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Epigallocatechin gallate-capped gold 
nanoparticles enhanced the tumor 
suppressors let-7a and miR-34a in 
hepatocellular carcinoma cells
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ABDELGAWAD A. FAHMI

Abstract: Epigallocatechin gallate (EGCG), major constituent of green tea, possesses 
antioxidant, antiviral, and anticancer activities. Gold nanoparticles (AuNPs) play an 
important role in drug delivery due to their stability, ease of surface functionalization, 
and unique optical properties. This study aimed to investigate the infl uence of EGCG-
capped AuNPs on tumor suppressor miRNAs (miR-34a and let-7a) and their targeted 
cell death mediators in HepG2 cells, compared with celastrol. EGCG-AuNPs were 
prepared and characterized. antioxidant activity was estimated by DPPH scavenging 
assay; cytotoxicity was assessed by MTT assay; let-7a and miR-34a expression was 
analyzed by qPCR; and miRNAs targets (c-Myc and caspase-3) were assessed by ELISA 
and immunocytofl uorescence, respectively. The average size of EGCG-AuNPs was 35 nm, 
with a λmax of ~535 nm. EGCG-AuNPs exerted cytotoxicity on HepG2 cells stronger than 
that of EGCG alone. EGCG-AuNPs and EGCG presented half-maximal radical scavenging 
concentrations (SC50) of 539 µg/ml and 45 µg/ml, respectively. The expression levels of 
let-7a and miR-34a were signifi cantly elevated in HepG2 cells after EGCG-AuNP treatment 
for 72 h. c-Myc protein expression was reduced, whereas caspase-3 expression was 
increased following treatment with EGCG-AuNPs. In conclusion, Au-NPs are effective 
carrier for EGCG, and EGCG-AuNPs are promising anti-cancer agent.
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INTRODUCTION

Hepatocellular carcinoma (HCC) comprises 
approximately 75% of all liver cancer diseases. 
Current treatments for HCC include surgical 
resection, transplantation, and chemical therapy 
(e.g., Sorafenib), which is associated with low 
disease stabilization, due to acquired resistance 
(Petrick & McGlynn 2019). Therefore, increasing 
research has focused on the identifi cation of 
more effective treatments, including natural 
product-derived pure compounds. Different 
types of tea are produced from the leaves of 

the Camellia sinensis plant (green tea), which 
have high polyphenolic contents (Zaveri 2006). 
Catechins are the major constituents in green 
tea, with epigallocatechin gallate (EGCG) 
accounting for 65% of total catechins. EGCG has 
gained attention due to its antioxidant (Hu et al. 
2006), antiviral, and antimicrobial (Al-Shaeli et al. 
2019) activities, and as an anti-tumor agent that 
can target tumor cells rather than normal cells 
(Al-Shaeli et al. 2019, Zan et al. 2019, Tauber et 
al. 2020, Chen et al. 2019). The structure-function 
relationship of EGCG, as an anti-cancer agent, has 
been documented by several studies. The B-ring 
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(catechol group) possesses potent antioxidant 
activity (Fig. 1a), and the D-ring (gallate group) 
is more effective for inducing cytotoxicity and 
the inhibition of fatty acid synthase in tumor 
cells, leading to cytotoxic effects (Shammas et 
al. 2006, Li et al. 2011). 

EGCG has poor stabil i ty and low 
bioavailability (Lambert & Yang 2003), 
particularly under alkaline and neutral 
conditions, presenting rapid degradation, 
including the deprotonation of hydroxyl groups 
and subsequent biotransformation reactions, 
resulting in the loss of biological activity (Zhu et 
al. 1997, Sang et al. 2011). The oral bioavailability 
of EGCG is affected by several factors, such as 
the high molecular weight, pH, the presence 
of metal ions, temperature, biometabolic 
conversions, and oxygen concentration (Mereles 
& Hunstein 2011). 

The high molecular weight of EGCG, the high 
number of hydroxyl groups, and the presence 
of a galloyl moiety in EGCG prevent its passage 
through the intestinal epithelium, resulting in 
poor bioavailability (Warden et al. 2001). EGCG 
degradation surges with relative humidity and 
temperature, further reducing its bioavailability 
(Li et al. 2011). EGCG is also sensitive to the pH 
range within the human gastrointestinal tract. 

