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Abstract Gold nanoparticle (AuNPs) influence the biomedical sciences owing to different poten-
tial characteristics and potential features. To date, the bioinspired fabrication of AuNPs is further
recognized due to their safety and efficacy. In this study, we synthesized AuNPs using leaf extract of
Citrus medica (C. medica) and well-characterized by dynamic light scattering (DLS), transmission
electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), and UV-visible analyses. Afterward the selective anticancer effects of biosynthesized
AuNPs against HepG?2 cells were evaluated by different techniques including MTT, oxidative mark-
ers, qPCR, and western blot assays.

The results showed that the polyphenols of the C. medica leaf extract was responsible for the
bioinspired reduction and stability of the AuNPs with a powder size in the range of 20-50 nm.
Additionally, it was seen that biosynthesized AuNPs show selective inhibition on the proliferation
of HepG2 (human liver cancer cell line) relative to THLE3 (normal adult liver epithelial cells) via
generation of ROS and MDA, reduction of GSH level and SOD activity, and over expression of
Bax/Bcl-2 and Caspase-3 mRNA. It was also shown that biosynthesized AuNPs regulate the
Whnt signaling pathway through upregulation of phosphorylated GSK-3 known as the inactivated
form of GSK-3f and downregulation of B-catenin and Cyclin-D1 at protein level. This study may
hold great promise for development of NP-based anticancer agents, although it needs further inves-
tigations in vivo.
© 2023 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

With increasing awareness of green chemistry and biological processes,
the use of environmentally friendly methods in the preparation of non-
toxic nanomaterials seems necessary. Although various biological
methods for bio-preparation of metal nanoparticles (NPs) are known,
the use of organisms or other intermediates for the preparation of the
NPs is expensive and limited. Therefore, the use of plants for the syn-
thesis of NPs has received much attention due to the several advan-
tages including feasible and cost-effective processes along with the
utilization of nontoxic agents. In fact, plant-based biosynthesis of
NPs can be considered as an environmentally friendly as well as eco-
nomical and efficient approach (Elizabeth et al., 2022). Plant leaf
extracts contain bioactive compounds, which act as potential reducing
agents in the synthesis of different kinds of NPs (Elizabeth et al., 2022).
Therefore, today, the use of plant extracts in the synthesis of metal
NPs has received a great deal of attention in biomedical areas
(Elizabeth et al., 2022).

In fact, several researches have been conducted on the use of plant
extracts for the potential preparation of metal NPs with defined dimen-
sion and morphology (Vijayaraghavan and Ashokkumar, 2017).

Citrus medica (C. medica, Citron) is known as an underutilized fruit
possessing different secondary metabolites (Chhikara et al., 2018). The
major secondary metabolites present are reported to be limonene and
its derivatives, citral, polyphenols, vitamin, nonana, etc., responsible
for a number of therapeutic potentials (Chhikara et al., 2018). The dif-
ferent potential benefits of C. medica and its secondary metabolites in
pharmacological studies are to trigger antioxidant (Chhikara et al.,
2018; Taghvaeefard et al., 2021), antibacterial (Fratianni et al., 2019;
Lou et al., 2017), anti-inflammatory (Mitropoulou et al., 2017) and
hypoglycemic activities (Menichini et al., 2011). It has been also
reported that C. medica extract has promising anticancer activities
(Nair et al., 2018).

Therefore, C. medica extract has been introduced as a suitable,
cost-effective and safe alternative in terms of green chemistry instead
of using toxic and dangerous chemicals for the synthesis of different
types of NPs including silver (Chandhirasekar et al., 2021), cobalt
oxide (Siddique et al., 2021), and gold (Falahati et al., 2020).

One of the major problems in cancer treatment is that along with
cancer cells, noncancerous cells are destroyed. In chemotherapy, the
drug reaches the whole body while the target is only cancer cells. In
radiation therapy, the location of the radiation can be more limited,
but in any case, the radiation can damage some healthy cells. In sur-
gery, sometimes removing the tumor requires sacrificing part of the
healthy tissue around it, which the loss of the healthy tissues can lead
to the loss of some functions. For this reason, in many cases, surgery is
combined with chemotherapy or radiation therapy.

