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Abstract: Gold nanoparticles have a wide variety of applications in biomedical
fields such as biosensing, cancer treatment, drug delivery, and bioimaging. This
research focuses on using American ginseng (Panax quinquefolium), specifi-
cally the leaves, as a plant-mediated green synthesis process to produce gold
nanoparticles (Au NPs). Various extracts (leaf, stem, and root) were compared
for Au NP synthesis. The leaf extract was found to be the most effective; hence,
they were used for Au NPs synthesis. Plant extract Au NPs were characterized
using UV-vis spectroscopy, scanning electron microscopy-energy-dispersive
X-ray spectroscopy (SEM-EDX), atomic force microscopy (AFM), attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR), dynamic
light scattering (DLS), and X-ray diffraction (XRD). The results showed that
the leaves could produce spherical Au NPs that were well dispersed with an
average diameter of around 18 nm. The nanoparticles also had a characteristic
absorbance peak at ~529 nm. A cytotoxicity study was conducted using HeLa
cells, and the cell number decreased as the concentration of the Au NPs in-
creased, although the cell viability remained high (>99 %). Au NPs produced
using the American ginseng leaves show great potential for various applica-
tions, such as drug delivery, imaging and diagnostics, and therapy.

Keywords: American ginseng; Green Synthesis; Nanoparticle; Cytotoxicity;
Bioinspired

1. INTRODUCTION

Nanoparticles are particles ranging from 1 to 100 nanometers in size
and have gained traction due to their application in areas such as bio-
medical, environmental, microelectronics, catalysis, and food packag-
ing (Chen et al., 2025; Ghobashy et al., 2024; Kumar et al., 2021; Sha-
halaei et al., 2024; Vijayaram et al., 2024). Particularly in biomedical
applications, Au NPs exhibit surface properties that can be utilized via
attachments of various components (drugs, radioisotopes, fluorescent
dyes, etc.) for drug and gene delivery, bioimaging and diagnostics, as
well as photothermal and photodynamic therapies (Anik et al., 2022;
Ghobashy et al., 2024; Kumari et al., 2023; Milan et al., 2022; Nejati
etal., 2022).

Chemical and physicochemical methods are traditionally utilized for
producing gold nanoparticles (Au NPs); however, these methods lead
to concerns such as negative environmental impacts and high energy
consumption, which may potentially restrict their applications. In con-
trast, biological and green synthesis approaches apply intrinsic biomol-
ecules from the bio machinery or plant extract, enabling multifaceted,
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biocompatible nanomaterials production through an
environmentally sustainable and economical route.
Regarding green synthesis, organisms like plants,
bacteria, algae, and fungi have been found to contain
phytochemicals essential for green synthesis and
the stabilization of nanoparticles. Examples of plant
extracts utilized for green synthesis of Au NPs are
Litsea cubeba (May Chang), Barbarea verna (up-
land cress), Brazilian red propolis (honeybee prod-
uct), Chlorella vulgaris (algae), Halodule uninervis
(seagrass), Mimosa tenuiflora (Jurema) and Ziziphus
ziziphus (Jujube) (Aljabali et al., 2018; Annamalai &
Nallamuthu, 2015; Botteon et al., 2021; Doan et al.,
2020; Hutchinson et al., 2022; Rodriguez-Le6n
et al., 2019; Wehbe et al., 2025).

American ginseng (panax quinquefolium), which
is found in regions of North America and over 95%
of which is produced in Wisconsin, exhibits antimi-
crobial and anti-diabetic effects as it increases insu-
lin sensitivity (Szczuka et al., 2019; Werner et al.,
2014). American ginseng has also been reported
to alleviate cancer-related fatigue (Lemke, 2021).
Generally, the roots are harvested and purified for
tea, while the leaves are discarded, so there is a de-
sire to find use for the otherwise wasted leaves (Kang
& Kim, 2016). The objective of this study was to in-
vestigate the possibility of using American ginseng
leaves for the synthesis of metallic nanoparticles
and their subsequent characterization for potential
biomedical applications, particularly in cancer treat-
ment. Plant-based Au NPs offer advantages over
chemically synthesized counterparts due to their bio-
compatibility and pronounced anticancer therapeutic
and diagnostic efficacy (Bharadwaj et al., 2021). For
instance, a recent study demonstrated that Au NPs
synthesized using Halodule uninervis ethanolic ex-
tract inhibited the proliferation of several cancer cell
lines in vitro (Wehbe et al., 2025).