High pH results in EGCG oxidation, which leads 
to the formation of the dimerized products, 
known as asinensins, which also reduces EGCG 
accessibility (Yoshino et al. 1999, Su et al. 2003, 
Dube et al. 2010). The low bioavailability of 
EGCG has been associated with other factors, 
including the highly hydrophilic-lipophobic 
nature of EGCG metabolism, into methylated, 
glucuronidated, and sulfate products, and 
the active elimination of several polyphenolic 
compounds by multidrug resistance-associated 
protein 2 (MRP2) (Lu et al. 2003, Hong et al. 2003). 
Consequently, the development of strategies 
capable of increasing EGCG bioavailability 
and stability is highly desirable. Several 
recent studies have investigated the use of 
nanomaterials, such as gold nanoparticles 
(Hsieh et al. 2011), liposomes (Ramadass et al. 
2015), albumin (Ramesh & Mandal 2019), folic 
acid-functionalized nanostructured lipid (Granja 
et al. 2019), and polymeric nanoparticles (Sanna 
et al. 2011), for use as EGCG delivery vehicles, 
to facilitate drug entry, enhance bioavailability, 
avoid biometabolic modifications, and extend 
circulation time. 

Few clinical trials have been conducted to 
investigate green tea and the therapeutic effects 
of EGCG in cancer. A clinical trial explored the 

Figure 1. a. The chemical formula of epigallocatechin gallate (EGCG), illustrating the A-, B-, C- and D- rings. 
Characterization of EGCG-AuNPs: b. TEM image of EGCG-AuNPs and c. UV-visible spectrum of the prepared EGCG-
AuNPs, with a λmax at 535 nm.
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preventive effects of green tea polyphenols 
against high-risk hepatocellular carcinoma. The 
results showed that tea polyphenols decreased 
the levels of urinary 8-hydroxydeoxyguanosine 
and suppressed DNA damage (Luo et al. 
2006). Another phase II clinical trial in China 
confirmed that the oral administration of EGCG 
was an effective therapy method for acute 
radiation-induced esophagitis, which was able 
to significantly reduce pain in patients and to 
improve the therapeutic effects (Zhao et al. 
2015). A recent phase II, randomized, controlled 
trial (RCT) was performed to evaluate whether 
Veregen®, a topical ointment containing EGCG, 
was effective for the treatment of usual-type 
vulvar intraepithelial neoplasia (uVIN), and the 
results indicated that Veregen® application is 
safe and leads to at least the partial clinical 
resolution of uVIN lesions (Yap et al. 2019).

Nanomaterials have gained interest for 
use in drug delivery, due to the simplicity 
of the mode of action, the ease of surface 
modification, and other characteristics (Golchin 
et al. 2018). Gold nanoparticles (AuNPs) present 
great application potential and capacity for 
drug delivery, due to prolonged-release kinetics 
and long-term persistence at multiple, locus-
specific target sites utilized in cancer therapy 
(Golchin et al. 2018). For example, the gold 
nanoshells, Aurora, have recently received FDA 
approval for cancer chemotherapy (Guhrenz et 
al. 2017, Golchin et al. 2018). Additionally, AuNPs 
have been used in diagnostic probes to detect 
cancer (Golchin et al. 2018).

AuNPs are widespread nanocarriers 
in biomedical applications, due to their 
stability, ease of surface functionalization, and 
unique optical properties (Verma et al. 2020). 
AuNPs can be used to target tumor-specific 
sites through passive accumulation, due to 
their enhanced permeability and retention 
(EPR), or through functionalization with an 

active-targeting molecule (Chamundeeswari 
et al. 2019). Recently, EGCG-AuNPs showed a 
selective inhibitory efficacy in human smooth 
muscle cells, and the cellular internalization of 
EGCG-AuNPs within short periods of time was 
associated with laminin receptor-mediated 
endocytosis (Khoobchandani et al. 2016, Shukla 
et al. 2012). 

