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Abstract: This work reports on using leaf and bark extracts from the Sima-
rouba glauca as a natural reducing agent to synthesize gold-silver bimetallic
nanoparticles (Ag-Au NPs). The leaf and bark extracts contain phytochemicals
such as tannins, flavonoids, and others, confirmed by Fourier transform infra-
red spectroscopy (FTIR), responsible for the reduction of both Au and Ag ions.
The Surface Plasmon Resonance (SPR) bands obtained at 540 and 543 nm,
confirmed the formation Au-Ag alloy. The average crystallite size of Au-Ag
NPs synthesized using leaf and bark extracts was 29 and 35 nm. TEM images
show that the Au-Ag NPs were spherical, square, pentagonal, and hexagonal
morphology. The bimetallic nanoparticles were tested against Staphylococcus
aureus, Streptococcus mutans, Bacillus subtilis, and gram-negative bacteria
Escherichia coli, Proteus vulgaris, and Klebsiella Pneumoniae showed an ef-
fective zone of inhibition against the test bacteria. Among the two extracts,
the leaf extract was found to be an effective reducing agent to form different
shapes of bimetallic nanoparticles. The results indicate that Au-Ag NPs have
effective antibacterial activity; hence, these nanoparticles can be used for the
development of antibacterial agents.

Keywords: Simarouba glauca, Ag-Au Nanoparticles, Antibacterial activity,
Green synthesis, Bimetallic Nanoparticles

1. INTRODUCTION

The physical properties, such as surface area, optical, catalytic, chemi-
cal and magnetic properties, make the Ag-Au bimetallic nanoparticles
unique and distinguishable from Ag and Au nanoparticles (Bawoke and
Birhanu, 2023; Thirunavukkarasu and Kuppusamy, 2019). Bimetallic
nanoparticles are appropriate for biomedical, biosensors, and wastewa-
ter treatment (Arkhipova et al., 2024). Many bimetallic nanoparticles
have been synthesized using various plant extracts. The advantages of
plant extract are naturally available, eco-friendly and harmless to hu-
man beings. It is known that different parts of plants, such as leaves,
flowers, bark, stem, shoots, and buds are rich in phytochemicals
(Chibuye et al., 2023). To improve several biomedical applications,
plant extracts and their derivatives have been widely employed in place
of alternative physical and chemical approaches for the manufacture
of bimetallic nanoparticles. It has been postulated that the bioactive
components found in the chosen plant act as both capping and reducing
agents to stabilize the produced nanoparticles by reducing metal ions
(Koushika et al., 2024).

Some of the herbs are used as a whole plant extract. Aerial and
non-aerial parts of the plants have also been used as natural reducing
agents for bimetallic nanoparticle synthesis. The plant extracts contain
numerous phytochemicals such as phenolic acids, flavonol, flavonol
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glycoside, carbohydrates, anthocyanins, carboxylic
acids, lignins, saponins, and alkaloids. The above-
said phytochemicals are freely soluble in water and
form homogeneous solutions. Hence, these phyto-
chemicals easily react with silver nitrate and chlo-
roauric acid to form silver and gold nanoparticles.
Apart from plant extract, various bacteria and fungi
extracts have also been used as reducing agents. This
process is simple and fast. This process requires no
thermal energy and can be achieved at room temper-
ature (Ashwani et al., 2023).

Last five years, many plants such as Aloe vera,
orange peel, Waste tea leaves, Persea americana
fruit peel, Trapa peel, Ocimum basilicum (L.)
(Hazarika and Ahmed, 2024), Pulicaria undulata
(L.), Abrus precatorius (Sankareswari et al., 2024),
Heliotropium eichwaldi L (Naila et al., 2024),
Callistemon viminalis (Khan et al., 2024), Thyme
plant leaves extracts (Fujiang et al., 2024) have been
used for the synthesis of silver-gold bimetallic nan-
oparticles. In this research, we report on an environ-
mentally friendly way to synthesize Au-Ag bimetal-
lic nanoparticles utilizing leaf and bark extracts of
Simarouba glauca aqueous. This study is one of the
few that has confirmed that Au-Ag phytosynthesized
bimetallic nanoparticles, and it is the first report on
the use of Simarouba glauca for Au-Ag bimetallic
nanoparticles. Antimicrobial drugs can be developed
using Au-Ag bimetallic nanoparticles.

