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ABSTRACT

Utilizing plant extracts in the green synthesis of bimetallic nanoalloys receives more attention due to its eco-
friendly, cheap, single-step, easy-handling method, producing highly active and biocompatible nanoalloys.
Therefore, the aqueous extract of ginger rhizome was used to form bimetallic gold/silver (Au/Ag) nanoalloys.
There were 37.3 mg.g~" of total soluble carbs, 0.75 mg.g~" of proteins, and 0.03 mg.g~* of phenolic compounds
quantified in ginger rhizome. The production of BAu/Ag-NPs relies on these components. The as-formed BAu/Ag-
NPs were characterized using UV-Vis spectroscopy. The results showed that the peak surface plasmon resonance
(SPR) occurred between 440 and 545 nm. The existence of several functional groups involved in the reduction
and stability of the generated nanoalloys was shown by Fourier-transform infrared (FT-IR). The nanoalloys, with
an average size of 49.1 + 16.2 nm, were observed to be spherical using transmission electron microscopy (TEM).
Energy-dispersive X-ray (EDX) indicated that the synthesized nanoalloy mainly consisted of Au and Ag ions,
which made up (31.2 % and 47.1 %) and (45.9 % and 28.6 %) of the sample’s atomic and weight percentages,
respectively. The crystallography of the nanoalloys was confirmed using XRD analysis. When examined for their
capacity to suppress viral replication, the synthesized nanoalloys showed remarkable results, with 78.2 % in-
hibition against HAV and 69.6 % against Cox-B4. In addition, the anticancer activity of nanoalloys against oral
epithelial cells (OEC), MCF7 adenocarcinoma cells, and HepG2 hepatocarcinoma cells was investigated using the
MTT assay method. While the nanoalloys exhibited moderate toxicity towards normal OEC (IC50: 502.5 + 2.8 g.
mL™), they showed substantial cytotoxicity towards cancer cells, MCF7 and HepG2, with IC50 values of 212.6
+ 4.4 and 117.9 + 6.6 pg.mL™}, respectively. According to these data, BAu/Ag nanoalloys show potential as
antiviral and anticancer drugs that selectively kill cancer cells.

1. Introduction

intensive procedures. Conventional nanoparticle production methods
pose risks to the surrounding environment and the people working on

Rapid developments in nanotechnology have broad ramifications for
fields as diverse as electronics and medicine (Malik et al., 2023). Among
the myriad of nanoparticles that have emerged, bimetallic gold (Au)/
silver (Ag) nanoalloys are all the rage now because of their unique and
synergistic properties originating from the combination of Au and Ag
(Makada et al., 2023). Because of their unique properties, they inte-
grated into various fields like biomedicine and beyond. Traditional
chemical and physical methods for producing nanomaterials necessitate
using toxic chemicals, significant amounts of energy, and labor-
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the project (Nassar et al., 2023). Exploring green and sustainable syn-
thesis pathways has emerged as a significant research direction to solve
these issues (Khademi-Azandehi and Moghaddam, 2015). Eco-friendly
manufacturing of bimetallic Au/Ag nanoalloys is possible using plant
and microbial extracts to act as dual functions, bio-reducing, and
capping agents (Hamza et al., 2022, Singh et al., 2022).

Ginger (Zingiber officinale), a well-known medicinal plant with a rich
phytochemical composition, has brought widespread notice as a spice
and herbal treatment. Flavonoids, phenolic compounds, and terpenoids
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are only some of their bioactive components (Mao et al., 2019). Ginger
extract is a promising material for NP synthesis because it contains
chemicals with strong reducing properties, such as gingerol and zin-
gerone (Hu et al., 2022). This research uses ginger extract’s reducing
ability to speed up bimetallic Au/Ag nanoparticle synthesis. Benefits
such as reduced environmental impact and the absence of dangerous
chemicals are just the tip of the iceberg for this biogenic synthesis
method, which serves as a paradigm for green chemistry. The formation
of nanoparticles by metal ion reduction starts with the interaction of
metal ions with different active molecules in the ginger extract (Eid
et al., 2023).

Bimetallic nanoalloys, consisting of two or more metals, can exhibit a
wide variety of characteristics not seen in monometallic nanoparticles.
In the case of Au and Ag, combining their distinct properties produces a
synergistic amalgam with augmented functions. The remarkable cata-
lytic performance of Au/Ag nanoalloys stands out most prominently.
When combined, Au and Ag have synergistic effects that boost catalytic
activity in processes like organic molecules’ oxidation-reduction and
contaminants’ oxidation. Environmental restoration and sewage treat-
ment are just two examples of the many important uses for these cata-
lytic characteristics (Wang et al., 2019). Also, photothermal treatment
(PTT) has shown promising results using bimetallic Au/Ag nanoalloys.
PTT is a method for treating cancer in which near-infrared (NIR) light is
used to cause nanoparticles to generate heat. This process produces
localized hyperthermia and can be used to ablate cancer cells success-
fully. Au/Ag nanoalloys are promising candidates for PTT applications
due to their exceptional optical characteristics (Han and Choi, 2021). In
addition to their applications in diagnostics and therapy, bimetallic Au/
Ag nanoalloys have demonstrated synergistic antibacterial properties.
They are highly efficient against many types of bacteria, including those
that have developed resistance to antibiotics. Advanced wound dress-
ings, coatings for medical devices, and tailored antibacterial medicines
all require this quality (Rabiee et al., 2022). We expect the creation of
cutting-edge biomedical applications that fully utilize the benefits of
bimetallic Au/Ag nanoalloys to advance human health as research in
this area continues to grow.