2. MATERIALS AND METHODS

2.1. Materials

American ginseng (Marathon Ginseng, Marathon
County, Wisconsin) was authenticated and purchased
directly from Marathon ginseng and stored at 4°C.
Gold (II) chloride trihydrate (HAuCl4; 520918),
4-nitrophenol (C6H5NO3; 241326), Folin-Ciocalteu
reagent (F9252), gallic acid (G7384), and sodium
borohydride (NaBH4; 80637300) were obtained
from MilliporeSigma (St. Louis, MO, USA) and
were used as received.
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2.2. Green Synthesis of Au NPs

The green synthesis and purification process
(Scheme 1) followed previous work (Hutchinson
et al., 2022; Johnson et al., 2020). Briefly, 10 g of
American ginseng leaf, stem, or root were blended
with 100 mL of deionized (DI) water for 15 s to
produce the respective extracts. The extracts were
then vacuum filtered twice (Whatman filter paper)
and centrifuged at 4,000 rpm for 5 min to yield the
supernatant. Finally, 5 mL of each type of extract,
10 mM gold (I1I) chloride trihydrate (0.4 mL), and
DI water (35 mL) were mixed in a flask, then placed
in an incubator shaker at 215 rpm and 37°C for 6 h.
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Scheme 1. Green synthesis process of Au NPs using
American ginseng: from extract preparation to nanopar-
ticle purification.

After synthesis, Au NPs were purified according to
(Hutchinson et al., 2022; Johnson et al., 2020). The
nanoparticles were first collected using centrifuga-
tion at 4,000 rpm for 20 min. The particles were then
suspended in 10 mL of DI water and sonicated for
5 min. The mixture was centrifuged again at 4,000
rpm for 20 min. The obtained nanoparticles were
subjected to a series of wash/vortex and centrif-
ugation cycles with Triton X-114 (0.75 pL/mL DI
water), acetone, isopropyl alcohol, and DI water,
respectively. After these washes, the nanoparticles
were then freeze-dried and stored in the freezer at
—20°C for further characterization.

2.3. Characterization of Au NPs

UV-visible spectroscopy (Evolution 60S; Thermo
Fisher Scientific, Waltham, MA) was performed to
analyze the Au NPs during the synthesis process.
The mixtures were scanned from 350 to 650 nm
wavelengths every hour. Scanning electron micros-
copy (FE-SEM, Hitachi S-4800 ultra-high resolu-
tion cold cathode field emission scanning electron
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microscope, Kefeld, Germany) coupled with energy
dispersive X-ray spectroscopy (EDX, Noran (Si(Li))
detector, Thermo Fisher Scientific, Waltham, MA,
USA) was used to image and determine the elemen-
tal composition of the Au NPs. SEM images were
analyzed by NIH ImageJ software for size meas-
urements. Freeze-dried Au NPs were also analyzed
using attenuated total reflection Fourier transform
infrared (ATR-FTIR; MIRacle 10, IR-Tracer 100;
Shimadzu, Kyoto, Japan) spectroscopy. Atomic
force microscopy (AFM) images, using an Au NP
solution, were taken using contact mode on a Bruker
MultiMode atomic force microscope with a Nano-
scope 6 controller (Santa Barbara, CA, USA). The
hydrodynamic diameter and zeta () potential of
the Au NPs were determined using a dynamic light
scattering (DLS) instrument (DLS; Litesizer DLS
700, Anton Paar, Austria). Powder X-ray diffraction
(XRD) analysis was conducted using a Bruker D8
Discover X-ray diffractometer (Billerica, MA, USA)
to confirm the crystalline structure of the Au NPs.