Gold is an element that rarely reacts chemically with other sub-
stances. For the same reason, it does not cause an allergic or immune
reaction in the body.

Gold (Au) NPs are known as one the promising anticancer agent
(Sharifi et al., 2019; Falahati et al., 2020). For example, it has been
reviewed that AuNPs owing to plasmonic properties can be applied
in the development of potential platforms in imaging, drug delivery,
and therapy (Sharifi et al., 2019). Also, it has been reported that
AuNPs can be used for the advancement of NPs-based thermal thera-
pies (Devarakonda et al., 2017; 16. Kennedy et al., 2011).

Liver cancer has been proposed as a global health problem as the
human hepatocellular carcinoma (HCC) is the fifth most common
cause of cancer in the world and the third leading cause of death
and morbidity in various types of cancer (McGlynn et al., 2021). Treat-
ment of this complication with current approaches have many limita-
tions in patients with metastatic tumors. Therefore, the development of
more effective therapeutic platforms is important for improving the
survival of patients and promising treatment of the disease in the
advanced and recurrent stages of HCC.

Hepatocellular carcinoma HepG2 cells have shown a regulation in
Wnt signaling pathways (Khalaf et al., 2018). In fact, the role of this
important cellular pathway in the cell proliferation of different types
of cancers has also been well demonstrated (Khalaf et al., 2018). In
the Wnt signaling pathway, it activates catenin-f3, which in turn results
in the upregulation of Cyclin D1 mRNA/protein to direct the cell to
invasion and proliferation (Khalaf et al., 2018).

Therefore, in this research, green method of AuNPs synthesis using
C. medica leaf extract was introduced as an efficient way for the devel-
opment of a nano-based anticancer platform against hepatocellular
carcinoma HepG2 cell line through regulation of Wnt signaling
pathway.

2. Materials and methods

2.1. Biosynthesis of AuNPs

For biosynthesis of AuNPs, 2 g of leaf extract of C. medica
(collected from Southwestern China) after washing were cut
into small pieces, added by 100 mL of double distilled water
(DDW), boiled for 30 min with constant stirring, cooled down
and filtered using Whatman filter paper (8 um and 0.20 pm).
The concentration of leaf extract of C. medica was calculated
to be 22.35 mg/mL, assessed by a calibration curve. HAuCly
(Sigma-Aldrich 99% pure, Shanghai, China) with a concentra-
tion of 5 mM added into leaf extract of C. medica (2 mL) solu-
tion in a total volume of 8§ mL with DDW. Then, the sample
was mixed and constantly at room temperature, and the
biosynthesis of the AuNPs was visually determined by the
alteration in coloration of the solution. Afterwards, the sample
was centrifuged (15,000 rpm for 50 min) folllowed by adding
DDW to pellet, sonicating, repeating thrice, centrifugation,
and drying the precipitate at 60-65 °C in a hot air oven.
Finally, the AuNPs were used for further studies.

2.2. Total polyphenol assay

For total polyphenol assay, 25 pg/mL of leaf extract of C. med-
ica either alone or with HAuCl, was added by Folin-Ciocalteu
(0.25 N) and sodium carbonate (5%) and incubated for 50 min
in the dark. Absorbance of the sample was read at 750 nm
using a Perkin-Elmer Lambda 40 UV/Vis spectrometer. The
data were then expressed as gallic acid equivalents (Conde-
Hernandez et al., 2014; de Camargo et al., 2014).