The novelty of the above data lies in the biosynthesis and charac-
terization of Ag/Au nanoalloys using a novel surface modification
technique or composition. Despite the previous reports on the anti-
cancer/antibacterial activity of Ag/Au nanoalloys, this study introduces
a cost-effective, eco-friendly, and biocompatible approach to enhance
the biological activities of the nanoalloys. This could include innovative
synthesis methods using plant extracts integrated into novel biomedical
applications. By elucidating the specific advancements or modifications
made in the synthesis and characterization processes, the current
investigation demonstrates how this work extends beyond existing
literature and contributes to the field’s advancement, thereby high-
lighting the novelty of the reported findings.

Therefore, this investigation uses ginger extract as an eco-friendly
and sustainable technique for manufacturing bimetallic Au/Ag nano-
alloys. UV-Vis spectroscopy, Transmission electron microscopy (TEM),
Fourier-transform infrared (FT-IR), X-ray diffraction (XRD), and Energy-
dispersive X-ray spectroscopy (EDX) were used to rigorously charac-
terize the morphological and structural/compositional characteristics of
the synthesized nanoparticles. It also explores the possible medical ap-
plications of nanoalloys, including antiviral and anticancer activity, and
their many unique characteristics.

2. Materials and methods
2.1. Materials

Chloroauric acid (HAuCls, 99 %) and silver nitrate (AgNOs, 98 %)
were purchased from Sigma Aldrich in Darmstadt, Germany to be uti-

lized as metal precursors. All components used in the culture media were
obtained from Sigma Aldrich in Cairo, Egypt. The cancer, normal cell
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lines, and viral strains utilized in this study were obtained from the
Holding Company for Biological Products and Vaccines (VACSERA),
Cairo, Egypt. All the reactions were conducted using distilled water
(dH20).

2.2. Detection of secondary metabolites in the ginger rhizome (Zingiber
officinale)

The contents of ginger rhizome aqueous extract from total carbo-
hydrates, proteins, and phenols were analyzed. These metabolites play
an important role in the formation of bimetallic nanoparticles. The total
soluble carbohydrate content in the ginger rhizome was measured based
on the method of Umbriet et al. (Umbreit and Stauffer, 1957). In
contrast, the soluble protein contents were detected according to the
lowery method. On the other hand, the total phenols were estimated
using the spectroscopic method, according to Annisworth and Gillespie
(Ainsworth and Gillespie, 2007).

2.3. Biosynthesis of bimetallic Au/Ag nanoalloy (BAu/Ag-NPs) using
Zingiber officinale

Ginger rhizome (Zingiber officinale) was obtained from a local
Egyptian supermarket. Three separate washes in running water were
used to remove any adhering traces of dirt or dust from the surface.
Then, we added 100 mL of dH20 to 10 g of rhizome cut into smaller
pieces. For 60 min, this mixture was kept at 100 rpm, and 60 °C.
Following a 10-minute centrifuge at 1,000 rpm, the resultant superna-
tant was collected for a green synthesis of Au/Ag nanoalloys.

Biosynthesized BAu/Ag-NPs were achieved with a ratio of 1: 1 as
follows: 40 mL of HAuCl, stock solution (1 mM) was introduced into 20
mL of collected plant aqueous extract, followed by stirring the mixture at
60 °C for 60 min. The final concentration for the bimetallic Au/Ag
nanoalloy (1 mM) was achieved by adding 40 mL of a one mM AgNOs
stock solution dropwise to the prior mixture. The pH of the solution (8.0)
was adjusted using 1 M NaOH solution. Changing the plant aqueous
extract from pale yellow to reddish-purple indicates the formation of
BAu/Ag-NPs after 60 min. The obtained solution was kept overnight at
room temperature to confirm complete metal reduction as indicated by a
stable color. After that, the formed BAu/Ag-NPs colloidal solution was
oven-dried (200 °C for 6 h). For more purification, the residue was
washed twice with dH5O before collection (Salem et al., 2020).

2.4. Characterization

The color shift is the first indicator that the green synthesis of BAu/
Ag-NPs utilizing the ginger extract was effective. Hence, the solution
absorbance was measured at 200-800 nm to determine the strength of
the reddish-purple using JENWAY 6305 Spectrophotometer (Stafford-
shire, UK). The analysis was performed by adding two milliliters of the
newly synthesized solution to a quartz cuvette and recording spectral
readings at regular time intervals to determine the maximum SPR point.
The functional groups present in the ginger extract having a role in the
formation of BAu/Ag-NPs were explored using Agilent FT-IR (Cary 630
model) spectroscopy at the range of wavenumbers of 400-4000 cm ™’
Moreover, TEM and EDX analyses were conducted to investigate the
shape, size, and complementary mapping of BAu/Ag-NPs. These ana-
lyses were conducted using a JEOL 1010 TEM and JEOL JSM-6360LA
EDX (JEOL, Japan). Before sample preparation, the noncolloidal
aqueous suspension underwent sonication for several minutes. Sample
preparation involved depositing a drop of the primary sample onto a
copper grid coated with a perforated carbon film, which subsequently
underwent drying at 80 °C to a 6 h in an oven (Amin et al., 2021). The
synthesized BAu/Ag-NPs crystallinity was explored through XRD using
an X’Pert PRO instrument (Philips, Eindhoven, Netherlands) at a 20
range of 10°-80°. Scanning was conducted at 40 kV (voltage) and 30 mA
(current) using a Cu Ka X-ray source. The average size was determined
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using Scherrer’s equation.