2.4. Cytotoxicity Study

HelLa cells (purchased from ATCC) were cultured in
Eagles Minimum Essential Medium (EMEM). The
medium was supplemented with 10% fetal bovine
serum, 100 U mL! penicillin, and 100 mg/L strepto-
mycin. After being cultured in a humidified CO, in-
cubator (5%) at 37°C, cells were seeded at a density
of 5 x 10* cells/well into a 24-well plate. After 24-
hour incubation, the medium was replaced with fresh
medium containing various Au NP concentrations in
quadruplicate (0, 0.1, 0.5, 1.0, 1.75, and 2.5 mM).
After a 24-hour incubation period, cells were
rinsed twice with Dulbecco’s Phosphate-Buffered
Saline (DPBS). 455 pL Hoechst-33342 (62249;
Thermo Fisher Scientific, Waltham, MA, USA) and
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455 pL calcein-AM/ethidium homodimer-1 (LIVE/
DEAD™ Viability/Cytotoxicity Kit, for mamma-
lian cells; Thermo Fisher Scientific, Waltham, MA,
USA) were added to each well for staining nuclei
and live/dead cells (final concentration of 5 pM
each), respectively. After incubating for 5-min, cells
were examined under an EVOS fluorescent micro-
scope (Thermo Fisher Scientific, Waltham, MA,
USA), and images were taken at different locations
per well. Cell number and viability were determined
using the ImageJ software. Cell viabilities were de-
termined using the following equation:

Number of live cells
Total number of cells

x 100%.

3. RESULTS AND DISCUSSION

3.1. Total Phenolic and Ascorbic Acid
Contents of Different Extracts

The total phenolic and ascorbic acid contents are crit-
ical indicators for metallic nanoparticle green synthe-
sis. The plant extracts were blended to obtain the nec-
essary phytochemicals (e.g., phenolics and ascorbic
acid) within American ginseng to serve as a reducing
agent for reducing gold (III) chloride trihydrate and a
capping agent. Generally, the higher the contents are,
the more effective the extract can be as a reducing
agent (Zhang et al., 2015). To determine which extract
of American ginseng had the highest reducing capabil-
ity, the contents of each extract were determined. As
expected, the total phenolic and ascorbic acid contents
were both highest for the leaf extract, 352.75 + 60.07
pg GAE/mL and 75.54 + 8.98 ng/mL, respectively
(Fig. 1 and Table 1). It is also worth noting that the
leaf extract was the easiest to prepare, particularly in
terms of filtration to remove plant material (Table 1).
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Figure 1. The phenolic compound and ascorbic acid contents of the leaf, stem, and

root extracts.
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Table 1. Comparison of various American ginseng extracts and their effects on Au NP synthesis.

Reducing/Capping Agents Absorbance (A )
Extract Phenolic Compounds | Ascorbic Acid
Extract | Preparation | (ug GAE/mL) (ug/mL) 1 hr 6 hr
Leaf Easy 352.75 +£60.07 75.54 £8.98 0.12777 (532 nm) | 0.21054 (538 nm)
Stem Difficult 142.50 + 6.82 32.53+4.76 0.04917 (538 nm) | 0.13042 (554 nm)
Root Difficult 168.10 £7.75 2343 +3.10 0.04439 (534 nm) | 0.07425 (550 nm)

