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Purpose: We aimed to study green-synthesized gold nanoparticles (GNPs) fromMaclura tricus-

pidata (MT) root (MTR), stem (MTS), leaf (MTL), and fruit (MTF) extracts and evaluate their anti-

metastatic properties in hepatocellular carcinoma cells. Maclura tricuspidata belongs to the

Moraceae family and is widely used as a traditional medicinal plant given its biological activities.

Methods: We quantified the phenolic and flavonoid contents, reducing capacity, and antioxidant

activity of all four extracts. The facile and optimum synthesis of MT-GNPs was visualized using

UV-vis spectra and dynamic light scattering (DLS). Surface morphology, selected area electron

diffraction (SAED), and fast Fourier transform (FFT) pattern of MT-GNPs were assessed using

high-resolution transmission electronmicroscopy (HR-TEM). The crystallized gold pattern ofMT-

GNPs was evaluated using energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD).

The functionalizing ligands of MT-extracts and MT-GNPs were determined using Fourier-trans-

form infrared spectroscopy (FT-IR). The photocatalytic capabilities ofMT-GNPs were assessed by

measuring the reduction of rhodamine B and methylene blue. Cell viability assay was detected

using Cell Counting Kit-8 solution. Anti-migratory and anti-invasive effects were assessed using

cell migration and invasion assays. Matrix metalloproteinase (MMP)-9 and phospholipase D

(PLD) enzymatic activities were measured using gelatin zymography and Amplex Red PLD

assay, respectively. Western blotting and luciferase assay were used to detect protein expression.

Results: All extracts had high phenolic and flavonoid contents and strong antioxidant and

reducing capacities. Results from UV-Vis spectra, DLS, HR-TEM, EDS, XRD, and FT-IR

showed the successful formation of MT-GNP with surface morphology, crystallinity, reduction

capacity, capsulation, and stabilization. MTR-GNPs and MTS-GNPs had better catalytic activ-

ities than MTL-GNPs and MTF-GNPs for reduction of methylene blue and rhodamine B.

Moreover, MTS-GNPs and MTR-GNPs exhibited the highest anti-migratory and anti-invasive

potential and seemed to be more biologically active than the MTS and MTR extracts. Treatment

with MT-GNPs decreased the enzymatic activity, translation levels of MMP-9 and PLD1. Our

results showed that MTS-GNPs and MTR-GNPs could dramatically reverse transforming

growth factor-β-induced vimentin and N-cadherin upregulation and E-cadherin downregulation.

Conclusion: The application of GNPs as a potential treatment approach for hepatocellular

carcinoma can improve therapeutic efficiency.

Keywords: MT-GNPs, Maclura tricuspidata, hepatocellular carcinoma cells, epithelial–

mesenchymal transition

Introduction
Over the last decade, rapid green synthesis methodologies and approaches for produ-

cing gold nanoparticles (GNPs) have been an interesting area in nanobiotechnology.
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Currently, GNP-mediated biogenic sources that are chosen to

substitute toxic chemical methods have shown great potential

in biomedical, pharmaceutical, and industrial fields.1,2 The

green synthesis of GNPs is beneficial over chemical and

physical methods as it is low-cost, sustainable, eco-friendly,

reliable, and can be without difficulty scaled up. These meth-

ods also prevent the production of undesirable or hazardous

by-products. The green synthesis of GNPs involves exploita-

tion of phytochemical characteristics, such as reducing capa-

city, stabilization, and capping biogenic sources.3,4 GNPs are

noteworthy owing to their extensive applications in cos-

metics, biomedical, food, and health industries. This may

be because of their unique conductivity, optical catalytic

activity, biocompatible nature, and better structural proper-

ties than their bulk counterparts. Several studies have

revealed certain molecular mechanisms underlying the anti-

cancer effects of green-synthesized GNPs. GNPs can also act

by targeting various molecular factors for hallmark cancer

events, such as cancer angiogenesis, progression, and

metastasis.5–7 In the field of biomedicine, GNPs can be

used for efficient approaches, such as drug delivery vehicles

and agents for the treatment of cancer. Nanomedical studies

have also recommended that GNPs, particularly biocompa-

tible GNPs, may have advantageous roles in inhibiting tumor

progression, suggesting that GNPs could be possibly used for

the chemoprevention of cancer.8–10 However, studies report-

ing the anti-metastatic effects of GNPs are relatively limited.

Tumor metastasis is the major trigger of high death

rates in cancer patients and poses a significant challenge in

cancer treatment due to its complexity and the multiple

steps involved. Metastasis is responsible for approximately

90% of all cancer-related mortality due to the breadth of

principal tumor cells to distant tissues, developing second-

ary tumors, which cannot be removed by chemotherapy in

conservative treatment.11,12 Hepatocellular carcinoma is

already the third leading cause of cancer-associated mor-

tality which is considered by high morbidity and mortality

because of metastasis-induced malignancy.13,14 Therefore,

extensive efforts are needed to identify novel therapeutic

agents and inhibit the metastatic process in order to

develop successful long-term treatments.

Epithelial–mesenchymal transition (EMT) is the key

initiating step in the progression of hepatic malignancies.

During EMT, hepatocellular carcinoma cells lose their

epithelial characteristics and the expression of intercellular

adhesion molecules, such as E-cadherin and ZO-1, is

declined, while that of mesenchymal indicators, such as

N-cadherin, vimentin, and fibronectin, is increased, which

in turn enhances the invasive migration and metastatic

capacities of these cells.15 The tumor suppressor

E-cadherin shows a strategic role in preventing metastasis,

and a switch from E-cadherin to N-cadherin expression is

routinely investigated to monitor EMT during hepatic

malignancies. The expression of these EMT markers,

especially E-cadherin, is controlled by numerous transcrip-

tion factors, such as Twist, Slug, and Snail.16 These tran-

scription factors also regulate the transcription and

translation of matrix metalloproteinases (MMPs), which

play a definitive action in hepatic malignancies via stimu-

lation of the EMT signaling pathway. In particular, MMP-9

is a type of zinc-dependent protease that plays a critical

action in metastasis through the degradation of the extra-

cellular matrix. Furthermore, it can break down the base-

ment membrane, enabling hepatocellular carcinoma cells

to migrate and invade the surrounding cells, thus leading

to cancer progression.17 Transforming growth factor-β
(TGF-β) is one of the most potent EMT inducers and