K4

- pcosf M

whereas D, is the average crystallite size; K, is the Scherrer constant
(0.94); 1, is the source of X-ray wavelength that is equal to 1.54; B, is half
of the maximum intensity; and 0, is Bragg’s diffraction angle.

2.5. Antiviral activity

2.5.1. Detect the cytotoxic efficacy of BAu/Ag-NPs on Vero cells by MTT
assay method

The Vero cells (normal cells as host cells) were used to determine the
maximum non-toxic concentration (MNTC) of the green synthesized
BAu/Ag-NPs through implementation into a 96-well plate. In this
method, the Vero cells at a concentration of 10* cells/well in 100 uL of
growth media were incubated at 37°C for 24 h in a CO, incubator (5 %)
till forming a confluent Vero cells sheet. After that, the growth media
was removed, and the attached Vero cells with double-fold BAu/Ag-NPs
concentrations were 1000 to 31.25 pgmL’l. DMSO was used as a sol-
vent, and the test was conducted in triplicate for each concentration. The
positive control was represented as cells without any treatment. The
plates containing cells and nanoparticles were incubated at 37°C for 48 h
in a CO; incubator (5 %). At the end of the incubation period, the plates
were checked for any harmful signs such as monolayer disruption, cell
granulation, rounding, and shrinking by an inverted microscope. To
each well, 20 uL of MTT solution (5 mg mL ™! in phosphate buffer) was
added, mixed by shaking at 150 rpm for 5 min, and then incubated at 37
°C for 5 h in a CO4 incubator. After that, the well content was discarded,
and 200 pL. DMSO was added to dissolve the formed formazan crystals
(MTT metabolic product) in each well. The optical density (OD) was
measured at 570 nm by ELIZA microplate readers.

Cell viability was calculated as follows:

Cell viability (%) = % x 100 (2)

c

whereas A is the treatment absorbance; and A, is the control absor-
bance. Whereas the cell toxicity was calculated as the following:

Cell toxicity (%) = cell viability — 100 3)

The toxicity (%) and the concentrations of BAu/Ag-NPs were
graphed, with toxicity percentages on the Y-axis and BAu/Ag-NPs con-
centrations on the X-axis. This graph allowed the determination of the
MNTC (the nanoparticle concentration that maintains the cell viability
of host cells, such as Vero cells, without significant difference compared
to control) for assessing antiviral activity. Additionally, the CC50 (the
concentration of the nanoalloy inhibiting 50 % of the growth of Vero
cells compared to untreated cells) was calculated using regression
analysis.

2.5.2. Antiviral assay

The antiviral effect of BAu/Ag-NPs alloy was investigated using
hepatitis A virus (HAV) and Coxsackie B virus (Cox-B4). At first, the Vero
cells (host cells) were cultivated as mentioned above till forming a
confluent sheet. At the same time, the viral suspension was incubated
with non-toxic nanoparticle concentration (1:1, v/v) for one hour at 35
+ 2 °C. After that, 100 pL of the last mixture (viruses and BAu/Ag-NPs)
was added to each well. The control (non-infected cells) was represented
as the three wells containing only Vero cells. The plates were mixed well
by shaking at 150 rpm for five minutes before being incubated overnight
at 37°C in 5 % CO2. The assessment of viability in both control and
infected Vero cells involved the quantification of formazan crystal
absorbance following the addition of MTT solution, as described earlier.
Antiviral activity was determined by evaluating the disparity between
the optical density values of the viability of the control group and

Journal of King Saud University - Science 36 (2024) 103243

infected cells (Abdel-Rahman et al., 2024).

2.6. Anticancer assay

In-vitro cytotoxicity testing of BAu/Ag-NPs alloy biosynthesized
using ginger aqueous extract was performed on OEC (normal oral
epithelial cell), MCF7 (adenocarcinoma), and HepG2 (hepatocellular
carcinoma) cell lines using the MTT assay. After incubation CO; incu-
bator (5 %) for 24 h at 37 °C, the cells were harvested from the tissue
culture plates. After forming monolayers, the cells were rinsed twice
with a washing solution, then exposed to BAu/Ag-NPs at concentrations
31.25-1000 ug mL~" for 48 h; three wells served as controls (without
nanoparticles treatment). The incubation media was removed, and 5 mg
mL ™! of MTT solution (dissolved in phosphate-buffered saline PBS) was
added to each well and mixed for 5 min. The plates were then incubated
for another four hours at 37 °C with aluminum foil covering them. The
MTT solutions were drained after incubation to dissolve the formazan
crystals, and then 100 pL of DMSO (10 %) was added. After 30 min of
shaking in the dark, the plate’s absorbance was measured at 570 nm
using an ELISA reader (Ghasemi et al., 2021). The cell viability (%) was
calculated using the formula 2 mentioned above in subsection “2.5.1.”.