2.3. Characterization of AuNPs

A Perkin-Elmer Lambda 40 UV/Vis spectrometer was used to
analyze the surface plasmon resonance of biosynthesized
AuNPs. Zeta potential and diameter of biosynthesized AuNPs
dissolved in DDW or cell culture medium (DMEM) were
determined with DLS Particle Sizer (Brookhaven). For trans-
mission electron microscopy (TEM) analysis, 20 ul of the
biosynthesized AuNPs was dropped on copper grids layered
with a fomvar-carbon film and air-dried for 30 min at room
temperature. Finally, the image was taken on a field emission
TEM (Jeol 2010 F, 80 keV). Fourier transform infrared spec-
troscopy (FTIR) analysis of leaf extract of C. medica and
biosynthesized AuNPs were determined on a Perkin-Elmer
Frontier instrument using a KBr sample. X-ray diffraction
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(XRD) analysis was done on a Bruker D8 QUEST diffrac-
tometer system at Aof 1.54178 A. All assays were done at
room temperature and the samples were diluted with DDW.

2.4. Cell culture

HepG2 (human liver cancer cell line) and THLE3 (normal
adult liver epithelial cells) were obtained from (ATCC, Shang-
hai, China) and cultured based on the previous report (Carlson
et al., 2008) in minimum essential medium (MEM, Gibco,
USA) and bronchial epithelial cell growth medium (BEBM
Gibco, USA), respectively supplemented with essential materi-
als (Carlson et al., 2008).

2.5. MTT assay

The effect of different concentrations of biosynthesized AuNPs
(1, 10, 50, 100, and 200 pg/mL) on HepG2 and THLE3 cell
viability was assessed by MTT assay. Briefly, 1 x 10
cells/100 pl/well of the cells suspended in cell culture media
after 24 h were added by different concentrations of biosynthe-
sized AuNPs and incubated for 24 h in a CO, incubator. After-
wards, the supernatant was replaced with 100 ul MTT solution
(5 mg/mL in medium) and incubated for 4 h, followed by
replacement of the culture media with DMSO (100 pl). The
optical density of samples was then read at 540 nm using a Bio-
Tek microplate reader.

2.6. Levels of malondialdehyde (MDA ), superoxide dismutase
(SOD) activity, and glutathione (GSH)

After treatment of HepG2 cells with ICsy concentration of
biosynthesized AuNPs for 24 h, cells were washed, lysed with
lysis buffer for 30 min, centrifuged (14000 rpm for 5 min,
4 °C), and protein concentration was determined in super-
natant using BCA protein assay kit (Sigma-Aldrich, Shanghai,
China). Afterwards, the levels of MDA production, GSH, and
SOD activity were determined by Lipid Peroxidation (MDA)
Assay Kit (233471, Abcam), GSH Assay Kit (703002, Cayman
chemical), and SOD Activity Assay Kit (65354, Abcam)
according to the manufacturer’s protocols.

2.7. ROS assay

After treatment of the HepG2 cancer cells with ICso concentra-
tion of biosynthesized AuNPs, the generation of intracellular
ROS was determined using DCFH-DA probe on a microplate
spectrofluorometer (GeminiXPS, USA) based on the method
discussed previously (Carlson et al., 2008).

2.8. Quantitative real-time PCR (qPCR) analysis

Real-time PCR was done by use of the SYBR Green dye
(Sigma-Aldrich, Shanghai, China) using the CFX96 real-time
PCR detection system.

After treatment with AulNPs, total RNA was extracted by
Trizole according to the manufacturer’s instructions (Gen-
eAll® RiboEx, Korea). The ratio of absorbance at
260/280 nm was read on a Nanodrop 1000 spectrophotometer
(Thermo Fisher Scientific). Then, 2 pg of total RNA were

converted to cDNA by Revert Aid First-strand cDNA synthe-
sis Kit (Fermentas, Germany). cDNA was then applied for
real-time quantitative RT-PCR. The reaction and fold change
of mRNA expression were done based on the previous report
(Mitupatum et al., 2016).