Small single RNA strands, known as micro 
RNAs (miRNAs), are highly stable, conserved, 
non-coding transcripts that can post-
transcriptionally regulate gene expression 
(Bach et al. 2017). Studies have demonstrated 
that miRNAs can functionally regulate many 
biological processes, including the balance 
between cell growth and death. The abnormal 
expression of miRNAs has been associated with 
numerous human diseases, particularly cancers 
and many inflammatory conditions (Hata & 
Lieberman ‎ et al. 2015). miRNAs are expressed 
at elevated levels in tumors are referred to as 
oncogenes or oncomiRs, and usually stimulate 
the development and progression of tumors by 
reducing the expression of tumor suppressor 
genes and/or specific genes that regulate cell 
death/apoptosis and differentiation (Zhang et 
al. 2007). miRNAs can act as either oncomiRs 
or tumor suppressors, depending on the 
context (Zhang et al. 2007). MiR-34a is a tumor-
suppressing miRNA that is downregulated in 
many human cancers, including HCC (Wang et 
al. 2017, Cai et al. 2017). MiR-34a and let-7a are 
tumor suppressor miRNAs that are involved 
in the regulation of many critical genes that 
participate in the tumorigenesis process, 
such as caspase-3, c-Myc, and several other 
genes. Consequently, the induction of miR-34a 
expression could suppress tumor growth and 
progression (Bader 2012, Daige et al. 2014).

Celestrol, a well-known chemotherapeutic 
agent, is a quinine methide triterpenoid, extracted 
from the roots of Trypterigium wilfordii, also 
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known as the Thunder of God Vine (Kannaiyan 
et al. 2011). Celestrol inhibits proliferation, 
induces apoptosis, and suppresses invasion and 
angiogenesis in various cancer diseases (Pang et 
al. 2010). The molecular targets of celastrol play 
various roles in the initiation, proliferation, and 
progression of carcinogenesis (Kannaiyan et al. 
2011). To our knowledge, neither the effects of 
AuNPs nor EGCG- AuNPs on miRNAs have been 
previously studied. Therefore, this study aimed 
to investigate the influence of EGCG-capped 
AuNPs on tumor suppressor miRNAs (miR-
34a and let-7a) and their targeted cell death 
mediators, compared with the influence of the 
known anti-cancer drug celastrol.

MATERIALS AND METHODS
Materials
Epigallocatechin gallate (EGCG; 989-51-5, Sigma-
Aldrich) was dissolved in phosphate-buffered 
saline (PBS). Sodium-tetrachloroaurate (NaAuCl4; 
13874-02-7, Sigma-Aldrich) was used to prepare 
the EGCG-conjugated AuNPs. Celastrol (34157-83-
0, Sigma-Aldrich) was used as a positive control, 
after being dissolved in < 0.1% dimethyl sulfoxide 
(DMSO), at a safe concentration. All buffers 
and reagents were analytical-grade (Sigma-
Aldrich, USA) unless otherwise mentioned. 
EGCG-conjugated AuNPs (EGCG-AuNPs) were 
prepared, as described by Zhu et al. (2019). 
Transmission electron microscopy (TEM) (Joel 
Jem-2100), performed with a Malvern Zetasizer 
Nano ZS instrument, with a He/Ne laser, and 
absorption spectroscopy (Evolution 300 UV-Vis 
spectrophotometer, Thermo Scientific, USA) were 
used to characterize the size and absorption 
spectrum of EGCG-AuNPs. The in vitro stability 
of the EGCG-AuNPs was tested in phenol red-
free Dulbecco’s modified Eagle medium (DMEM), 
both with and without 10% fetal bovine serum 
(FBS), after 1 h and 24 h. The absorption at 530 

nm confirmed the retention of nanoparticles in 
the medium. The Folin–Ciocalteu colorimetric 
assay revealed the loading capacity for EGCG on 
AuNPs (Zhu et. al 2019).