2.7. Statistical analysis

The collected data underwent statistical analysis using SPSS version
18 (SPSS Inc., Chicago, IL, USA). The initial step involved an analysis of
variance (ANOVA) for comparing multiple samples, followed by Tukey’s
multiple comparison test.

3. Results and discussion
3.1. BAu/Ag-nanoalloy synthesis and ginger aqueous-extract analysis

In comparison to alternative biological synthesis methods involving
microbes, there are several advantages to synthesizing nanoalloys uti-
lizing plant extracts. This finding is due to cost-effectiveness, avoidance
of contaminants, faster method, single-step, handling safe, enhanced
nanoparticle stability due to massive metabolite secretion, suitability for
commercial production, eco-friendly approach, and low Lab re-
quirements for nanoparticle synthesis (Ghosh et al., 2023). In addition to
the primary function of plant secondary metabolites (i.e., phenols, car-
bohydrates, proteins, flavonoids, steroids, alkaloids, tannins, sugars, and
terpenoids) in the reduction and stabilizing nanoparticles, it can impart
additional functions such as antimicrobial and antiviral to the newly
synthesized materials. Therefore, this phenomenon can produce various
nanoparticles (either in a single form or as bimetallic) for biomedical
applications. The current study fabricated BAu/Ag nanoalloy using a
ginger rhizome extract. This fabrication is due to the activity of me-
tabolites in the ginger extract to reduce the HAuCl, and AgNOg and form
nanoalloys, followed by the capping and stabilization of the formed
nanoparticles.

Au-NPs and Ag-NPs were also synthesized using ginger aqueous
extract utilizing the activity of metabolites that act as reducing/capping
agents for as-prepared nanoparticles (Yadi et al., 2022). Also, Au-, Ag-,
and bimetallic Au/Ag-NPs were fabricated using leaf aqueous extract of
Piper pedicellatum (Tamuly et al., 2013). The authors reported that the
successful formation of these nanoparticles could be attributed to the
active metabolites that exist in plant aqueous extract in reduction-,
capping-, and stabilizing- nanomaterials. In this study, the ginger rhi-
zome’s main components (carbohydrates, proteins, and phenols) were
determined quantitively. The analysis showed that the rhizome of ginger
contained 37.3 mg.g™%, 0.75 mg.g~, and 0.03 mg.g ™! of total soluble
carbohydrates, total soluble proteins, and total phenolic compounds,
respectively.
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3.2. Characterization

3.2.1. Uv-vis spectroscopy

Shifting the plant’s aqueous extract color from pale yellow to
reddish-purple after mixing with HAuCl4 and AgNOs is considered the
first sign of BAu/Ag-NPs synthesis. This shifting confirmed the activity
of metabolites to form nanoscale structures by metal ions reduction. The
absorbance of the new color was measured at 200-800 nm to detect the
maximum SPR. Two maximum SPR were observed at wavelengths of
440 and 545 nm, which corresponded to Ag and Au absorbance,
respectively (Fig. 1). In a similar study, the Au-Ag nanoparticles (with 1:
1 ratio) that formed using leaf aqueous extract of Anacardium occi-
dentale showed absorbance bands at wavelengths of 502 and 413 nm,
which corresponded to the SPR of Au and Ag, respectively (Sheny et al.,
2011). In contrast, two peaks at 350 and 544 nm were observed in the
UV spectrum of Au-NPs synthesized by bacterial strain E.coli, whereas
one peak was observed at 360 nm for Au/Ag-NPs spectrum (Jiang et al.,
2019).

3.2.2. FT-IR spectroscopy

The biosynthesized BAu/Ag-NPs and the aqueous extract’s chemical
composition were determined using the FT-IR. Five individual peaks
were seen by the FT-IR chart of the plant extract at the following
wavenumbers: 3440, 2072, 1632, 1410, and 1047 em™!. When inter-
acting with bimetallic gold and silver to generate BAu/Ag-NPs, the po-
sitions of these peaks changed, and new peaks appeared (Fig. 2, Table 1).
Various groups related to different molecules, including proteins, amino
acids, amines, and polysaccharides, are present in the ginger extracts.
The observed peaks in FT-IR spectra at wavenumbers 3440, 1632, and
1410 cm ™! were shifted to 3421, 1619, and 1422 cm ™}, respectively.
The peak at 2072 em™? disappeared after the fabrication of BAu/Ag-NPs,
whereas new peaks at 2931, 1382, 878, 775, and 610 cm! appeared on
the FT-IR chart of nanoalloy. The results are consistent with various
studies on bimetallic nanoparticle fabrications using plant aqueous
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Fig. 2. FT-IR analysis of ginger aqueous extract and biosynthesized BAu/
Ag-NPs.

Table 1
Peaks of FT-IR analysis of plant aqueous extract and the biosynthesized BAu/Ag-
NPs.