2.9. Western blot

The protein was extracted from HepG?2 cells after 24 h incuba-
tion with ICsq concentration of biosynthesized AuNPs and
quantified using BCA protein assay kit (Sigma-Aldrich,
Shanghai, China). Then, a fixed amount of protein was loaded
onto SDS-PAGE (10%) and run at 100 V for 70 min., followed
by transferring to a polyvinylidene fluoride (PVDF) membrane
for 60 min, blocking with dry milk (5%) and Tween-20 (0.1%)
for 50 min at room temperature, incubation with primary anti-
bodies (1:5,000; Santa Cruz Biotechnology, Inc.) overnight at
4 °C, and incubation with HRP-conjugated secondary anti-
bodies (1:10,000; Santa Cruz Biotechnology, Inc.) for 60 min
at room temperature. Finally, membranes were produced on
an autoradiographic film.

2.10. Statistical analysis

The data were assessed by using one-way ANOVA and Tukey
or Dunnett post hoc test, and outcomes were reported as aver-
age = SD of three independent experiments. P < 0.05 was
considered statistically significant.

3. Results and discussion

3.1. UV—visible study and total polyphenol assay

The UV-visible spectra of leaf extract of C. medica and biosyn-
thesized AuNPs are depicted in Fig. 1, where the spectrum of
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Fig. 1 UV-visible study of biosynthesized AuNPs using leaf
extract of Citrus medica. The extract was used as the control.
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extract show an absorbance with a Amax around 280 nm, indi-
cating the presence of a high content of polyphenolic com-
pounds (Ieri et al., 2021). Analyzing the level of polyphenolic
compounds in leaf extract of C. medica is crucial because these
bioactive agents are involved in the bio-reduction of Au ions to
AuNPs. Once metallic NPs are synthesized, polyphenolic com-
pounds along with some other bioactive compounds by attach-
ing on the surface of NPs result in the stability of NPs.

The value of 327.23 + 31.28 mg/g gallic acid and 48.94 +
3.53 mg/g gallic acid determined from total polyphenols assay
of leaf extract of C. medica alone and leaf extract of C. medica
in the presence of HAuCly revealed that the high polyphenolic
content in leaf extract of C. medica is involved in the biosyn-
thesis of AuNPs through the reducing the synthesis reaction
and stabilizing the NPs (Karthick et al., 2012; Oueslati et al.,
2020).

Fig. 1 demonstrates the characteristic absorption spectrum
of biosynthesized AuNPs from leaf extract of C. medica in the
region of 200-700 nm. SPR for biosynthesized AuNPs depicts
a well characteristic band having an absorption with Amax of
550 nm. A similar spectrum has been reported in biosynthesis
of AuNPs using extracts of Ricinus communis (Rahman et al.,
2021); Ganoderma applanatum (Abdul-Hadi et al., 2020), and
Syzygium polyanthum (Hasyim et al., 2020). Additionally, the
AuNPs spectrum displays an absorption band around 280 nm,
attributing to the presence of polyphenolic compounds of the
extract as stabilizer agents of the AuNPs (Oueslati et al., 2020).

3.2. Hydrodynamic size and zeta potential of biosynthesized
AuNPs

Hydrodynamic radius (Fig. 2a) and zeta potential (Fig. 2b)
values of biosynthesized AuNPs at different conditions
(DDW and DMEM) for a fixed concentration were deter-
mined (Fig. 2) and tabulated in Table 1. It was shown that
biosynthesized AuNPs provided a negative value in DDW,
indicating the potential electrostatic stability of NPs. However,
zeta potential of biosynthesized AuNPs dispersed in DMEM
was lower than that in DDW (Table 1).

This reduction in zeta potential value of biosynthesized
AuNPs can be associated with the presence of cations and
FBS in DMEM solution interacting with AuNPs surfaces
which lead to a mitigation in electrostatic interactions and cor-

a
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Table 1 Hydrodynamic radius and zeta potential of biosyn-
thesized AuNPs.
Medium Hydrodynamic radius Zeta potential
(nm) (mV)
DDW (37 °C) 224 —18.26
DMEM (37 °C) 381 —9.74

responding stability. Despite this significant reduction in zeta
potential value, the zeta potential values of AuNPs in the
range of —9-74 to —18.26 mV in both media, indicating the
probable electrostatic stability of NPs (Mahmoud et al.,
2020). Furthermore, Table 1 summarizes the hydrodynamic
radii analyzed by DLS for biosynthesized AuNPs in DDW
and DMEM at 37 °C. It was found that in DMEM medium,
the hydrodynamic size of biosynthesized AuNPs was enhanced
due to probable biomolecules adsorption on the NP surface
(Mahmoud et al., 2020). This data could support the slightly
smaller value on zeta potential for biosynthesized AulNPs dis-
persed in DMEM compared to that in DDW (Mahmoud et al.,
2020).