a pleiotropic cytokine that promotes metastasis of hepato-

cellular carcinoma cells. EMT is regulated by numerous

signaling pathways from the tumor microenvironment,

including various receptor-associated signaling enzymes.18

Phospholipase D (PLD) shows a critical action in the

modulation of a wide range of cellular as well as patholo-

gical processes, including tumor proliferation, migration,

invasion and metastasis. PLD is activated extensively by

various oncogenes including v-Raf, v-Ras and v-Src, and

hence, it is currently one of the major molecular targets for

the treatment of several cancers including pancreatic,

breast, lung, gastric, and liver cancers.19–21

The water-soluble organic moieties of medicinal plants

play an important role in the green synthesis of GNPs

using phytochemicals with significant antioxidant

properties.3 Medicinal plant-based GNPs have been thor-

oughly analyzed, and it has been experimentally acknowl-

edged that they exhibit medicinal treatments as well as

biological properties, such as anti-bacterial, anti-inflamma-

tory, anti-oxidative, and anti-cancer activities.22–25

Maclura tricuspidata (MT) is a member of the Moraceae

family and is distributed in Korea and East Asia. Different

parts of MT including its roots, stems, leaves, and fruit

have been widely used for medicinal purposes to treat

conditions such as tumors, liver damage, jaundice, chronic

gastritis, rheumatism, as well as external and internal

hemorrhage. The pharmacological effects of the roots

(MTR), stems (MTS), leaves (MTL), fruits (MTS) of MT

are owing to the presence of high phenolic compounds,
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flavonoids, diterpenoids, terpenoids, and alkaloids. In par-

ticular, phenolic compounds, like cudratricusxanthones,

cudraxanthones, and 1,3,7-trihydroxy-4-(1,1-dimethyl-2-

propenyl)-5,6-(2,2-dimethylchromeno)xanthone have anti-

oxidant, anti-bacterial, anti-inflammatory and anti-cancer

characteristics.26–29 The results of the present study

demonstrated that the preparation of GNPs from MTR,

MTS, MTF, and MTL extracts is more beneficial than

using conventional methods as they contain high phenolic

compounds, which are accountable for the reduction,

encapsulation, and stabilization of GNPs. The extracts

from the different parts of MT contain high levels of

phenolic and flavonoid compounds, and hence, have high

radical-scavenging and reducing activities, which are

important properties for green-synthesized MT-GNPs.

This is the first detailed study on the assessment of the

physicochemical characteristics and anti-metastatic prop-

erties of different MT-GNPs (MTR-GNPs, MTS-GNPs,

MTL-GNPs, and MTF-GNPs), synthesized from different

parts of MT, in human hepatocellular carcinoma cells.

Materials and Methods
Reagents
All reagents, including 2,2′-azino-bis(3-ethylbenzothiazo-

line-6-sulphonic acid) (ABTS), methylene blue, chloroau-

ric acid (HAuCl4·3H2O), rhodamine B, dimethyl sulfoxide

(DMSO), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and other

chemicals were obtained from Sigma-Aldrich (St. Louis,

MO, USA). Antibodies against MMP-9, N-cadherin, PLD-

1, E-cadherin, α-tubulin, and vimentin were acquired from

Cell Signaling Technology, Inc. (Beverly, MA, USA). All

other chemicals indicated were of analytical reagent grade.

Preparation of MT Extracts
MT samples were composed from Miryang, Gyungnam

Province, Korea, in December 2018. The botanical identifi-

cation was prepared by Dr. YoungWhan Choi, and a voucher

specimen (No. MT20180011) was placed at the laboratory of

the Natural Products Research Lab., College of Natural

Resources and Bioscience, Pusan National University,

Korea. Briefly, the roots, stems, leaves, and fruits of MT

were powdered with an electric mixer (HMF-3100S; Hanil

Electric, Seoul, Korea), subsequently being dried in a hot-air

drying machine (JSR, Seoul, Korea) for 24 h at 60 °C. The

dried roots, stems, leaves, and fruits (30 g) of MTwere then

extracted with double-distilled water at 100 °C for 4 h,

filtered, and concentrated with a rotary vacuum evaporator

(Buchi Rotavapor R-14; Buchi Labortechnik, Flawil,

Switzerland) to acquire 5.467, 2.000, 8.867, and 2.711 g,

respectively. The MT extracts (MTR, MTS, MTL, and

MTF) were liquefied in double-distilled water, stored as

50 mg/mL stock solutions at 4 °C, and diluted to the chosen

concentration using the GNPs medium.

Total Phenolic and Flavonoid Content of

MT Extracts
The total phenolic and flavonoid contents of MT extracts

(MTR, MTS, MTL, and MTF) were determined using the

Folin–Ciocalteu and aluminum chloride colorimetric

methods, as described previously.30 The total phenolic

and flavonoid content was expressed as gallic acid equiva-

lent (GAE) per g and quercetin equivalent (OE) per g of

MT extracts (MTR, MTS, MTL, and MTF).

DPPH and ABTS Assay to Study the Free

Radical Scavenging Capacity of MT

Extracts
The DPPH and ABTS radical scavenging activities of MT

extracts (MTR, MTS, MTL, and MTF) were determined

according to a previously described method,30 with slight

modifications. MT extracts (MTR, MTS, MTL, and MTF)

were mixed with DPPH solution (60 µM) or ABTS solution

(7 mM) in microplates. The samples were shaken vigor-

ously and then kept in the dark at 25°C for 2 h. The optical

density of the mixture was measured at 510 nm or 734 nm.

Determination of the Reducing Potential

of MT Extracts
The reducing potential of MT extracts (MTR, MTS, MTL,

and MTF) was determined according to a previously

described method,30 with slight alterations. The absor-

bance was quantified at 700 nm with a spectrophotometer

(Evolution™ 300 UV-Vis Spectrophotometer, Thermo

Fisher Scientific).