2. MATERIALS AND METHODS

2.1. Reagents

Chloroauric acid and silver nitrate were purchased
from Sigma Aldrich (AR grade with 99.99%),
Bangalore. 1 x 107® M of silver nitrate and chloroau-
ric acid solutions were prepared using distilled water
(stock solutions).

2.2. Extract Preparation

The bark and leaves of Simarouba glauca were col-
lected from Kolli Hills, Namakkal District, Tamil
Nadu. The bark and leaves were thoroughly washed
with tap water followed by distilled water and
dried under shade. The powdered bark and leaves,
about 50 g were boiled with 100 ml of distilled wa-
ter and filtered through a muslin cloth followed by
Whatmann no.1 filter papers and the filtrate was
stored at 5°C in the refrigerator for synthesis.
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2.3. Synthesis of Au-Ag NPs

A schematic representation of the synthesis of Au
NPs using Simarouba glauca leaf extract is shown in
Scheme 1. Au-Ag NPs synthesized using leaves ex-
tract as follows: the ratios of extract was fixed as 4 mL
and the ratio of Ag and Au solution from 0.5 mL to 1.5
mL as follows: 0.5 mL Ag: 1.5 mL Ay, 1.0 mL Ag: 1.0
mL Au, and 1.5 mL Ag: 0.5 mL Au. Finally, 1.0 mL
Au: 1.0 mL Au was fixed as an optimized concentra-
tion. A schematic representation of the synthesis of Au
NPs using bark extract is shown in Scheme 2. Au-Ag
NPs synthesized using bark extract as follows: the ra-
tios of leaf extract were fixed as 4 mL and the ratio of
Ag and Au solution from 0.5 mL to 1.5 mL as follows:
0.5 mL Ag: 1.5 mL Ay, 1.0 mL Ag: 1.0 mL Au, and
1.5 mL Ag: 0.5 mL Au. Finally, 1.0 mL Au: 1.0 mL
Au was fixed as an optimized concentration. Physical
evidence for forming Ag-Au NPs using leaf and bark
extracts under the optimized experimental conditions
was instantly followed visually by the color changes.
Synthesized Ag-Au NPs were stored in the refrigerator
at 10°C for three months and were found to be stable.

Leaf powder

U

Dried leaves

4 /

UL
+

Leaf Extract

Metal salt solution

Au-Ag NPs

Scheme 1. Synthesis of Au-Ag NPs using leaf ex-

tract of Simarouba glauca

Smrm ouba glauca Bark powder

Crushed barek

Au-Ag NPs Salt solution Bark extract

Scheme 2. Synthesis of Au-Ag NPs using bark
extract of Simarouba glauca
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2.4. Characterization Methods

Instrumentation techniques used for the character-
ization of samples at nano levels. As a result, mi-
croscopic techniques like field emission scanning
electron microscopy (SEM TESCAN VEGAS3 SBH,
TSCAN (Floor Model) equipped with EDAX) and
transmission electron microscopy (FEI Tecnai G220
S-TWIN, 200 KV, HR-TEM, Spain) were used to
observe submicron size materials. Elemental com-
positions of the samples were determined by energy-
dispersive X-ray spectroscopy (EDS or EDAX). A
benchtop powder X-ray diffraction instrument (Ri-
gaku miniflex 600, USA) was used to determine
the crystal structure of the samples. The UV-visible
(SR6 UV-VIS Spectrometers, USA) Spectropho-
tometer characterization tools are widely used to de-
termine the electronic structures of atoms, ions, and
molecules. Fourier transform infrared spectroscopy
(Perkin Elmer, Spectrum 2, USA) is generally used
to determine the functional group; metal-oxygen
bonds present in the samples.