3.3. Transmission electron microscopy (TEM ) analysis

AuNPs TEM image is shown in Fig. 3 revealing the small
diversity in the morphology of biosynthesized AuNPs. It has
been reported that AuNPs shape is affected by the relationship
between the initial concentration of metal ions and plant
extract (Singh et al., 2018). In this case, as detected in Fig. 3,
NPs had a size in the range of 20-50 nm. Some other plant-
based extracts such as Sphaeranthus indicus (Balalakshmi
et al., 2017); Stemona tuberosa (Bonigala et al., 2018), and Pon-
gamia pinnata (Khatua et al., 2020) have also been used for the
fabrication of AuNPs and it has been found that the size of
synthesized NPs have been comparable to this study.

3.4. FTIR analysis

FTIR spectra, demonstrated in Fig. 4, attribute to leaf extract
of C. medica and biosynthesized AuNPs. The broad band
around 3350 cm ™! corresponds to phenolic OH which mainly

DMEM DDW
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-16

5.00E+01 2.50E+02 4.50E+02 6.50E+02

Diameter (nm)

Fig. 2
potential assay.

8.50E+02

-20

DLS study of biosynthesized AuNPs using leaf extract of Citrus medica dissolved in DDW or DMEM. (a) diameter assay, (b) zeta
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Fig. 3 ' TEM analysis of biosynthesized AuNPs using leaf extract
of Citrus medica.
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Fig. 4 FTIR study of biosynthesized AuNPs using leaf extract of

Citrus medica. The extract was used as the control.

derive from tannins and flavonoids compounds. Peaks at
1569 cm~! and 1729 ecm™! and region between 1000 and
1400 cm™! correspond to N—H bending vibration, ketone
acyclic stretch, and C—O stretch, respectively Also, bands in
the range from 1500 to 500 cm ™' are associated with the pres-
ence of polyphenols as the most abundant bioactive metabo-
lites in leaf extract of C. medica. The biosynthesized AuNPs
display the similar characteristic bands in the region of
polyphenols revealing that these NPs are stabilized by biomo-
lecules of extract of C. medica (Karthick et al., 2012). We also
detected an alteration in the width and intensity of band
around 1348 cm™' for biosynthesized AuNPs attributed to
bond formation between biosynthesized AuNPs and C—H
group of polyphenols; 1722 cm ™!, is shifted by conversion of
polyphenolic into carboxylic groups upon synthesis of AuNPs
(Ahmad et al., 2019; Karthick et al., 2012; Oueslatiet al., 2020).
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Fig. 5 XRD study of biosynthesized AuNPs using leaf extract of
Citrus medica.
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Fig. 6 The cytotoxic effects of biosynthesized AuNPs using leaf
extract of Citrus medica on the viability of HepG2 (human liver
cancer cell line) and THLE3 (normal adult liver epithelial cells)
determined by MTT assay. The cells were incubated with
biosynthesized AuNPs or leaf extract for 24 h. *P < 0.05,
**P < 0.01 relative to control samples.

3.5. X-ray diffraction (XRD) analysis

Fig. 5 depicts the characteristic biosynthesized AuNPs XRD
diffraction bands at 20, which centered at 38.21°, 44.39°,
65.01°, and 77.61° attributed to the planes (111), (200),
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(220), and (311), respectively. These planes revealed the face-
centered cubic Au (ICDD File No. 89-3722) (Rodriguez-Leon
et al., 2019).