Synthesis and Physicochemical

Characterization of MT-GNPs
For the reduction of HAuCl4 to GNPs, 1 mM of aqueous

HAuCl4 solution was mixed with MT extracts (MTR, MTS,

MTL, and MTF), respectively. The mixture was incubated at

25°C for 15 min, and the color changed from yellow to violet

after 15 min, which confirmed the formation of GNPs. The

formation of MTR-, MTS-, MTL- and MTF-GNPs was
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detected using an Evolution 300 UV-Vis absorption

Spectrophotometer (Thermo Fisher Scientific) from 300 to

800 nm. The particle size, zeta-potential, and polydispersity

index (PDI) of MTR-, MTS-, MTL- and MTF-GNPs were

determined at 25 °C by DLS technique using Zetasizer Nano

ZS90 (Malvern Instruments, Malvern, UK). The MTR-,

MTS-, MTL- and MTF-GNPs were placed in a disposable

zeta cell at 25 °C. Distilled water was used as a reference for

the dispersing buffer. The results are given as the average

particle size, zeta-potential, and PDI acquired from the

examination of three different batches, each of them mea-

sured three times. The XRD patterns were collected using

a X’Pert 3 Powder X-ray Diffractometer (Malvern

Panalytical, Malvern, UK) operating at a 30 to 80 s scanning

range, 40 kV voltage, and 30 mA current. The FT-IR patterns

were collected using a Perkin Elmer Spectrum GX FT-IR

Spectrophotometer with KBr pellets operating at a range of

400 to 4000 cm−1. To determine the surface morphology,

crystallinity, and chemical composition of MTR-, MTS-,

MTL- and MTF-GNPs, one drop of the reaction mixture

was deposited on the copper grid and then the MTR-,

MTS-, MTL- and MTF-GNPs were dried completely. The

HR-TEM operating at a 200 KVaccelerated voltage as well

as the selected area electron diffraction (SAED), fast Fourier

transform (FFT), high-angle annular dark field (HAADF),

and EDS measurements were conducted on the Thermo

Scientific (FEI) Talos F200X G2 TEM instrument.

Photocatalytic Activities of MT-GNPs
The photocatalytic activities of the MTR-, MTS-, MTL-,

andMTF-GNPs were evaluated based on the degradation of

methylene blue and rhodamine B dyes, as previously

described.5 In brief, solution of 0.8 mM methylene blue

and 0.05 mM rhodamine B solution were added to MTR-,

MTS-, MTL-, andMTF-GNPs, following which an ice-cold

solution of 0.06 M sodium borohydride was supplementary.

The degradation of methylene blue and rhodamine B was

measured on a wavelength range of 300–800 nm with

regular intervals (1 min).

Cell Culture and Cell Viability
Human hepatocellular carcinoma cell lines (HepG2 and

SK-Hep-1) were acquired from American Type Culture

Collection (ATCC, Manassas, VA, USA). HepG2 and

SK-Hep-1 Cells were incubated in Eagle’s minimum essential

medium (EMEM) added with 1% penicillin/streptomycin and

10% fetal bovine serum (Gibco; Thermo Fisher Scientific,

Waltham, MA, USA). All cells were incubated and treated at

37°C with 5% CO2 and passaged in 3 days. Cells were

cultured in 24-well plates at a density of 3×104 cells per well

for 24 h. Cells were treatedwith various concentrations (0–100

µg/mL) of MTR, MTS, MTL, and MTF and MTR-, MTS-,

MTL-, and MTF-GNPs and incubated at 37 °C with 5% CO2

for 24 h, 48 h, and 72 h. Afterward, the CCK-8 solution was

treated to the medium at 37 °C with 5% CO2 for 4 h. The

optical density was read at a wavelength of 450 nm.

Cell Migration and Transwell Invasion

Assay
The influence of MT-GNPs on the horizontal migration of

HepG2 and SK-Hep-1 cells was assessed with the Radius

24-Well Cell Migration Assay (Cell Biolabs, San Diego,

CA, USA) according to the manufacturer’s guidelines.

Images were captured with an inverted microscope at

predetermined times (0 and 24 h). Cell migration and

invasion were assessed with the CytoSelect 24-Well Cell

Migration and Invasion Assay (8 μm; Cell Biolabs, San

Diego, CA, USA) according to the manufacturer’s speci-

fications. HepG2 and SK-Hep-1 cells that infiltrated to the

bottom surface were stained using crystal violet (for about

5 min) for visualization.

Gelatin Zymography
MMP-9 activity was assessed using the Zymogram-PAG

System kit (Koma Biotech, Seoul, Korea) according to the

manufacturer’s specifications. Briefly, the culture media of

HepG2 and SK-Hep-1 cell were mixed with Zymogram

sample buffer (2X) and acceptable to stand for 10 min at

25 °C. After electrophoresis (125 V constant, 90 min) with

Zymogram running buffer (1X), the gels were washed with

Zymogram renaturing buffer (1X) for 30 min at 25 °C and

then incubated for 16 h at 37°C with Zymogram develop-

ing buffer (1X). The gels were stained with Coomassie

Brilliant Blue R-250 for 30 min, and then de-stained using

the Coomassie R-250 destain (Bio-Rad, CA, USA).

PLD Activity Assay
PLD activity was analyzed using the Amplex Red

Phospholipase D Assay Kit (Molecular Probes) by spec-

trofluorimetry, according to the manufacturer’s specifica-

tions. In brief, HepG2 and SK-Hep-1 cells were

trypsinized and centrifuged to remove the supernatant.

Subsequently, cell pellets were added in the Amplex Red

reaction buffer in the kit, vortex vigorously and incubated

on ice for 5 min, then centrifuged. PLD enzymatic activity
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was measured on a FLUOsta0r Omega Plate Reader

(BMG Labtech). Each sample is normalized against the

protein concentration of the sample.