Antioxidant activity
The antioxidant activities of the tested agents 
(EGCG, EGCG-AuNPs, and celastrol) were 
investigated by assessing their scavenging 
capacities against 1,1-diphenyl-2-pycryl-hydrazyl 
(DPPH) radicals, in a non-cellular assay (van 
Amsterdam et. al 1992). The percentage of 
DPPH bleaching was used to calculate the 
half-maximal scavenging concentration (SC50) 
compared to ascorbic acid.

Cell Viability
Human HCC HepG2 cells (ATCC, Manassas, 
VA, USA) were propagated in high-glucose 
DMEM (Biowest, France), after adding 10% FBS 
(Biowest) and 1% antibiotic/antimycotic cocktail 
(Biowest, France), and then incubated at 37°C, 
in humidified air containing 5% CO2. Monolayer 
cells, at 70%–80% confluence, were harvested 
by Trypsin/EDTA (Biowest, France) treatment, at 
37°C. The viability of HepG2 cells was assessed 
using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) cell 
viability assay (Hansen et. al 1989). Cells were 
incubated with various concentrations of 
EGCG, EGCG-AuNPs, and celastrol, for different 
time intervals (24, 48, and 72 h). The relative 
cell viability was assessed by dissolving the 
insoluble formazan precipitate (converted from 
MTT) in DMSO. Absorbance was then measured 
at 570 nm, using the FlOUstar Optima multi-
detection system (BMG, Germany). The data 
were expressed as the mean percentages of 
viable cells, relative to non-treated cells, and 
recorded as the mean ± standard deviation (SD). 
The half-maximal inhibitory concentration (IC50) 
was calculated from the dose-dependent curve 
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for each time point, and afterward, the 72-h time 
point was selected for further experiments. 

Apoptosis-Necrosis assay
HepG2 cells were seeded into 8-well cell culture 
glass slides (SPL life sciences, Korea), at 5 × 103 
cells per well. Cells were treated with EGCG, EGCG-
AuNPs, or celastrol, at 30% of the respective IC50, 
for 24, 48, and 72 h, before being stained with 
acridine orange/ethidium bromide (100 µg/ml; 
V/V), dissolved in PBS (Baskić et. al 2006). The 
stained cells were scored under a fluorescence 
microscope (Axio Imager Z2, Carl Zeiss, Germany) 
at 200× magnification. Cells were classified 
according to their staining color: live cells were 
green, apoptotic cells were yellow, and necrotic 
cells were orange. The experiment was repeated 
six independent times (n = 6), and the mean 
percentages of live, apoptotic, and necrotic cells 
were evaluated as the mean ± SD.

Let-7a and miR34a expression by qRT-PCR
Total RNA was extracted using the miRNeasy 
RNA extraction kit (217004, Qiagen, Germany) 
and quantified using a NanoDrop™ 2000 
Spectrophotometer (ThermoFisher, MA, USA). 
Reverse transcription was performed with a 
miScript RT II RT kit (218161, Qiagen, Germany), 
using 1 µg of RNA, on a thermocycler (Bioer, 
PRC), and cDNA was quantified on a NanoDrop™ 
2000. PCR amplification was performed using 
the Stratagene Mx3000p real-time PCR system 
(Agilent, USA), with the miScript Sybr green PCR 
kit (218073, Qiagen, Germany). The reaction was 
performed using 3 ng cDNA and miRNA primers 
for let-7a (600750, Agilent technologies), miR-
34a (MS00003318, Qiagen, Germany), and U6 
(600750, Agilent technologies). Relative miRNA 
expression levels were determined using the 
ΔΔCt method (Livak & Schmittgen 2001), and 
values were normalized against the expression 
of U6 in non-treated controls.

Immunocytochemistry of Caspase-3 protein 
HepG2 cells were seeded into 8-well cell culture 
glass slides (SPL life sciences, Korea), at 5 × 103 
cells per well. Cells were treated with EGCG-AuNPs 
(250 and 125 µg/ml) and celastrol (4 µg/ml) for 
72 h, prior to fixation with absolute methanol for 
20 min. A blocking step was performed using 3% 
BSA in PBS, for 1 h. Slides were incubated with 
caspase-3 primary antibody (Ab59388, Abcam), 
at 4°C overnight, and visualized with Goat anti-
Rabbit IgG, Alexa-Flour-488 (A11034, Invitrogen). 
Nuclei were counterstained with 1 µg/ml 4’, 
6-diamidino-2-phenylindole (DAPI, Sigma). 
Slides were examined under a fluorescence 
microscope (Axio Imager Z2, Carl Zeiss, 
Germany), at 200× magnification. The expression 
of caspase-3 protein was scored and categorized 
according to the fluorescence intensities (IFU) of 
the total stained cells per well (grades 1+ to 3+) 
relative to non-treated cells (grade 0). 