2.5. Antibacterial Activity

The gram positive bacteria used were Staphylo-
coccus aureus (S.aureus), Streptococcus mutans
(S.mutans), and Bacillus subtilis (B.subtilis). Gram
negative bacteria used were Escherichia coli (E.
coli), Proteus vulgaris (P. vulgaris), and Klebsiella
pneumoniae (K. pneumoniae). The Well diffusion
method was used to test the samples. About, 10, 20,
and 30 pg/ml of the samples were prepared for this
test. The test microorganisms were cultivated in the
appropriate medium using the spread plate method,
containing 10 pl (10 cells/ml) of bacteria grown in
nutritional broth for 24 hours. Following solidifica-
tion, test organism-seeded plates were covered with
filter paper wells (5 mm in diameter) that had been
impregnated with the extracts. The antibacterial test
standard is amoxicillin. For a whole day, the anti-
bacterial assay plates were incubated at 37°C. The
inhibitory zone sizes were expressed in millimeters.

The selected bacteria were cultured for 24 hours at
27°C in 20 milliliters of nutrient broth. In particular,
the 24-hour cultures were utilized to prepare bacterial
lawns on nutrient agar plates. After the bacterial lawn
is prepared, a gel-punctured well is created in the
solidified agar plates to introduce varying concentra-
tions of Au-Ag NPs prepared using leaves and bark
extract. After that, each plate containing a separate
bacterium was incubated for 24 hours at 27°C to allow
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the nanoparticles to diffuse around the well using the
diffusion method (Ramesh et al., 2019; Santhosh
et al., 2016). The zone of inhibition was visible in
both gram-positive and gram-negative bacteria when
the nanoparticles were used. Amoxicillin was used
as a positive control. These test results demonstrated
the antibacterial activity of synthesized nanoparticles
(Kang et al., 2019; Yakunin et al., 2015).

3. RESULTS AND DISCUSSION

3.1. Synthesis of Au-Ag NPs

Various concentrations of extract 1, 2, 3, and 4 mL
of leaf extract were mixed with 2 mL (1.0 mL Ag:
1.0 mL Au) of Au and Ag solutions for the synthesis.
Among the four concentrations, 4 mL extract pro-
duces a violet color and was further confirmed by a
UV-visible spectrometer. The extract concentration
was fixed to 4 mL and the ratio of silver chloride and
auric chloride was optimized to 0.5 and 1.5 mL. At
first, different concentrations and color shifts were
used to confirm the creation of Au-Ag NPs. As a
result, after adding solutions of silver chloride and
chloroauric acid, the pink color of the Simarouba
glauca aqueous leaf extract turned violet in about
15 minutes. Because of Surface Plasma Resonances
(SPR), the intensity of the dark color increased with
incubation time. The UV-visible spectrophotometer
was used to monitor the formation of Au-Ag NPs at
various time intervals. The UV-visible spectrum of
Au-Ag NPs is shown in Simarouba glauca bark and
leaf extracts and was used as a reducing agent without
any chemicals. The optical characteristics of Au-Ag
NPs can be observed due to the high sensitivity SPR
to the size, shape, and composition of the Au-Ag NPs
(Meena Kumari et al., 2015; Mondal et al., 2011).

3.2. UV-Visible Study

Fig.1a shows the UV-vis spectrum of Au-Ag NPs
stabilized using leaf extract. The SPR spectrum at
536-540 nm revealed the formation of Au-Ag NPs.
However, there is a slight red shift in the SPR band
due to the size changes in the particles (Gopalakr-
ishnan et al., 2015). The SPR position red-shifted
while increasing the concentration of Au NPs. Here,
an absorption peak observed for Ag NPs is small and
a peak observed at 456 nm. This finding revealed the
formation of Au-Ag NPs alloy structure (Csapo et al.,
2012). Fig. 1b shows the UV-vis spectrum of Au-Ag
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NPs. The SPR band revealed that Au-Ag NPs were
successfully synthesized using Simarouba glauca
bark extract. While analyzing using UV-vis spectrum
(300-800) nm, the characteristic peak for Au-Ag NPs

3.0
—1ml
a
@ —2ml
—3ml
254 Au, 540 nm —4ml

Intensity (a.u)

—
550
Wavelength (nm)

—
500

e
450

800

Natarajan Thangamani and Natarajan Bhuvaneshwari

at 543 nm. The appearance of the peaks at 540 and
543 nm for Au-Ag NPs reveals the presence of a ho-
mogenous bimetallic structure rather than a mixture
of both Au and Ag NPs (Sahu et al., 2020).
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Figure 1. UV-Visible spectra of Au-Ag NPs synthesized using (a) Leaf and (b) Bark extracts of