Western Blotting
The quantitative samples were loaded into the 10% SDS-

PAGE and separated by electrophoresis. Then, transferred to

PVDF membrane (Amersham Biosciences, Piscataway, NJ,

USA). Took out the membranes and blocked with 5% BSA

for 1 h at room temperature, the PVDF membranes were

incubated with the following primary antibodies: Anti-

MMP-9, anti-PLD1, anti-E-cadherin, anti-N-cadherin, anti-

vimentin and anti-α-tubulin (Cell Signaling, Waltham, MA,

USA). After washing three times for 10 min with Tris-buf-

fered saline and Tween 20 (TBST), the membranes were

incubated with horseradish peroxidase-conjugated secondary

antibodies (anti-rabbit IgG, anti-mouse IgG, Cell Signaling,

Waltham, MA, USA) for 1 h at room temperature. The

protein bands were detected using an enhanced Pierce ECL

Western Blotting Substrate (Thermo Fisher Scientific) with

an ImageQuant 350 analyzer (Amersham Biosciences).

Statistical Analysis
All data are represented as means ± SEM of three inde-

pendent replicates for each group. Comparisons were con-

ducted using the Statistical Package for the Social

Sciences software, version 17.0 (SPSS Inc. Released

2008. SPSS Statistics for Windows, Version 17.0.

Chicago: SPSS Inc). Student’s t-test and one-way analysis

of variance (ANOVA) were used to evaluate the differ-

ences among groups. A P-value of < 0.01 or < 0.05 was

considered to indicate a statistically significant difference.

Results
Optimization of MT-GNPs Using MT

Extract as a Green-Reductant
In this present study, GNPs were rapidly synthesized using

different MT extracts as green-reductants. To determine

the potential effect of MTR, MTS, MTL, and MTF

extracts on the reduction, capsulation, and stabilization of

GNPs, their total phenolic and flavonoid contents as well

as a powerful reducing capacity, and antioxidant (ABTS

and DPPH) activities were evaluated. As shown in

Table 1, the results of the total phenolic analysis showed

that MTR extract had the highest phenolic content fol-

lowed by MTS and MTL, whereas MTF extract had the

lowest phenolic content. Further, we observed that MTR,

MTS, MTL, and MTF extracts all had significantly high

flavonoid contents (Table 1). The MTS extract (12.9 ± 1.9

mg AAE/g) was found to exhibit the highest reducing

potential, followed by MTR (12.4 ± 0.9 mg AAE/g) and

the MTL (9.7 ± 1.4 mg AAE/g) extracts, while MTF

extract (6.9 ± 1.5 mg AAE/g) had the lowest reducing

potential (Table 1). Moreover, the results of antioxidant

activity analyses (Table 1) showed that the radical scaven-

ging activities of MT extracts analyzed using DPPH assay

were found to be in the following order: MTR > MTS >

MTL > MTF. The radical scavenging activities analyzed

using the ABTS assay were found to be in the following

order: MTR > MTL > MTS > MTF. In this study, we

further assessed the addition of the MTR, MTS, MTL, and

MTF extracts to an aqueous solution of HAuCl4 resulted in

the formation of GNPs. Addition of an aqueous solution of

HAuCl4 to MTR, MTS, MTL, and MTF extracts at room

temperature for 15 min resulted in the formation of MTR-

GNPs, MTS-GNPs, MTL-GNPs, and MTF-GNPs, respec-

tively. This was apparent from the color alteration of the

solution from ivory yellow to purple or red color as well as

the absorption peak, λmax, which was observed between

520 and 527 nm when the GNPs were subjected to surface

plasmon resonance (Figure 1A). In addition, the MTR-,

MTS-, MTL-, and MTF-GNPs were further analyzed by

DLS to assess hydrodynamic size distribution, zeta poten-

tial, and polydispersity index (PDI). The hydrodynamic

size distributions were 89.0 ± 5.21, 88.50 ± 10.16, 91.43

± 1.87, and 96.60 ± 7.03 nm; the zeta potential values were

Table 1 Antioxidant Capability of MTR, MTS, MTL and MTF Extracts

Plant Parts Total Phenolic (µg GAE/g) Flavonoid (µg QE/g) Reducing Power (µg AAE/g) DPPH (%) ABTS (%)

Root 328.0 ± 16.3 138.6 ± 10.1 12.4 ± 0.9 87.0 ± 4.3 89.3 ± 6.2

Stem 233.5 ± 15.8 117.8 ± 7.0 12.9 ± 1.9 84.4 ± 3.4 84.1 ± 5.6

Leaf 131.5 ± 13.9 110.3 ± 11.3 9.7 ± 1.4 77.2 ± 6.6 84.7 ± 6.9

Fruit 77.5 ± 14.0 117.0 ± 16.3 6.9 ± 1.5 47.4 ± 4.9 87.0 ± 4.3

Abbreviations: MTR, Maclura tricuspidata root; MTS, Maclura tricuspidata stem; MTL, Maclura tricuspidata leaves; MTF, Maclura tricuspidata fruits; GAE, gallic acid equivalent;

QE, quercetin equivalent; AAE, ascorbic acid equivalent; DPPH, 2,2-diphenyl-1-picrylhydrazyl; ABTS, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid).
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Figure 1 The optimization of MTR-, MTS-, MTL-, and MTF-GNPs.

Notes: (A) UV-Vis spectra of MTR-, MTS-, MTL-, and MTF-GNPs. (B) The hydrodynamic sizes of MTR-, MTS-, MTL-, and MTF-GNPs were determined by DLS. (C) Zeta

potential values of MTR-, MTS-, MTL-, and MTF-GNPs were measured by DLS.

Abbreviations: MTR-, MTS-, MTL-, and MTF-GNPs, Maclura tricuspidata root-, stem-, leaf-, and fruit-extract-gold nanoparticles, respectively; UV-Vis, ultraviolet-visible;

DLS, dynamic light scattering.
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–26.93 ± 1.41, –24.93 ± 0.24, –17.50 ± 0.65, and –24.70 ±

0.21 mV; and the PDI values were 0.24 ± 0.01, 0.31 ±

0.02, 0.26 ± 0.02, and 0.32 ± 0.02 for MTR-, MTS-, MTL-

, and MTF-GNPs, respectively (Figure 1B and C).

