ag bimetallic nanoparticles demonstrated the
greater inhibition zones than the standard antibiotic azithro-
mycin particularly against Gram-negative bacteria such as E.
coli and S. typhi. The strong antimicrobial effect of Pt@Ag
bimetallic nanoparticles is attributed to the synergistic action
of platinum and silver, which can disrupt microbial membranes
through redox activity and reactive oxygen species generation.
Their small size and surface chemistry, characterized by functi-
onal groups like O-H and amide bonds, enhance the cellular
interaction and penetration. These results corroborate with the

Fig. 5. HRTEM images of green synthesized platinum @silver bimetallic nanoparticles

TABLE-2
INHIBITORY CONCENTRATION OF Pt@Ag BIMETALLIC NANOPARTICLES WITH SELECTED BACTERIA AND FUNGAL SPECIES

Name of the test strains

Zone of inhibition (mm)

0 pL/well 25 pL/well 50 pL/well 75 pL/well 100 pL/well
Bacillus cereus - 12 13 13 13
Escherichia coli - 23 24 25 26
Staphylococcus aureus - 24 25 26 28
Salmonella typhi - 27 28 30 32
Aspergillus flavus - 11 12 14 16
Aspergillus niger - 10 12 14 15
Candida albicans - 13 14 15 16
Penicillium chrysogenum — 8 10 12 14
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Fig. 6. Absorbance spectra of (a) Congo red and (b) methylene blue with platinum@silver bimetallic nanoparticles from 0 to 10 min

prior studies highlighting Pd-Ag systems’ dual redox and ion-
releasing mechanisms in the antimicrobial applications [33,34].

The antifungal efficacy exhibited by the synthesized Pt@
Ag bimetallic nanoparticles against selected fungal strains sug-
gests a promising potential for their application in antimicrobial
formulations. The well diffusion method revealed distinct zones
of inhibition, confirming the broad-spectrum antifungal activity
of the bimetallic nanoparticles. These findings agree with prior
reports where bimetallic nanoparticles demonstrated enhanced
antimicrobial activity due to synergistic effects between the
constituent metals [35]. The enhanced bioactivity of Pt@Ag
bimetallic nanoparticles can be attributed to their unique surf-
ace chemistry and core-shell structure, which allows efficient
interaction with fungal cell membranes. Silver is known to rele-
ase Ag* ions that disrupt cell wall synthesis, damage membrane
integrity and interfere with vital enzymatic functions, leading
to cell death. The presence of platinum likely stabilizes the silver
nanoparticles and further enhances ROS generation, contributing
to oxidative stress within the fungal cells.

The results obtained are consistent with standard methods
for evaluating antifungal agents and the agar-well diffusion
technique employed in this study proved effective in screening
nanoparticle-based antifungal compounds. However, while in
vitro results are promising, further studies are essential to under-
stand the precise mechanisms of action, assess cytotoxicity
towards human cells, and evaluate the stability and bioavail-
ability of Pt@Ag NPs in the biological systems.

Dye reduction activity and pseudo-first-order kinetic
studies: The absorption spectra of Congo red dye treated with
Pt@Ag bimetallic nanoparticles show a consistent decrease in
absorbance over time, demonstrating the catalytic degradation
(Fig. 6a). This behaviour indicates efficient electron transfer
facilitated by the bimetallic nanoparticles, which break the azo
bond within the dye molecules. The UV-spectrum of methylene
blue dye also revealed the decreasing absorbance values (Fig.
6b), particularly around the Ay, of 664 nm. The green synthe-
sized Pt@ Ag bimetallic nanoparticles effectively degraded the
dye, as evidenced by a steady decrease in intensity with incre-
asing time [36].

A pseudo-first-order kinetic model was applied using In
(A/A,) versus time. Although the degradation followed a trend,
at ~201 nm showed a low linearity (R? = 0.0009) and a small

rate constant (k =2.94 x 10° min™") suggesting a limited kinetic
uniformity at this wavelength. Nonetheless, the degradation
activity was observable and attributed to the redox-active surface
of Pt@Ag bimetallic nanoparticles. In case of methylene blue,
the pseudo-first-order kinetics at 664 nm yielded a rate constant
of 0.00512 min™ with a correlation coefficient of R* = 0.650.
This supports a reliable kinetic model and confirms that Pt@Ag
bimetallic nanoparticles promote efficient catalytic reduction.

Conclusion

The study successfully demonstrates the synthesis, struc-
tural integrity and degradation potential of biosynthesized Pt@
Ag bimetallic nanoparticles from the aqueous extract of Carica
papaya leaf through the physico-chemical and functional app-
roach. FTIR analysis confirmed the presence of biologically
relevant functional groups such as O-H, C=0 and C-N, suppor-
ting the microbial involvement in the synthesis. SEM and TEM
analyses revealed nanoparticle morphologies ranging from 5-30
nm, including clear evidence of lattice fringes and core-shell
or alloy structures indicative of bimetallic crystallinity. XRD
results further validated the formation of pure, nanocrystalline
face-centered cubic (fcc) Pt@Ag phases with no detectable
impurities. The Pt@ Ag nanoparticles exhibited strong catalytic
activity toward the reduction of methylene blue dye, which
showed the significant absorbance decay at 664 nm with a pseudo-
first-order rate constant of 0.00512 min"', demonstrating the
efficient redox activity. While Congo red dye showed the less
pronounced kinetics. These findings confirm the multifunct-
ionality of biosynthesized Pt@Ag bimetallic nanoparticles,
combining the structural precision with practical catalytic per-
formance, making them promising candidates for environmental
remediation applications, particularly in the degradation of
hazardous azo and cationic dyes.
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