Estimation of the c-Myc anti-apoptotic protein
Cells were treated with EGCG-AuNPs (250 and 
125 µg/ml) and celastrol (4 µg/ml) for 72 h. 
Treated HepG2 cells were lysed (Tansey, 2006), 
and the total protein content was evaluated 
using a protein kit (11572, BioSystems). Indirect 
enzyme-linked immunosorbent assay (ELISA) 
was used to measure the levels of c-Myc protein 
in the cell lysate, according to the antibody 
manufacturer’s instructions. c-Myc (C-19) (Sc-
788, Santa Cruz Biotechnology) was used as 
the primary antibody, detected using the Goat 
Poly Anti-Rabbit IgG (H&L) HRP (K0211708, Koma 
Biotech) secondary antibody, and EzWay pink-
ONE TMB as the substrate solution (K0331070, 
Koma Biotech). The absorbance was detected 
with an ELISA-reader, at 450 nm.

Statistical analysis
Experiments were repeated six times, 
independently (n=6), and the data were 
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expressed as the mean ± SD. All data were 
statistically analyzed using a one-way analysis 
of variance (ANOVA), followed by Dunnett’s 
multiple comparisons test, in Graphpad Prism 
software, V6. Differences were considered 
significant when p < 0.05. 

RESULTS
Characterization of EGCG-AuNPs
The sizes of the prepared EGCG-AuNPs were 
measured by TEM, which revealed that the 
prepared nanoparticles were spherical in shape 
and that the particle size associated with the 
normal distribution with 35 nm in diameter, on 
average (Fig. 1b). The absorption spectrum of 
EGCG-AuNPs was analyzed using ultraviolet (UV)-
visible absorption spectroscopy, which showed 
a maximum absorption (λmax) of approximately 
535 nm, confirming the stability of the molecule 
(Fig. 1c). The Folin–Ciocalteu colorimetric assay 
revealed the loading capacity to be 7.8% ± 2.3%. 
The relative extinction at 540 nm for EGCG-AuNP 
revealed no changes in the absorption of EGCG-
AuNP in DMEM, either with or without 10% FBS, 
compared with that of EGCG-AuNP in PBS, after 
1 and 24 h.

Antioxidant activity
The antioxidant capacities of EGCG, EGCG-AuNPs, 
and celastrol for the elimination of DPPH radicals 
was evaluated in comparison with ascorbic acid 
(which has high potency for the elimination of 
free radicals). The antioxidant activity of EGCG-
AuNPs, as assessed by the SC50 value, was 539 ± 
48 µg/ml compared with 45 ± 1.5 µg/ml for EGCG. 
The SC50 value of celastrol was 147 ± 4 µg/ml, 
indicating its low antioxidant activity relative to 
that of ascorbic acid (4.7 ± 0.4 µg/ml). 

Cell viability
HepG2 cells were treated with EGCG and EGCG-
AuNPs, at concentrations of 18.75, 37.5, 75, 150, 
and 300 µg/ml, for 24, 48, and 72 h (Fig. 2a 
and b). EGCG alone, at 300 µg/ml, reduced cell 
viability from 86.87% after 24 h to 68.58% after 72 
h. However, when HepG2 cells were treated with 
EGCG-AuNPs (300 µg/ml), cell viability was found 
to be 72.22%, 69.38%, and 47.64%, after 24, 48, and 
72 h, respectively, and the IC50 of EGCG-AuNPs was 
calculated as 254 µg/ml after 72 h. In contrast, 
HepG2 cells treated with celastrol, as a positive 
control, at various concentrations (0.625, 1.25, 
2.5, 5, and 10 µg/ml) for the same time intervals, 
resulting in significantly increased cytotoxicity 
at 10 µg/ml at all incubation time points, with 
cell viability decreasing to 48.64%, 35.15%, and 
23.8%, after 24, 48, and 72 h, respectively (Fig. 2c). 
The IC50 value of celastrol was 4 µg/ml after 72 
h (Fig. 2). 