HR-TEM and EDS Studies of MT-GNPs
The surface morphology of MTR-, MTS-, MTL-, andMTF-

GNPs was evaluated using HR-TEM. Typical micrographs

display GNPs with spherical or hexagonal-shaped morphol-

ogy, and MTR-, MTS-, MTL-, and MTF-GNPs were able to

obtain an average diameter of 23.3 ± 3.7, 25.7 ± 5.3, 24.4 ±

4.3, and 26.3 ± 3.4 nm, respectively (Figure 2A and B). The

SAED patterns of MTR-, MTS-, MTL-, and MTF-GNPs

also showed a face-centered cubic crystal structure, which

was manifested by bright circular spots corresponding to

(111), (200), (220), and (311) lattice planes of Bragg’s

reflection (Figure 2C). The distribution of Au elements in

MTR-, MTS-, MTL-, and MTF-GNPs was analyzed using

HAADF imaging. Figure 2D indicates a typical red-particle

image of the GNPs corresponding to Au element maps.

EDS analysis determines the surface chemical composition

of the green-synthesized Gold-NPs and results presented

three clear Au signals pertaining to the elements in MTR-,

MTS-, MTL-, and MTF-GNPs (Figure 2E). Surface plas-

mon resonance analysis showed that MTR-, MTS-,

MTL-, and MTF-GNPs displayed peaks at 0.2–0.4, 2–2.3,

and 9.6–9.8 keV, respectively, which was due to the pre-

sence of Au.

XRD and FT-IR Studies of MT-GNPs
To examine the well-crystallized gold patterns of MTR-,

MTS-, MTL-, and MTF-GNPs, XRD measurements were

Figure 2 Characterization of MTR-, MTS-, MTL-, and MTF-GNPs.

Notes: HR-TEM images at (A) low and (B) high magnification, (C) SAED patterns, (D) HAADF imaging, and (E) EDS analysis of MTR-, MTS-, MTL-, and MTF-GNPs.

Abbreviations: HR-TEM, high-resolution transmission electron microscopy; SAED, selected area electron diffraction; HAADF, High-angle annular dark field; EDS, energy

dispersive spectroscopy; MTR-, MTS-, MTL-, and MTF-GNPs, Maclura tricuspidata root-, stem-, leaf-, and fruit-extract-gold nanoparticles, respectively.
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Figure 3 Physicochemical characterization of MTR-, MTS-, MTL-, and MTF-GNPs.

Notes: (A) XRD pattern and (B) FTIR spectra of MTR-, MTS-, MTL-, and MTF-GNPs.

Abbreviations: XRD, X-ray diffraction; FT-IR, Fourier transform-infrared spectroscopy; MTR-, MTS-, MTL-, and MTF-GNPs, Maclura tricuspidata root-, stem-, leaf-, and

fruit-extract-gold nanoparticles, respectively.
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detailed, as shown in Figure 3A. The main peaks acquired

at (111), (200), (220), and (311) corresponded to the

Bragg’s reflection planes with 2 θ values (30–80°) of

38.18–38.23°, 44.37–44.51°, 64.7–-64.78°, and 77.59–

77.85°, respectively. The peak of the XRD spectrum con-

firmed the presence of elemental and crystalline gold. The

“green synthesis” of GNPs involves use of biocompatible

materials, which act as functionalizing ligands under phy-

siological conditions, generating GNPs that are more sui-

table for the biomedical approach. The MT extracts also

provide potential functional groups, which get attached to

the surface of the MT-GNPs, resulting in capping and

stabilization of GNPs. In this study, the FT-IR spectra

was analyzed to investigate the existence of bioactive

components, such as the capping layer in MT-GNPs. The

FT-IR spectra of MT extracts corresponding to MT-GNPs

specified high similarity between MT extracts and MT-

GNPs. In particular, the prominent peaks of MTR, MTS,

MTL, and MTF extracts and their corresponding GNPs

were characterized by –OH stretching at 3372.01, 3368.86,

Figure 4 Photocatalytic properties of MTR-, MTS-, MTL-, and MTF-GNPs.

Notes: UV-Vis spectra of (A) methylene blue and (B) rhodamine B on addition of MTR-, MTS-, MTL-, and MTF-GNPs. Control is non-treated group.

Abbreviations: UV-Vis, ultraviolet-visible; MTR-, MTS-, MTL-, and MTF-GNPs, Maclura tricuspidata root-, stem-, leaf-, and fruit-extract-gold nanoparticles, respectively.
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3369.05, and 3368.94 cm−1, respectively. In addition, –CH

stretching was also observed between 2930.25, 2879.42,

2978.13, and 2960.07 cm−1, respectively, with peaks at

1592.45 (MTR-GNPs) and 1589.52 cm−1 (MTS-GNPs)

which corresponds to the C-C stretch of aromatic-groups.

Moreover, peaks due to C-N stretching were also detected

in MTL-GNPs and MTF-GNPs at 1076.25 and

1264.74 cm−1, respectively (Figure 3B). Altogether, these

results demonstrated that the reduction, capsulation, and

stabilization of MT-GNPs were possibly owing to some

functional groups present in the MT extracts, for example,

phenols, flavonoids, and proteins.

Photocatalytic Studies of MT-GNPs
The dye degradation of the methylene blue and rhodamine B

dyes using sodium borohydride was studied using sodium

borohydride in the presence of MTR-, MTS-, MTL-, and

MTF-GNPs and monitoring by UV-Vis spectrophotometer.

A characteristic absorption peak was identified corresponding

to pure methylene blue (665 nm) and rhodamine B (575 nm).

In the treatment of MTR-, MTS-, MTL-, and MTF-GNPs as a

catalyst, the deep blue (corresponding to methylene blue) and

pink-red (corresponding to rhodamine B) color gradually

faded and finally disappeared. In Figure 4, the UV-Vis spectra

revealed that the addition of all the MTR-, MTS-, MTL-, and

MTF-GNPs completely decreased in the wavelength of max-

imum absorbance within 4–7 min. The catalytic degradation

of methylene blue and of rhodamine B by MT-GNPs was

found in the following order: MTR-GNPs > MTS-GNPs >

MTL-GNPs > MTF-GNPs.