3.6. Cytotoxicity by MTT assay

To evaluate the anticancer effect of biosynthesized AuNPs,
MTT assay was performed on HepG2 (human liver cancer cell
line) and THLE3 (normal adult liver epithelial cells). Five con-
centrations (1, 10, 50, 100, and 200 pg/mL) and one time (24 h)
for biosynthesized AuNPs were examined. In Fig. 6, it is real-
ized that at 24 h for THLE3 normal cells, cell viability finally
drops to 75.57 £ 3.27 % (*P < 0.05) at the presence of highest
concentrations of AuNPs, i,e, 200 pg/mL However, for HepG2
cells, a more cytotoxic effect is obtained in cell viability; as the
AuNPs concentrations above 10 pg/mL found to induce signif-
icant cytotoxic effects. In fact, for biosynthesized AuNPs, it is
easy to find that concentration with the highest effect is 200 pg/mL,
where the viability reduces almost 75.57 £+ 3.27 % and
32.89 £ 5.87 % for THLE3 normal cells and HepG2 cancer
cells, respectively, as compared to the control after 24 h
(Fig. 6). Therefore, it was observed that biosynthesized AuNPs
were significantly more toxic to HepG2 cancer cells relative to

250

u Control AuNPs

200 *k
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100

DCF intenisty (a.u.) @
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Control AuNPs

(o}

W Control AuNPs

140 4
120 -+
100

80 -

*%k

60j I

40 A

SOD activity (a.u.)

20 A

Control AuNPs

THLE3, with up to 2.2-fold higher cell death (""P < 0.01) in
the cancer cells at concentration of 200 ug/mL.

For THLE3 normal cells, a significant toxic effect is
observed only at 200 pg/mL biosynthesized AuNPs
(*P < 0.05), while lower concentrations show no significant
difference, compared to control sample (Fig. 6). However,
for HepG2 cancer cells, a significant cytotoxicity is detected
at 10 pg/mL biosynthesized AuNPs, and the inhibition of cell
growth rate was further increased as the concentrations of
AuNPs were increased after 24 h. It was then determined that
the ICsy concentration of biosynthesized AuNPs against
HepG?2 cells was about 44.87 pg/mL. Therefore, for further
experiments, the cells were incubated with 45 pg/mL of
AuNPs.

It has been also reported that ICs, of biosynthesized
AuNPs from licorice root (Al-Radadi, 2021) and Cordyceps
militaris (Ji et al., 2019) were 23 ug/mL and 10 pg/mL, respec-
tively for HepG-2 cells.

3.7. ROS assays

To investigate the generation of intracellular ROS in HepG2
cells after exposure with ICs, concentration of biosynthesized
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Fig. 7 The effects of biosynthesized AuNPs (45 pg/mL) using leaf extract of Citrus medica on induction of oxidative stress through
analysis of (a) ROS, (b) GSH content, (c) SOD activity, (d) MDA level in HepG2 (human liver cancer cell line) cells. The HepG2 cells were
incubated with biosynthesized AuNPs for 24 h. *P < 0.05, **P < 0.01 relative to control samples.
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AuNPs (45 pg/mL), we assessed the conversion of non-
fluorescence H,-DCFDA probe into fluorescence dichlorodi-
hydrofluorescein (DCF) probe. Outcomes showed that HepG2
cells exposed to biosynthesized AuNPs (45 pg/mL) signifi-
cantly increased the generation of ROS, revealed by a signifi-
cant increase in the level of DCF fluorescence intensity
(Fig. 7a).

It was also found that biosynthesized AuNPs (45 pg/mL)
significantly dropped the levels of GSH content (Fig. 7b) and
SOD activity (Fig. 7c) and increased the level of MDA content
(Fig. 7d) as a marker of lipid peroxidation.

It has been also reported that plant-based AuNPs induce
anticancer activity through a significant increase in the gener-
ation of intracellular ROS and stimulation of oxidative stress
(Khatua et al., 2020; Wang et al., 2019).