Simarouba glauca

3.3. FUNCTIONAL GROUP ANALYSIS

Fig. 2a shows the FTIR spectrum of Au-Ag NPs syn-
thesized using Simarouba glauca leaf extract. The
bands that were identified in the FTIR spectrum were
at 3465, 2085, 1638, and 639 cm™ may be attributed
to -OH stretching or another functional group respon-
sible for the C=C, C-OH, C-0O, and amine group,
respectively (Oladipo et al., 2020). These water-sol-
uble biomolecules to play a part in the conversion of
Av* and Ag" to Au’ and Ag° (Ibrahim, 2015). How-
ever, other bands in 2085 and 1638 cm ™ revealed the
formation of Au-Ag NPs by phytochemicals present
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in the extract. A narrow band at 639 cm™ confirmed
the presence of Au-Ag NPs. The FTIR spectrum of
Au-Ag NPs synthesized using Simarouba glauca
bark extract is shown in Fig. 2b. The FTIR spectrum
of Au-Ag NPs exhibited a broad band at 3448 cm™!
and a minor band at 2349 cm™! attributed to stretching
vibrations of O-H and C-H groups. The absorption
bands at 1639, 1392, 1101, 1026, and 667 cm™ as-
cribed to C—H deformations, C—C, and C—O stretch-
ing vibrations, respectively (Patil et al., 2018). The
FTIR spectrum confirmed their dual role in the re-
duction and surface functionalization of Au-Ag NPs
(Khademi-Azandehi and Moghaddam, 2015).
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Figure 2. FTIR spectra of Au-Ag NPs synthesized using (a) Leaf and (b) Bark extracts of

Simarouba glauca
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Figure 3. XRD analysis Au-Ag NPs synthesized using (a) Leaf and (b) Bark extracts of Simarouba

glauca

3.4. Crystalline Phase Analysis

The XRD pattern of the Au-Ag NPs synthesized us-
ing leaf extract of Simarouba glauca is represented
in Fig. 3a. The diffraction peaks at 26 = 38.20,
46.44, 64.68, 77.60, and 78.16° correspond to (111),
(200), (220), (311), and (222) planes, respectively
(Xia et al., 2013). Apart from the Braggs reflection
planes, additional peaks are also found at 28 values
of 27.84, 32.28, 54.88, 57.52, and 67.52, due to the
presence of biomolecules (Ibrahim, 2015). The XRD
patterns of the Au-Ag NPs synthesized using bark
extract are represented in Fig. 3b. The Bragg reflec-
tion peaks at 38.16, 46.16, 64.60, and 77.60 could
be indexed to (111), (200), (220), (311), and (222)
planes of Au-Ag NPs. Apart from the Braggs reflec-
tion planes, additional peaks are also found with 26
values of 27.76, 32.20, 54.72, 57.44, and 67.32 due
to the presence of biomolecules. The average crys-
tallite size of the nanoparticles was calculated using
Debye—Scherrer’s equation (1)

D = KA/ cosB (1)

The average crystallite size of the nanoparticles
was 29 nm. The XRD pattern corresponds with the
face-centered cubic (fcc) phase of Au-Ag NPs with
(111) plane orientation (Roy et al., 2012). The syn-
thesized bimetallic NPs are highly stable for more
than 2 months. The average crystallite size of the na-
noparticles was calculated using Scherrer’s formula
at 29 and 35 nm. The crystalline nature of the Au-Ag
NPs is due to an effective reduction of Simarouba
glauca bark extract, and the synthesized Au-Ag NPs
are highly stable for more than 2 months.
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3.5. SEM-EDAX Analysis

The structural morphology of green synthesized Au-Ag
NPs was identified from the SEM images. FESEM
image of Au-Ag NPs synthesized using Simarouba
glauca leaf extract is shown in Fig. 4a. The SEM im-
ages showed clustered or agglomerated spherical parti-
cles. Fig. 4(a-ii) revealed the signals for gold and silver
atoms and confirmed the formation of Au-Ag NPs. The
SEM images of Au-Ag NPs synthesized using Sima-
rouba glauca bark extract are displayed in Fig. 4b. The
SEM images exhibited clustered and agglomerated
spherical particles. However, due to the low resolution
of the instrument, only quality limited-quality pictures
were obtained for these samples. Fig. 4(b-ii) indicates
the signals for gold (29.21%) and silver (70.79%) in
Au-Ag NPs with high-intensity peaks. Apart from
peaks for Au-Ag NPs, some minor peaks in the spec-
trum are because of unknown impurities.