Anti-Migration Studies of MT-GNPs
To examine the effects of MT-GNPs on HepG2 and SK-

Hep-1 cell viability, CCK-8 assay was performed using

indicated concentrations (0–100 µg/mL) of MT-GNPs for

24, 48, and 72 h. Compared to that in the non-treated control

group, cell viability was considerably reduced by MT

extract and MT-GNPs at 100 µg/mL doses for 48 and 72 h

in HepG2 and SK-Hep-1 cells (Table 2). In contrast, treat-

ment of HepG2 and SK-Hep-1 cells with MTF extract or

MTF-GNPs at concentrations of up to 80 µg/mL for 24 h

had no effect on cell viability (Table 2). Therefore, HepG2

and SK-Hep-1 cells were treated with MT extract or MT-

GNPs at a concentration of 80 µg/mL for 24 h in subsequent

experiments. The cell migration assay was performed to

assess the ability of MT-GNPs to inhibit tumor cell motility.

HepG2 and SK-Hep-1 cells showed high metastatic ability.

The cell migration assay showed that the gap was repopu-

lated by the cells. As shown in Figure 5A, the circle-shaped

area of the non-treated control group showed no obvious

change, while remarkable gap closure was observed in the

TGF-β group after an incubation period of 24 h. The ability

of MTextracts and MT-GNPs to inhibit migration of treated

HepG2 and SK-Hep-1 cells was in the following order:

Table 2 Cell Viability of MTR, MTS, MTL and MTF-GNPs

(mg/mL) HepG2 (%) SK-Hep-1 (%)

40 80 100 40 80 100

24 h

MTR-GNP 101.2 ± 0.3 87.9 ± 6.3 69.8 ± 3.1** 94.0 ± 2.2 91.2 ± 2.5 68.9 ± 2.0*

MTS-GNP 98.4 ± 4.5 90.2 ± 1.1 71.9 ± 6.2* 93.2 ± 1.1 83.1 ± 2.3 67.5 ± 2.2**

MTL-GNP 99.1 ± 0.7 100.5 ± 4.0 82.5 ± 2.6** 100.4 ± 1.0 97.2 ± 1.5 86.6 ± 1.5**

MTF-GNP 103.1 ± 0.9 97.5 ± 5.7 79.9 ± 4.7** 100.2 ± 2.2 93.4 ± 2.1 93.2 ± 2.0

48h

MTR-GNP 77.6 ± 1.5** 75.0 ± 5.4** 48.1 ± 4.7** 73.5 ± 2.5** 63.1 ± 2.0** 49.6 ± 3.7**

MTS-GNP 81.9 ± 2.2* 74.9 ± 1.9** 61.4 ± 6.2** 72.9 ± 3.1** 64.6 ± 0.7** 54.2 ± 2.3**

MTL-GNP 83.0 ± 1.5* 85.8 ± 3.3* 67.1 ± 2.5** 77.1 ± 2.2** 68.1 ± 2.3** 62.4 ± 1.9**

MTF-GNP 88.0 ± 0.8* 77.1 ± 2.6** 71.3 ± 2.2** 77.5 ± 2.6** 68.9 ± 2.5** 62.5 ± 2.0**

72h

MTR-GNP 61.5 ± 4.0** 55.6 ± 1.5** 27.6 ± 3.1** 63.9 ± 3.0** 54.1 ± 1.1** 34.0 ± 3.8**

MTS-GNP 53.6 ± 2.0** 40.0 ± 0.5** 31.9 ± 2.8** 66.7 ± 2.3** 38.9 ± 2.6** 34.2 ± 4.0**

MTL-GNP 61.0 ± 1.3** 44.7 ± 1.7** 42.9 ± 3.1** 64.5 ± 3.7** 60.2 ± 1.6** 42.5 ± 2.6**

MTF-GNP 65.7 ± 0.4** 59.9 ± 1.6** 52.4 ± 4.6** 62.8 ± 1.5** 62.9 ± 2.2** 53.9 ± 1.1**

Notes: Cell viability of MTR, MTS, MTL and MTF-GNPs were detected by CCK-8 assay. *p < 0.05 and **p < 0.01 compared to the control group.

Abbreviations: MTR-, MTS-, MTL- and MTF-GNPs, Maclura tricuspidata root-, stem-, leaves- and fruits-extract-gold nanoparticles.
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MTR-GNPs > MTS-GNPs > MTR > MTS > MTL-GNPs >

MTF-GNPs > MTL > MTF, indicating that both MTR-

GNPs and MTS-GNPs exerted higher inhibitory effects on

HepG2 and SK-Hep-1 cell motility compared to other

groups (Figure 5A).

Anti-Metastasis Studies of MT-GNPs
Increasing evidence suggests that EMT is the underlying

cause of cell invasion and motility in cancer cells.16 To

analyze the inhibition of HepG2 and SK-Hep-1 cell invasion,

we performed the transwell assay. The invasion assay results

showed that MTR, MTR-GNPs, MTS, MTS-GNPs, MTL,

MTL-GNPs, MTF, and MTF-GNPs remarkably decreased

cell invasion from 100% to 25.7%, 9.3%, 18.5%, 7.8%,

48.8%, 24.7%, 57.3%, and 35.6%, respectively, in HepG2

cells compared with that in TGF-β-treated cells (Figure 5B).
However, the inhibitory effect of MTL, MTL-GNPs, MTF,

and MTF-GNPs on cell invasion was not significant in

SK-Hep-1 cells compared with that in TGF-β-treated cells.

MTR-GNPs and MTS-GNPs showed high invasive abilities

as compared to MTL-GNPs and MTF-GNPs in hepatocellu-

lar carcinoma cells. Furthermore, we found that the enzy-

matic activity of MMP-9 was remarkably inhibited by

MT-GNPs in TGF-β-treated cells. We used gelatin zymogra-

phy to further confirm this finding. The results showed that

TGF-β-induced MMP-9 enzymatic activity was reversed by

MTR, MTR-GNPs, MTS, MTS-GNPs, and MTL-GNPs, but

remained unchanged upon treatment with MTL, MTF, and

MTF-GNPs. The highest MMP-9 enzymatic activity was

seen in the MTS-GNPs group, and the lowest in the MTF-

GNPs group (Figure 6A). PLD activity in tumor cells has

been confirmed to play a crucial role in tumor metastasis.