Vibration Plant BAu/Ag References
aqueous nanoalloy
extract
Stretching OH/NH 3440 3421 (Hamza et al.,
overlapped 2022a)
Stretching CH of aliphatic 2931 (Fouda et al.,
hydrocarbons 2022a)
Aromatic compounds 2072 - (Khademi-

exhibited overlapping
with the v(C-O) vibration
The stretchingof C=0,C= 1632 619
N vibrations amides, and
N-H in primary amines
(overlapped)

Azandehi and
Moghaddam, 2015)
(Sheny et al.,, 2011)

ThesstretchingN-Hand O-H 1410 1422,1382  (Ghosh et al., 2023)
extract (Sheny et al., 2011). Appearance or disappearance and changes in secondary amines
in the position of their respective spectral bands demonstrate that these overlap with the binding
groups can reduce, capping, and stabilize the newly produced BAu/Ag- C-H )
NPs. The explanation of different peaks in FT-IR spectra is discussed in Stretching CN 1047 - ;%g;;le e
Table 1. Aromatic CH in-plane bend — 878 (Hamza et al.,
2022b)
3.2.3. Morphological and elemental analysis Bending CH of plane - 775, 610 (Coates, 2000)
TEM is an important tool for analyzing the shape/size of
2 -
m ul 440 nm
1.6 o
3 —
] ——
c 1.2 - '
©
0
o
o 0.8 -+ .
-Q |
< .
Control  BAu/Ag-NPs
0.4 -
545 nm
O ] ] | .
0 200 400 600 800
Wavelength (nm)

Fig. 1. The detection of maximum SPR of green synthesized BAu/Ag-NPs by UV-Vis spectroscopy, in addition to the digital photo for plant aqueous extract and

reddish purple color formed due to fabrication of BAu/Ag-NPs.
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nanoparticles in nanotechnology and materials science. In this context,
bimetallic Au/Ag nanoparticles were synthesized using a ginger aqueous
extract, and their size, shape, and distribution were analyzed using TEM.
Herein, the synthesized bimetallic nanoalloy exhibited spherical shapes
with a size range of 10-100 nm at an average size of 49.1 + 16.2 nm
(Fig. 3A and B). TEM analysis is crucial in investigating the BAu/Ag-NPs
size and shape. Firstly, it gives us a chance to examine the morphological
characteristics of nanoparticles, proving beyond a reasonable doubt that
they have a spherical shape. This is helpful because nanoparticle shapes
affect their characteristics and potential uses. For instance, spherical
nanoparticles are ideal for various applications due to their uniform
characteristics and low scattering, making them useful in fields as
diverse as catalysis, drug delivery, and imaging (Altammar, 2023). The
activity of nanoparticles to suppress the growth of P. aeruginosa, E. coli,
and S. aureus was shape-dependent, as reported previously (Cheon et al.,
2019). The authors found that spherical nanoparticles had the most
antibacterial activity compared to disc and triangle shapes.

Secondly, TEM gives accurate size data, and our results showed that
BAu/Ag-NPs of an average size of 49.1 + 16.2 nm. This data is crucial
because nanoparticle size can impact their optical, electrical, catalytic,
and biomedical properties. Therefore, it can modify the properties of
nanoparticles for particular uses by controlling their size due to their
direct effects on the diffusion and distribution of nanoparticles.
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Interestingly, the exponential rise in the surface area is associated with
the decrease in particle size. Therefore, smaller nanoparticles are more
reactive in biological environments. For instance, the sizes in the ranges
of 10 — 16 nm Au-NPs can be accumulated in the cytoplasm, whereas the
smaller sized (6 nm) can enter the nucleus. Hence, the authors
concluded that the smaller sizes were more toxic (Huo et al., 2014).

The TEM study also showed that the BAu/Ag-NPs were uniformly
scattered. Aggregation or agglomeration of nanoparticles can signifi-
cantly alter their behavior and function hence this finding is critical. In
many contexts, well-dispersed nanoparticles are more reliable and sta-
ble. Based on the above discussion, the spherical shape, well-defined size
range, and well-dispersed bimetallic Au/Ag-NPs synthesized with ginger
aqueous extract provide a promising foundation for further exploration
in areas such as medications, pharmaceuticals, biomedicals, catalysis,
drug delivery, and beyond.

Following TEM analysis, the elementary mapping of the bimetallic
Au/Ag-NPs was determined using EDX analysis. The obtained data
revealed that the as-formed sample predominantly contains Au and Ag
ions, as indicated by their percentages of weight (28.6 and 45.9 %) and
atomic (31.2 and 47.1 %), respectively (Fig. 3B). Specifically, the
presence of signals at bending energies of 1.8, 2.12, and 9.8 KeV cor-
responds to Au, whereas peaks at 2.9, 3.1, 3.3, and 3.5 KeV are char-
acteristics of Ag. Our results were compatible with previous studies

221 Mean =49.1 nm

|SD =16.2nm|

o

10 20 30 40 50 60 70 80 920
Diameter (nm)

C Element Weight (%) Atomic (%)
CK 15.7 18.6
Au K 28.6 31.2
Ag K 45.9 47.1
Au clK 9.8 3.1