Figure 4. SEM images and EDAX analysis of Au-
Ag NPs. In both (a) and (b), (i-ii) represent SEM im-
ages and (iii) represents EDAX spectrum
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Figure 5. TEM images and SAED pattern of Au-Ag NPs synthesized using Leaf extract. Here,
(i-vii) represent TEM images (100 nm-5 nm) taken at different magnifications and (viii) represents

SEAD pattern

3.6. TEM Morphology Analysis

The morphology and shape of the bimetallic Au-Ag
NPs were obtained from the HR-TEM images. Fig. 5
shows the TEM images of Au-Ag NPs synthesized
using Simarouba glauca leaf extract. The TEM
images exhibited various fascinating shapes like
oval, pentagonal, square, and spherical. However,
the spherical are visible, as shown in Fig. 5(i-vii).
The morphology of bimetallic NPs can be precisely
observed at higher magnifications. The particles are
predominantly spherical, and aggregation leads to

(0]

a limited formation of pentagonal and irregularly
shaped structures. The particles in Fig. 5(v) show
an uneven distribution of particles, suggesting het-
erogeneous electron density within the volume of
particles with an average size of 25 nm representing
alloy formation. These results proportionate well
with the results obtained from the UV-UV-visible
absorption study (Udupa et al., 2021). Fig. 6 shows
TEM images of Au-Ag NPs synthesized using Si-
marouba glauca bark extract. TEM images exhib-
ited various shapes such as spherical, square, and
irregular.

Figure 6. TEM images and SAED pattern of Au-Ag NPs synthesized using Bark
extract. Here, (i-vii) represent TEM images (100 nm-5 nm) taken at different magnifica-
tions and (viii) represents SEAD pattern
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3.7. Antibacterial Activity

The antibacterial activity of Au-Ag NPs synthesized
using Simarouba glauca leaf and bark extracts was
tested against three gram-positive bacteria such
as B. subtilis, S. aureus, and S. mutans, and three
gram-negative bacteria such as E. coli, P. vulgaris,
and K. pneumoniae. The zone of inhibition against
all the test bacteria is presented in Table 1. Three dif-
ferent concentrations of 10, 20, and 30 pL of Au-Ag
NPs solution were used to test the antibacterial ac-
tivity. Fig. 7 shows the zone of inhibition against
different bacteria by leaf extract. The Au-Ag NPs
synthesized using 4 mL were tested against these
bacteria for antibacterial activity. Three different
concentrations of Au-Ag NPs (10, 20, and 30 pl)
were tested. Among the test bacteria S. aureus (22
mm), S. mutans (20 mm), and Escherichia coli (22
mm) showed higher zones of inhibition as com-
pared with other bacteria (Table 2). Fig. 8 shows the
zone of inhibition against different bacteria by bark
extract. The nano-sized Au-Ag NPs easily penetrate
the cell walls of the bacteria and inhibit their growth.
The positively charged Au and Ag NPs easily get
attached to the negatively charged cell wall surface
of bacteria. The Au-Ag NPs get attracted and enter
easily into the cell wall and release ions into the bac-
teria to inhibit growth. Then, it produces toxicity to
the nucleus of the bacteria, which causes cell death.
The decrease in the size of the Au-Ag NPs increases
bacterial growth inhibition by freezing the activity
of the bacteria. The size and shape of the particles
greatly influence the antibacterial activity compared
to other morphologies.