Consequently, we further examined the effect of MTextracts

and MT-GNPs on PLD activity in TGF-β-stimulated HepG2

and SK-Hep-1 cells. These results demonstrated that MTS-

GNPs and MTR-GNPs exhibited the highest PLD inhibitory

Figure 5 Anti-migration and -invasion effects of MTR-, MTS-, MTL-, and MTF-GNPs.

Notes: (A) Cell migration was detected in HepG2 and SK-Hep-1 cells using the Radius™ 24-Well Cell Migration Assay kit. (B) Cell invasion was measured with the CytoSelect™

Cell Migration and Invasion assay kit. Control is non-treated group.

Abbreviations: MTR-, MTS-, MTL-, and MTF-GNPs, Maclura tricuspidata root-, stem-, leaf-, and fruit-extract-gold nanoparticles, respectively; TGF-β, transforming growth

factor-beta.
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activity, also seemed to be highly active than MTS and MTR

extract (Table 3).

Western Blot Analysis of MT-GNPs
Since MMP-9 and PLD1 expression can affect the enzy-

matic activity of MMP-9 and PLD1, we determined

Western blotting to detect the protein expression of

MMP-9 and PLD1. Our results showed that the anti-meta-

static effect of MT-GNPs on the metastasis induced by

TGF-β stimulation. Western blotting results showed that

TGF-β-mediated upregulation of MMP-9 and PLD1

expression was inhibited by treatment with MT-GNPs

(Figure 6B). To further investigate the promoter activity

of MMP-9 and PLD1 in TGF-β-stimulated HepG2 and

SK-Hep-1 cells, these cells were treated with MT extracts

and MT-GNPs. Compared to cells treated with TGF-β

alone, cells treated with MT extracts and MT-GNPs

showed significantly suppressed MMP-9 and PLD1 pro-

moter activity. The inhibitory effect of MT-GNPs on

MMP-9 and PLD1 promoter activity was as follows:

MTS-GNPs > MTR-GNPs > MTL-GNPs > MTF-GNPs

(Table 3). EMT is closely correlated with metastasis in

hepatocellular carcinoma. To determine the possible anti-

EMT mechanism of MT-GNPs in TGF-β-stimulated

HepG2 and SK-Hep-1 cells, Western blotting was used

to analyze the transcription levels of E-cadherin,

N-cadherin, and vimentin in hepatocellular carcinoma

cells. Results showed that TGF-β-mediated upregulation

of N-cadherin and vimentin expression was significantly

inhibited by MT-GNPs, while TGF-β-mediated downregu-

lation of E-cadherin expression was significantly enhanced

by MT extracts and MT-GNPs (Figure 6C).

Discussion
TGF-β-induced EMT plays a role in carcinogenesis and

tumor progression, resulting in the promotion of metastasis

in hepatocellular carcinoma. Aberrant TGF-β signaling

causes cell migration, invasion, and metastasis by generat-

ing master regulators of EMs.18 The currently used anti-

metastatic agents are associated with several limitations

such as poor water solubility, biodegradability, and bioa-

vailability. Nanomaterial therapy is one of the most

Figure 6 Downregulation of MMP-9, PLD, and other EMT-related proteins by MTR-, MTS-, MTL-, and MTF-GNPs.

Notes: (A) MMP-9 enzymatic activity was detected by gelatin zymography. (B) Effect of MTR-, MTS-, MTL-, and MTF-GNPs on the expression of MMP-9 and PLD1 proteins.

(C) Effect of MTR-, MTS-, MTL-, and MTF-GNPs on the protein expression of E-cadherin, N-cadherin, and vimentin. Control is non-treated group.

Abbreviations: MMP-9, matrix metalloproteinase-9; PLD, phospholipase D; TGF-β, transforming growth factor-beta; MTR-, MTS-, MTL-, and MTF-GNPs, Maclura
tricuspidata root-, stem-, leaf-, and fruit-extract-gold nanoparticles, respectively.
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promising approaches that is utilized to combat the afore-

mentioned limitations.9,10 HCC metastasis can be pre-

vented or treated effectively by nanomaterial therapy

whereby MT extracts are employed. Although the anti-

cancer effect of medicinal plant-based GNPs has been

suggested in previous studies, the role of PLD signaling

and metastasis in hepatocellular carcinoma cells is not well

investigated. Therefore, in this study, the anti-metastatic

effects of GNPs synthesized from the roots, stems, leaves,

and fruits of MT, with a focus on PLD1 and MMP-9

enzymatic activity in HepG2 and SK-Hep-1 cells were

investigated.