Ll iy

1.40

240 340 440 540

KeV

640 740 §.40 940 10.40

Fig. 3. (A) Transmission electron microscopy analysis showed spherical shape, well-defined sizes, and well-arranged BAu/Ag nanoalloy, (B) Size distribution graph
based on the calculation of a wide range of sizes from TEM image, (C) Energy-dispersive X-ray (EDX) analysis reveals the chemical components of nanoalloy.
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dealing with the synthesis of Au/Ag-NPs using either plant or microbial
extracts and chemical methods (Sheny et al., 2011, Sahu et al., 2020).
The existence of C and Cl peaks may be related to the scattering of the
capping agent from the plant extract that coated nanoparticles for sta-
bilization (Fouda et al., 2023). EDX analysis is helpful because it con-
firms the presence and distribution of the desired metals inside the
bimetallic structure by revealing insights into the elemental composition
of a nanostructure. Knowing the NP’s elemental composition is essential
for designing materials with the appropriate qualities and determining
which ones may be used in a particular application.

3.2.4. XRD analysis

The XRD was utilized to analyze the crystallinity structure of BAu/Ag
nanoalloys. As shown, the XRD chart of BAu/Ag-NPs showed five
intense reflection peaks at 26° of 38.2°, 44.3°, 64.3°, 77.3°, and 85.6°,
which signify the Bragg diffraction of (111), (200), (220), (311), and
(222) respectively (Fig. 4). In a recent investigation, the XRD of
monometallic Au-NPs formed by ginger aqueous extract showed four
reflection signals at Bragg diffraction of (111), (200), 220), and (311)
related to planes of 38.2°, 44.5°, 64.8°, and 77.7° respectively (Fouda
et al., 2022). These data confirmed the face-centered cubic (FCC)
structure of BAu/Ag-NPs, as shown in monometallic Au-NPs. The ob-
tained data are similar to the results of Gupta et al. (Gupta et al., 2020).
The authors successfully synthesized monometallic (Au-NPs, Ag-NPs),
and bimetallic (Au/Ag) nanoalloys using an aqueous extract of Mor-
inga oleifera leaves. In the XRD analysis of the obtained nanoparticles,
they observed distinct diffraction peaks at specific angles: (38.2°, 46.2°,
64.6°, and 77.3°) for Ag (38.22°, 44.38°, 64.89°, 77.49°, and 81.81°) for
Au, and (38.18°, 46.29°, 64.71°, 76.69°, and 85.68°) for bimetallic Au/
Ag-NPs. These peaks corresponded to specific crystallographic planes,
including (111), (200), (220), (311), and (222). Notably, these peaks
in bimetallic Au/Ag-NPs confirmed their crystalline structure. This
confirmation was based on the observation that the bimetallic nano-
particles exhibited the same peaks as those in monometallic Ag and Au-
NPs. Similarly, the XRD pattern of Au-NPs revealed distinct peaks at four
specific angles with 26° of 38.2°, 44.5°, 64.7°, and 77.8°, corresponding
to crystallographic planes (111), (200), (220), and (31 1), respectively.
Interestingly, the fabricated bimetallic Au/Ag-NPs exhibited identical
planes with diffraction peaks at 38.1°, 44.3°, 64.5°, and 77.3°. This
observation confirmed that both the monometallic and bimetallic
nanoparticles possessed an FCC crystal structure (Berahim et al., 2018).
From the XRD pattern, the average crystallite size of BAu/Ag nanoalloys
was determined to be 39 nm using Scherrer’s equation.
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3.3. Antiviral activity

The cytotoxicity effect of synthesized BAu/Ag-NPs on Vero normal
cells was achieved before assessing their antiviral activity. The goal was
to ensure that the BAu/Ag-NPs had antiviral effects against viruses while
simultaneously causing the minor damage possible to the host cells. The
cytotoxicity of the BAu/Ag-nanoalloy-treated Vero cells was deter-
mined, and the half cytotoxic concentration (CCsg) was about 207.74 ng.
mL™L. The cytotoxicity manifested as a reduced cellular growth rate,
leading to cell rounding, surface detachment, and clumping. When the
BAu/Ag-NPs concentration decreased to 125 pg.mL’l, no toxicity was
observed in Vero cells (Fig. 5). This concentration was consequently
considered as the maximum non-toxic concentration (MNTC) for eval-
uating their antiviral activity.

The results showed an increased Vero cell viability treated with HAV
and Cox-B4 from 47.13 % and 37.3 % to 88.5 % and 80.9 %, respec-
tively, after being treated with BAu/Ag-NPs (Table 2). The results
showed that the phytosynthesized nanoalloy Au/Ag has antiviral ac-
tivity with percentages of 78.2 % and 69.6 % for HAV and Cox-B4,
respectively (Table 2).

The multifaceted antiviral effects of BAu/Ag-NPs synthesized from
ginger rhizome aqueous extract against HAV and Cox-B4 are due to
varied mechanisms, including their ability to prevent viral attachment
and entry, interfere with viral replication, induce oxidative stress,
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Fig. 5. Toxicity assessment of the biofabricated BAu/Ag-NPs against normal
Vero cell lines.
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Table 2
Antiviral assessment for the sublethal concentration of BAu/Ag-NPs at the
MNTC of 125 pg.mL ! against HAV and Cox-B4 viruses.