3.8. Apoptosis assays

It was seen that expression levels of apoptotic genes such as
Bax and Caspase-3 increased, whereas the expression level of
antiapoptotic mRNA (Bcl-2) was decreased after exposure of
HepG2 cells with 45 pg/mL of AuNPs for 24 h (Fig. 8), which
is in consistent with previous studies (Khatua et al., 2020;
Ramalingam et al., 2016), revealing the induction of apoptosis
by AuNPs.

In fact, this data further verifies that the selective anticancer
effects of biosynthesized AuNPs are mediated by apoptosis
induction in HepG2-cells. It has been also reported that
biosynthesized AuNPs using Cardiospermum halicacabum (Li
et al., 2019), Curcuma wenyujin (Liu et al., 2019); and Catha-
ranthus roseus (Ke et al., 2019) extracts can induce anticancer

- Ml Control W AuNPs

kkk

N w = (%) (=)
]

I
i

Relative fold change

1 lE
N v e
> N 4
Q @b 'b‘,e’
&Q

Fig. 8 The effects of biosynthesized AuNPs (45 pg/mL) using
leaf extract of Citrus medica on expression of Bax, Bcl-2, and
Capsase-3 determined by qPCR assay in HepG2 (human liver
cancer cell line) cells. The HepG2 cells were incubated with
biosynthesized AuNPs for 24 h. *P < 0.05, **P < 0.01,
**¥*¥P < 0.001 relative to control samples.

effects through Bax, Bcl, and Caspase-mediated apoptotic
pathway.

3.9. Signaling pathway assay

It was seen that biosynthesized AulNPs triggered oxidative
stress and apoptosis in HepG2 cancer cells. Oxidative stress
usually stimulates the phosphorylation of p38 MAP kinase
and results in the induction of apoptosis in several types of
cancers (Yan et al., 2012). In the present study, we also found
significant increase in the expression of phosphorylated p38 at
protein level in HepG?2 cells after exposure to biosynthesized

-AuNPs +AuNPs

p-p38

p-38

p-GSK-3P

GSK-3P

B-catenin

Cyclin D1

GAPDH

Fig. 9 The effects of biosynthesized AuNPs (45 pg/mL) using
leaf extract of Citrus medica on regulation of Wnt signaling
pathways determined by western blot analysis in HepG2 (human
liver cancer cell line) cells. The HepG?2 cells were incubated with
biosynthesized AuNPs for 24 h.
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AuNPs (45 pg/mL) (Fig. 9), which caused the increase in the
expression level of phosphorylated GSK-3p (p-GSK-3f-ser-9)
as the inactivated form of GSK-3f. Furthermore, phosphory-
lation of GSK-3f can reduce the expression level of B-catenin
and block the expression of target oncogenes like Cyclin D1
(Viganotti et al., 2010). The GSK-3f, B-catenin, and Cyclin
D1 are known as the main proteins which play a key role in
the regulation of the Wnt/B-catenin signaling pathway (Shi
et al, 2016). We observed that biosynthesized AuNPs
increased the expression of phosphorylated GSK-3f at protein
level known as the inactivated form of GSK-3 to drop the
expressions of B-catenin and Cyclin-D1 at protein level as
the targeted markers (Fig. 9). Therefore, this data indicated
that AuNPs induced anticancer effects against HepG2 cells
through ROS-mediated apoptosis via regulation of the
Wnt/B-catenin signaling pathway.

4. Conclusions

In conclusion, we biosynthesized a bioinspired plant-based AuNPs
with the traditional medicinal herb C. medica and explored their
potential selective anticancer affects against HepG2 cancer cells
induced by ROS-mediated apoptosis through Wnt/B-catenin signaling
pathway. In summary, our outcomes indicated that biosynthesized
AuNPs from leaf extract of C. medica can be considered as a potent
anticancer drug against HCC. However, the yield of AuNPs, stability
as well as dissolution of AuNPs into Au ions can considerably influ-
ence the stability and anticancer effects of AuNPs, which needs further
examinations in the future studies. Also, the anticancer effects of
AuNPs should be further verified in vivo in the future studies.
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