3.2. Effects of Incubation Time on Green
Synthesis Process

Au NPs have optical properties that indicate the
successful synthesis of nanoparticles. The transition
from a dilute green to a reddish-purple color (Fig.
2) indicates the formation of Au NPs. This transi-
tion is due to the plasmon resonance phenomenon
when a light photon hits a metal surface, most often
gold (Hutchinson et al., 2022). Localized surface
plasmon resonance occurs when the frequency of in-
cident photons resonates with the collective oscilla-
tion of conduction electrons in metal nanoparticles.
Plasmonic nanoparticles can absorb light in the vis-
ible region, and their peak absorbance wavelength
strongly depends on the shape and size of the nan-
oparticles (Kaur et al., 2021; Semwal et al., 2023).
As the green synthesis progresses, the color deepens
and the absorbance intensity increases. Both color
and absorbance intensity changes indicate that the
leaf extract is the most effective at synthesizing Au
NPs. For leaf extract the purple color is visible even
within 1 h, while the other extracts do not show vis-
ible color change until 2-3 h. This indicates that nu-
cleation began more rapidly in the mixture contain-
ing the leaf extract, likely due to its relatively high
content of reducing agents. The green synthesis was
monitored at different periods by recording the spec-
trum of each mixture. As shown in the UV-visible
spectra of Fig. 3 and Table 1, the right shift of the
peak (550 nm) and intensity increase between 1- and
3-h samples for each particle indicated the growth
of Au NPs and/or an increased number of particles.
The intensity difference between 3- and 6-h samples
was insignificant for the leaf or root. There was a
difference in intensity between the 3- and 6-h stem
samples, but the leaf consistently exhibited the high-
est absorbance intensity, indicating it is the most
optimal extract for Au NP synthesis. This is largely
attributed to the rapid nucleation and greater num-
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ber of nuclei (or seeds) formed during the synthesis
process in the presence of the leaf extract. Hence,
leaf extract was selected for Au NP synthesis and
further studies.
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Figure 2. Color change of the different American ginseng
extract and gold (III) chloride trihydrate mixtures over a
6-hour period with 1-hour intervals. The observed color
change serves as a visual indicator of Au NP formation.
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Figure 3. UV-vis spectra of the different plant extracts
and gold (III) chloride trihydrate mixtures at different in-
cubation times, monitoring the formation and growth of
Au NPs.
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3.3. Morphology, Crystal Structure,
and Chemical Composition

Due to their intense resolution capabilities, SEM
and AFM provide high-definition visualization
of gold nanoparticles. An SEM image of Au NPs
is shown in Fig. 4A. Au NPs can be seen as small
bright spots in the image, and they are uniformly
distributed spherical particles, confirming the suc-
cessful green synthesis process. The diameter of the
Au NPs was determined to be 17.9 + 2.2 nm using
the SEM image and NIH Image]. An AFM image
(Fig. 4B) also exhibits the well-dispersed spheri-
cal shape of the Au NPs. Fig. 4C depicts the EDX
spectrum showing the characteristic peaks of gold
element, which verifies the chemical composition
of the gold in the nanoparticles with a 40.63% gold
composition by mass (8.88% by atom). The Au
NPs that were synthesized by American ginseng
had a higher gold content than those synthesized
by upland cress (11.13%) (Hutchinson et al., 2022).

Green Synthesis of Gold Nanoparticles ...

Carbon (23.99% by mass) and oxygen (1.92% by
mass) peaks within the EDX spectrum also indicate
the presence of bioactive phytochemicals (Liu et al.,
2020; Szczuka et al., 2019). As shown in Fig. 4D,
the hydrodynamic diameter of the Au NPs was de-
termined to be 9.6 + 3.1 nm. The size differences
observed across characterization techniques can
be attributed to the sample state and the underly-
ing measurement principles of each method. The
average (-potential was —29.2 mV, indicating good
nanoparticle stability (Fouda et al., 2022; Hutchin-
son et al., 2022). XRD analysis (Fig. 5) revealed
diffraction peaks at 26 angles of 37.9°, 43.8°, 64.5°,
77.3° and 81.6°, corresponding to the crystalline
gold planes (111), (200), (220), (311), and (222),
confirming the expected face-centered cubic struc-
ture (JCPDS Card No. 96-901-1613). The unas-
signed diffraction peaks are attributed to the forma-
tion of bio-organic crystallite phases on the surface
of the Au NPs (Hutchinson et al., 2022).
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Figure 4. SEM image (A), AFM image (B), EDX spectrum (C), and DLS size distribution (D) of the synthesized Au NPs.
Scale bar: 500 nm. The arrows point to some of the Au NPs (A & C).
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Figure 5. Powder XRD spectrum of the syn-
thesized Au NPs.

The ATR-FTIR spectrum of Au NPs is shown in Fig.
6. Comparing the spectra of leaf extract and the Au
NPs, although there is a strong resemblance, it can be
concluded that not all the molecules were involved
in stabilizing/capping Au NPs. The Au NP spectrum
peaks can be correlated with their associated func-
tional groups based on prior research (Hutchinson
et al., 2022; Pourhassan-Moghaddam et al., 2014;
Wehbe et al., 2025). The peak assignments include
3289 cm™ (-OH and —-NH stretching of alcohols,
phenolics and proteins), 2930 cm™ and 2873 cm™
(—CH stretching of alkanes), 1648 cm™ (-NH bend-
ing, —C=C, —-NO, —-N=N, —C=N, and —C=0 stretching
of proteins), 1515 cm™ (—CH alkane stretching, -NO
of nitro-compounds like glucosinolates), 1453 cm™!
(—OH bending, —C=0 of phenolics, alcohols, and pro-
teins), 1390 cm™' (—CN stretching of aromatic amine
group), 644 cm™ (—CH bending of hydrocarbons).
Overall, the peaks observed in the range of 1600 to
500 cm™ are characteristic of polyphenols. According
to these results, phenolics, alcohols, and other phyto-
chemicals are present on the surface of the Au NPs.