Treatment Cell Cell Viral Antiviral
viability toxicity activity effect
Control (Vero normal 100 + 0.0 0 0 0
cell) %
Vero cell + HAV 47.13 £ 52.9+0.8 100+ 0.0 0
0.4 % %
Vero cell + HAV + 88.5+0.5 115+ 21.8 + 78.2 + 0.8

BAu/Ag-NPs % 0.6 % 1.5% %

Vero cell + Cox-B4 37.3+0.5 62.7 + 100 + 0.0 0
% 1.1 % %
Vero cell + Cox-B4 + 80.9 £ 0.6 19.1 + 30.4 + 69.6 + 0.6
BAu/Ag-NPs % 0.6 % 1.2% %

modulate the host immune response, prevent apoptosis, reduce viral
load, and possibly benefit from synergy between gold and silver com-
ponents. BAu/Ag-NPs can prevent virus attachment to host cells by
interacting with the viral envelope or surface proteins. This block is due
to the ability of viruses like HAV and Cox-B4 to enter host cells by
interacting with receptors on the cell membrane. To make more virus
particles, viruses must multiply inside the host cell. Bimetallic nano-
particles have been shown to disrupt the viral replication process in
many steps. They could interfere with replication by damaging viral
RNA or DNA or blocking viral enzymes vital to the replication process
(Louten, 2016).

Moreover, the infected cells may produce reactive oxygen species
(ROS) against bimetallic NPs. Damage to viral DNA, proteins, and lipid
membranes can result from elevated amounts of ROS. The virus’ ability
to replicate and infect cells can be compromised by oxidative damage.
Au/Ag-NPs may also modulate the host immune response. They can
enhance the host’s ability to recognize and respond to viral infections by
stimulating the production of immune cells and molecules, such as in-
terferons and proinflammatory cytokines. This heightened immune
response aids in the elimination of infected cells and controls viral
spread. To escape from infected cells, viruses frequently trigger their
death through apoptosis. By preventing the activation of apoptotic
pathways, bimetallic nanoparticles can suppress apoptosis. As a result,
infected cells are spared death, giving the immune system additional
time to eradicate the pathogen. Also, the coating of the surface of the
bimetallic nanoparticles by active compounds from ginger extract can
enhance their stability and biocompatibility, ensuring efficient delivery
to the target cells. Finally, synergistic actions between the Au and Ag in
the fabricated bimetallic NPs may increase their potency against viruses.
Gold’s presence can increase stability and improve interaction with
biomolecules in silver nanoparticles (Rabiee et al., 2022). These multi-
faceted mechanisms collectively contribute to the antiviral properties of
BAu/Ag-NPs.

3.4. Anticancer

An important step forward in medicine is the introduction of nano-
particles, particularly in diagnosing and treating cancer. Nanoparticles
can revolutionize cancer treatment due to the unique properties of
nanoparticles compared to bulk (precursor) materials. Their size allows
them to precisely target cancer cells without harming healthy tissue.
With this tailored strategy, cancer therapies like chemotherapy and ra-
diation cause much less collateral harm and side effects. Nanoparticles
can also deliver drugs directly to cancer cells, improving bioavailability
and efficacy. The increased surface area/volume ratio allows medication
loading and regulated release for sustained therapeutic impact. Diag-
nostic and therapeutic skills merge to create a new age in customized
medicine, enabling tailored treatment regimens and better patient
results.

The MTT assay is essential in cancer research for quickly evaluating
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cell toxicity, including the effects of nanoparticles. It helps find the best
nanoparticle concentrations for treatment while minimizing side effects.
Herein, the effect of biosynthesized BAu/Ag-NPs against oral normal
epithelial cell lines (OEC), adenocarcinoma cell lines (MCF7), and
hepatocarcinoma cell lines (HepG2) was investigated using MTT assay
method (Fig. 6). Data analysis reveals the cytotoxicity of bimetallic
nanoalloy against normal and cancer cells was concentrations-
dependent. This result was compatible with studies dealing with the
in-vitro cytotoxic effect of nanoparticles against different cell lines
(Gupta et al., 2020, Fouda et al., 2022). As shown, the cell lines (MCF7,
HepG2, and OEC) lost about 96 %, 95 %, and 46 % of their viability,
respectively, after being treated with 500 ug.mL™! of BAu/Ag-NPs
(Fig. 6). In a recent study, the viability of the same cancer and normal
cells, MCF7, HepG2, and OEC, were decreased with percentages of 70 %,
94 %, and 50 %, respectively, after treatment with 500 pg.mL™' of
monometallic Au-NPs fabricated by ginger rhizome extract (Fouda et al.,
2022b). This indicated that the anticancer activity of the BAu/Ag-
nanoalloy was more active compared to monometallic NPs. At 250 ng.
mL~, cancer and normal cell lines viability were recovered at 39.5 +
0.7 %, 22.5 + 0.7 %, and 99.5 + 1.4 % for MCF7, HepG2, and OEC,
respectively (Fig. 6). This indicated that HepG2 hepatocarcinoma cells
are a more amenable target for BAu/Ag-NPs generated using ginger
rhizome-mediated techniques than MCF7 adenocarcinoma cells. More-
over, at 250 ug-mL ™! and below, the negative impact of nanoalloy on
normal oral epithelial cells was minimal or neglected.