MT is a widely used natural herbal remedy in China and

Korea. It has multi-target therapeutic and pharmacological

effects in carcinogenesis and tumor progression, which

have been well demonstrated in the clinical. In particular,

the roots and stems of MT have been used as traditional

Chinese medicine for the treatment of rheumatism, boil,

bruising, and gonorrhea. In Korea, its roots and stems are

used as universal folk remedies against tumor progression

in the last few decades.31,32 Here, we first demonstrated the

potential effect of MT extracts on the reduction, capsula-

tion, and stabilization of GNPs. MTR, MTS, MTL, and

MTF extracts were shown to have high phenol and flavo-

noid contents as well as a powerful reducing capacity, and

antioxidant activity. Reaction parameters for optimizing

GNPs, such as MTR, MTS, MTL, and MTF extract con-

centration, an aqueous solution of HAuCl4 concentration,

and reaction times were taken into reflection to purify the

GNPs in a fast and one-step manner. These quick and

simple methods were positively correlated with high phenol

and flavonoid contents as well as a powerful reducing

capacity, and antioxidant activity. Particle size analysis of

MT-GNPs using DLS showed average particle diameters of

83.7 ~ 103.6 nm, while the PDI and zeta potential values

were in the range of 0.023 ~ 0.034 and –16.8 ~ 27.9 mV,

respectively, demonstrating good dispersion. Particle size

analysis of MT-GNPs using HR-TEM presented that the

particle size was 19.6 ~ 29.7 nm with a spherical or hex-

agonal morphology. Due to a layer of hydration around the

MT-GNPs, MT-GNP diameters assessed by DLS were lar-

ger than those assessed by HR-TEM. As reported by Kumar

et al, the optimal GNP size for the highest cellular uptake is

50 nm, while 18 and 80 nm GNPs showed high uptake by

cancer cells.33 Therefore, in our study, we also obtained

MT-GNPs with similar sizes and zeta potentials. The phy-

sicochemical properties of MT-GNPs were successfully

studied by DLS, HR-TEM, EDS, XRD, and FT-IR. The

EDS, XRD, and FT-IR spectrums exhibited expected func-

tional groups confirming successful reduction, stabilization,

and capsulation of MT extracts onto GNPs. Several studies

have also revealed that photocatalytic activity may depend

on the size, morphology, and crystallographic structure of

the GNPs.34,35 MT-GNP photocatalysts showed significant

photocatalytic activity towards the degradation of methy-

lene blue and rhodamine B dyes. This can be majorly

attributed to the higher surface area of MT-GNPs and

synergetic coordination between MT extracts and Au.

Table 3 PLD Enzymatic Activity, MMP-9, MMP-9 Promoter Activity of MTR, MTS, MTL and MTF-GNPs

Cells PLD Activity (% of Control) MMP-9 Relative Luciferase Activity

(Fold)

PLD-1 Relative Luciferase Activity

(Fold)

HepG2 SK-Hep-1 HepG2 SK-Hep-1 HepG2 SK-Hep-1

Control 100 100 1 1 1 1

TGF-β 271.7 ± 10.8 211.4 ± 12.1 3.5 ± 0.2 2.7 ± 0.1 5.5 ± 0.1 5.2 ± 0.5

MTR + TGF-β 208.3 ± 14.0* 163.9 ± 11.7** 2.7 ± 0.3 2.1 ± 0.1* 4.1 ± 0.3* 4.1 ± 0.4*

MTR-GNP + TGF-β 137.1 ± 6.68** 112.4 ± 2.9** 1.7 ± 0.1** 1.4 ± 0.1** 2.6 ± 0.4* 2.8 ± 0.2**

MTS + TGF-β 199.0 ± 14.6* 151.7 ± 9.7** 2.5 ± 0.2* 1.9 ± 0.2* 3.9 ± 0.4* 3.9 ± 0.2*

MTS-GNP + TGF-β 133.2 ± 8.0** 105.9 ±3.3** 1.6 ± 0.1** 1.4 ± 0.1** 2.9 ± 0.2* 2.4 ± 0.1**

MTL + TGF-β 223.5 ± 13.1* 171.0 ± 10.3** 2.9 ± 0.2 2.2 ± 0.2* 5.0 ± 0.2 4.3 ± 0.1

MTL-GNP + TGF-β 187.8 ± 7.4** 150.1 ± 5.8** 2.2 ± 0.1** 1.7 ± 0.2** 4.2 ± 0.2* 3.4 ± 0.2*

MTF + TGF-β 211.3 ± 11.7* 172.2 ± 7.6** 2.7 ± 0.3 2.4 ± 0.3 4.7 ± 0.2 4.2 ± 0.4

MTF-GNP + TGF-β 188.5 ± 5.8** 150.4 ± 4.6** 2.2 ± 0.1* 1.9 ± 0.2** 4.2 ± 0.1* 3.6 ± 0.5*

Notes: PLD enzymatic activity was determined by Amplex Red phospholipase D assay kit in HepG2 and SK-Hep-1 cells. *p < 0.05 and **p < 0.01 compared to the TGF-β
group.

Abbreviations: TGF-β, transforming growth factor β; MMP-9, matrix metalloproteinases −9; PLD, phospholipase D; MTR-, MTS-, MTL- and MTF-GNPs, Maclura
tricuspidata root-, stem-, leaves- and fruits-extract-gold nanoparticles.
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In our study, we highlighted the role of MMP-9 and PLD1

in the molecular mechanism underlying the anti-migration and

-invasion properties of MTR-, MTS-, MTL-, andMTF-GNPs.

MMP-9 and PLD1 are collagenase and lipases, respectively,

that regulate tumor progression by regulating cancer cell

migration and invasion, and are potential therapeutic targets

ofmetastasis as they regulate the expression of the intercellular

adhesion molecule, E-cadherin, and the mesenchymal mar-

kers, N-cadherin and vimentin.20,21 This study demonstrated

that TGF-β-induced migration and invasion in HepG2 and

SK-Hep-1 cells increased the enzymatic activity and protein

expression ofMMP-9 and PLD1. Our results also revealed the

anti-migration and -invasion effects of MT-GNPs on TGF-β-
induced HepG2 and SK-Hep-1 cells via inhibiting the enzy-

matic activity and protein expression of MMP-9 and PLD1.

On the contrary, E-cadherin expression was notably increased

by MT-GNPs, while that of N-cadherin and vimentin was

suppressed in TGF-β-stimulated HepG2 and SK-Hep-1 cells.

In addition, the anti-migration and -invasion effects of MTR-

GNPs and MTS-GNPs were higher than those of MTL-GNPs

and MTF-GNPs. Hence, these findings contribute to the phy-

sicochemical characterization of MTR-, MTS-, MTL-, and

MTF-GNPs.

Conclusion
In the present study, GNPs were synthesized by an eco-

friendly protocol using extracts from different parts of MT

that are used as reducing, stabilizing, and capping agents

for medical purposes. The successful synthesis of MT-

GNPs was confirmed by UV-Vis spectroscopy, DLS, HR-

TEM, EDS, XRD, and FT-IR. Consequently, GNPs that

are proven to inhibit metastasis in hepatocellular carci-

noma can enhance treatment efficacy. In addition, cell

migration and invasion are major steps involved in the

metastasis of hepatocellular carcinoma cells. Our results

demonstrated that MT-GNPs had more effective inhibitory

effects than MT extracts on cell migration, invasion,

MMP-9 and PLD activity, and other EMT-related proteins.

Hence, our findings provide strong evidence that MT-

GNPs are beneficial for the suppression of metastasis of

hepatocellular carcinoma and may serve as promising

therapeutic candidates.
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