Leaf Extract

ffffff Leaf NPs

1515 644

T ) T LS T X T Ay T 5 T Y T v 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6. ATR-FTIR spectra of American ginseng
leaf extract and the Au NPs synthesized using the
leaf extract.
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3.4. Cytotoxicity Analysis

Considering that Au NPs have been widely used in
cancer treatment, such as drug delivery and imaging,
HeLa cells (human cervical cancer cells) were used
for investigating the green-synthesized Au NPs. As
shown in Fig. 7A, there was an expected decrease in
the number of cells after incubation compared to the
control group with an increase in Au NP concentra-
tion. This can be explained as the increased cellular
uptake of nanoparticles at a higher Au NP concentra-
tion. However, with the highest concentration (2.50
mM), the number of cells increased, which is most
likely due to the aggregation of Au NPs at a high con-
centration, thereby reducing the cellular uptake. With
no group having a viability less than 99% (Fig. 7B), it
can be concluded that the presence of Au NPs did not
lead to cell death, but rather inhibited the proliferation
of HeLa cells. These results indicate that the Au NPs
are less toxic to mammalian human cells than the Au
NPs synthesized by upland crest (Hutchinson et al.,
2022). Au NPs in general interfere with the formation
of cytoskeletal structures, which can inhibit DNA rep-
lication and cause DNA damage through oxidative
stress. Oxidative stress, along with decreasing cell
membrane integrity, ultimately hinders cell prolifer-
ation (Kus-Liskiewicz et al., 2021; Lee et al., 2019).
Other mechanisms include mitochondrial dysfunction
and caspase activation (Bharadwaj et al., 2021).

Number of Cells/Image

0 |
Control 0.10 050 1.00 175 2.50
Concentration (mM)

Figure 7. Average cell numbers after 24-hour incubation
with the synthesized Au NPs at different concentrations (A).
Percentages indicate the number of cells in each experi-
mental group relative to the control group. A representa-
tive set of images of cells, bright field (left) and merged
fluorescent (right), showing high cell viability after 24-
hour incubation with synthesized Au NPs is presented in
(B). Green: live cells, Red: dead/dying cells. Scale bar:
400 pm.
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4. CONCLUSIONS

This work focused on the potential usage of Amer-
ican ginseng leaves as a green synthesis agent to
produce Au NPs. UV-vis spectroscopy and gold (III)
chloride trihydrate solution color change character-
ized the purified particles from the leaf, stem, and
root. The results from the UV-vis spectroscopy and
the visual color change confirmed that the leaf was
the most effective in synthesizing Au NPs. As such,
all the subsequent tests (SEM-EDX, AFM, ATR-
FTIR, DLS, and XRD) were done with leaf extract
synthesized Au NPs. The synthesized Au NPs had an
even distribution and spherical shape. The cytotox-
icity study indicated that the number of cells was Au
NP concentration dependent. As the concentration of
Au NPs moderately increased, the number of cells
per image decreased, although the cell viability re-
mained high with all the groups above 99%. Overall,
utilizing American ginseng leaves to produce gold
nanoparticles is eco-friendly, cost-effective, and ef-
ficient. The nanoparticles synthesized from the leaf
extract demonstrate significant potential for a wide
range of applications, particularly in cancer thera-
nostics. Future directions include investigating the
inhibitory mechanisms of green-synthesized Au NPs
on cancer cell proliferation, modifying these nano-
particles for gene and drug delivery, and exploring
their applications in bioimaging, biosensing, as well
as in photothermal and photodynamic therapies.
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the findings of this study are available from the cor-
responding author upon reasonable request.
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