Half-maximal inhibitory concentration (ICsgp) of BAu/Ag-NPs is
crucial for assessing their efficacy, safety, and potential as therapeutic
agents. This data plays a pivotal role in precision medicine, quality
control, regulatory compliance, and the development of innovative NP-
based treatments. In this study, the ICsg of phytosynthesized BAu/Ag-
NPs was 502.5 + 2.8, 212.6 + 4.4, and 117.9 + 6.6 pg mL~! for
normal OEC, cancerous MCF7, and HepG2 respectively. In a similar
study, the IC50 values of monometallic (Ag- and AU-) and bimetallic
(Au/Ag)- NPs fabricated by Moringa oleifera aqueous leaves-extract were
(92.2 + 2.2, 19.02 + 4.5, and 37.2 + 2.6 pg~mL71), (128.3 £ 1.8, 21.5
4+ 1.4, and 49.9 + 0.2 pg.mL’l), and (821.01 £ 2.8,9.2 4+ 0.9, and 45.6
+ 0.2 pg.mL™Y) for HepG2, MDA-MB-231, and MCF7, respectively
(Gupta et al., 2020). The variation in the cytotoxic efficacy of mono and
bimetallic nanoparticles could be attributed to the synthesis approach
either using plant extract, microbial extract, chemical, or physical
methods. The low cytotoxicity of ginger-mediated BAu/Ag-NPs on
normal cell lines compared to the high toxicity toward cancer cell lines
like HepG2 and MCF7 can be attributed to a selective targeting of cancer
cells. This selectivity may be explained by several variables, such as how
cancer and normal cells absorb substances differently, how those sub-
stances are processed inside cells, and how sensitive they are to cyto-
toxic effects. Besides that, the physico-chemical properties of the NPs,
such as size, shape, and surface functionalization contributed to their
preferential targeting of cancer cells while sparing normal cells.

The anticancer property of bimetallic nanoparticles depends on the
nature, concentrations, and synergistic effects of the metals in their
composition. Herein, the combination of Au and Ag may result in syn-
ergistic effects that improve and enhance their anticancer activity,
especially in cases where both Au and Ag have high cytotoxic effects.
The effect of bimetallic Ag/Au nanoalloy on the lung carcinoma cells
exhibiting the interaction of the metals could be attributed to the to-
pological distribution of metals within the bimetallic nanoparticles
(Shmarakov et al., 2017). Moreover, the cytotoxicity of BAu/Ag-NPs
could be due to the varied cellular uptake between cancer and normal
cells. In most cases, cancer cells have a high endocytosis rate and, hence,
are more susceptible to nanoparticle uptake.

The potential anticancer mechanism for nanoparticles, notably Ag
and Au, could be related to the oxidative stress induced by the genera-
tion of ROS upon the entrance of nanoparticles into the cells and reac-
tion with biological macromolecules. The increased ROS damages
cellular components (e.g. proteins, nucleic acids, lipids, mitochondria,
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Fig. 6. In-vitro cytotoxicity of the phytosynthesized BAu/Ag-NPs against normal (OEC) and cancer cell lines (HepG2 and MCF?7).

and other essential micro- and macromolecules), ultimately leading to
cell death. In addition, the NPs might interfere with signaling pathways
needed for the survival and proliferation of cancer cells. The NPs can
inhibit the enzymes and proteins regulating cellular processes for cancer
cell growth and survival. Another anticancer mechanism of nano-
particles is apoptosis, defined as programmed cell death. This mecha-
nism is essential to turnover and eliminate the damaged or abnormal
cells, including cancer cells. Some nanoparticles, including Ag and Au,
can induce cancer cell death by inhibiting the anti-apoptotic proteins or
activating apoptotic pathways (Pistritto et al., 2016). Also, endocytosis
is a mechanism used to uptake nanoparticles inside the cells, leading to
their accumulation within different cellular components. As a result, the
nanoparticles interact with various organelles, leading to dysfunction
and elevate the cytotoxic effects (Ibrahim et al., 2022). Finally, some
nanoparticles have an immunomodulatory character that affects the
immune response toward cancer cells, leading to the suppression or
elimination of these abnormal cells.

4. Conclusion

In the current investigation, the aqueous extract of ginger rhizome
was used for the biofabrication of bimetallic Au/Ag-NPs. Using
comprehensive characterization tools, including UV-Vis, FT-IR, TEM,
EDX, and XRD analyses, we confirm a spherical shape with an average
size of 49.1 nm and crystalline nanoalloys. Moreover, the synthesized
nanoalloy contains Au and Ag, which have the highest weight and
atomic percentages. These nanoalloys exhibited significant antiviral
activity against HAV (78.2 %) and Cox-B4 (69.6 %) viruses. Further-
more, they displayed selective cytotoxicity towards cancer cell lines
(MCF7 and HepG2) while demonstrating low toxicity to normal oral
epithelial cells (IC50: 502.5 + 2.8 ug-mL™1). The study’s results high-
light the adaptability and efficacy of green synthesis methods and pave
the way for future research into the biomedical applications of bime-
tallic nanoalloys. More research is required into their molecular effects,
in-vivo trials, and clinical applications to realize their potential as
therapeutic agents fully.
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