®
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Figure 7. Antibacterial activity of Simarouba glauca
leaf extract stabilized Au-Ag NPs. (A) Staphylococ-
cus aureus, (B) Streptococcus mutans, (C) Bacillus
subtilis, (D) Escherichia coli, (E) Proteus vulgaris,
and Klebsiella pneumoniae

Table 1. Antibacterial activity of Au-Ag NPs synthesized using Leaf extract of Simarouba glauca

Zone of inhibition (mm) Standard (Amoxicillin)
S.No | Bacteria 10 ul | 20 pl 30 ul 5 ul
1 Staphylococcus aureus 5 14 18 20
2 Streptococcus mutans 5 13 17 20
3 Bacillus subtilis 5 10 15 18
4 Escherichia coli 5 16 22 24
5 Proteus vulgaris 5 16 21 24
6 Klebsiella pnemoniae 5 16 19 23
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Table 2. Antibacterial activity of Au-Ag NPs synthesized using Bark extract of Simarouba

glauca
Zone of inhibition (mm)
Standard
S.No | Bacteria 10 pl 20 pl 30 pl (Amoxicillin)
1 Staphylococcus aureus 5 18 22 26
2 Streptococcus mutans 5 16 20 24
3 Bacillus subtilis 5 15 18 22
4 Escherichia coli 5 18 22 26
5 Proteus vulgaris 5 16 19 22
6 Klebsiella pnemoniae 5 15 18 22

Figure 8. Antibacterial activity of Simarouba glauca
bark extract stabilized Au-Ag NPs. (A) Staphylococ-
cus aureus, (B) Streptococcus mutans, (C) Bacillus
subtilis, (D) Escherichia coli, (E) Proteus vulgaris,
and Klebsiella pneumoniae

3.8. Comparison

To understand the capacity of effective reducing
capacity, Au-Ag NPs synthesized using leaf was
compared with Au-Ag NPs with bark extract. The
properties of Au-Ag NPs synthesized using leaf
and bark extracts are compared and presented in
Table 3. However, small differences were found be-
tween them. This variation may be due to the strength
of biomolecules present in the leaf extract of Sima-
rouba glauca. The GC-MS analysis of Simarouba
glauca leaf and bark extracts reported to have many
phytochemicals such as flavone, oleic acid, phy-
tol, flavones, alkaloids, flavonoids, and other phe-
nolic compounds (Takci et al., 2023; Thangamani
and Bhuvaneshwari, 2019). The above-mentioned
phytochemicals found in the leaf and bark extract
might be responsible for reducing Au and Ag ions
into Au-Ag bimetallic nanoparticles.

Table 3. Comparison of Au-Ag NPs synthesized using extract of Simarouba glauca

S. No | Parameter Au-Ag NPs Au-Ag NPs
1 Plant parts Leaf Bark
Silver nitrate/Auric
2 chloride 1:01 1:01
3 UV absorption 540 nm 543 nm
4 XRD pattern Fcc Fcc
5 Average size 24 nm 29 nm
6 EDAX analysis Au: 63.22%; Ag: 36.78% Au: 79.79%; Ag: 29.21%
7 TEM morphology igrlfi;e; r;[trli;r;illférlzs;tagonal, and ;;]E?crleéstriangle, and limited spherical
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4. CONCLUSION

In this work, an aqueous extract of Simarouba
glauca’s leaves and bark was used as a utilized as
a reducing agent for the synthesis of Au-Ag NP. It
is thought that the phytochemicals in the extract are
stabilizing the bimetallic Au-Ag NPs. Water-solu-
ble biomolecules may help the bioreduction of gold
and silver ions to produce Au-Ag NPs. The syn-
thesis of bimetallic Au-Ag NPs was demonstrated
by spectral characterization and morphological
analysis. At A__ 540 and 543 nm. the UV-visible
spectrum confirmed the formation of Au-Ag NPs
through the SPR band. The SEM analysis revealed
the spherical particle size of the synthesized bime-
tallic NPs. FTIR study confirmed the presence of
the functional groups. It was discovered that the
Au-Ag NPs had an average size range of 25-29
nm and were primarily spherical. When it comes
to bacteria S. aureus, S. mutans, B. subtilis, E. coli,
P. vulgaris, and K. pneumoniae, the Au-Ag NPs
showed a larger zone of inhibition. Therefore, these
Au-Ag NPs can be used for the development of an-
tibacterial agents.
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