Apoptosis-Necrosis assay
The cell death pathways involved were 
investigated by an apoptosis-necrosis assay 
after culturing HepG2 cells with EGCG, EGCG-
AuNP, and celastrol at a concentration equal to 
30% of the respective IC50 values for 24, 48, and 
72 h (Fig. 3). EGCG did not induce apoptotic or 
necrotic cells in a significant manner compared 
with non-treated cells, at all investigated time 
intervals. The percentages of apoptotic cells were 
elevated gradually when cells were treated with 
EGCG-AuNPs, reaching 25% ± 4.0% after 72 h (Fig. 
3b). However, celastrol elevated the percentage 
of apoptotic cells to 30.67% ± 2.0% for the 
same time interval. Similarly, the necrotic cell 
percentage increased gradually with increasing 
exposure duration in cells treated with EGCG-
AuNPs and celastrol, reaching 16.00% ± 2.7% and 
22.33% ± 3.0%, respectively, compared with non-
treated cells (3.33% ± 2.08%), at 72 h (Fig. 3b). 
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Figure 2. Viability of HepG2 Cells was assessed by MTT assay, after being treated for 24 h (circles), 48 h (squares), 
and 72 h (triangles) with EGCG (a), EGCG-AuNPs (b) and celastrol (c). Viability is expressed as the percentage of 
untreated control and presented as the mean ± SD of three independent experiments. 

Figure 3. a. Photomicrographs representing control, apoptotic, and necrotic HepG2 cells (from top to bottom). b. 
A histogram indicates the distribution of vital (green segments), apoptotic (yellow segments), and necrotic (red 
segments) HepG2 cells, after being treated with 30% of IC50 concentrations of EGCG, EGCG-AuNPs, and celastrol, 
compared with untreated control. Statistical analysis was performed using Graphpad Prism V6.01.*signifi cance 
compared with untreated control at each respective time point, at P < 0.05.
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Let7a and miR34a expression
Let-7a and miR-34a are two tumor suppressor 
miRNAs that are downregulated in tumor cells. 
Let-7a was signifi cantly elevated in HepG2 cells 
after treatment with 30% of IC50 concentrations 
of EGCG and EGCG-AuNPs for 72 h, and to 3.67 ± 
0.7 (p < 0.05) and 7.59 ± 1.7-fold of the control 
level (p < 0.001), respectively (Fig. 4a). These 
results indicated a higher potential for EGCG-
AuNPs to upregulate Let-7a compared with EGCG 
alone. Similarly, the treatment with celastrol 
for 72 h noticeably increased the fold-change 
in Let-7a expression, up to 9.10 ± 1.4 (p < 0.001) 
(Fig. 4a). In contrast, EGCG and EGCG-AuNPs 
exhibited similar patterns for the elevation of 
miR-34a expression, reaching 4.05 ± 0.8 and 3.65 
± 0.6-fold of the control level (Fig. 4a). Celastrol 
increased miR-34a expression up to 8.49 ± 1.7 (p 
< 0.001) fold of the control level (Fig. 4a).

c-Myc and Caspase-3
Lysates from cells treated with different 
concentrations of EGCG-AuNPs and celastrol 
were used to assess the levels of C-Myc protein, 
using indirect ELISA. At a low EGCG-AuNP 
concentration (125 µg/ml), no changes in c-Myc 
protein levels were observed, whereas, at a 
high EGCG-AuNP concentration (250 µg/ml) and 
when treated with celastrol, the c-Myc protein 
level was signifi cantly reduced (p < 0.05) (Fig. 
4b). Caspase-3 protein expression levels were 
elevated when HepG2 cells were treated with 
EGCG-AuNPs and celastrol, compared with 
untreated cells after 72 h. In untreated HepG2 
cells, the levels of caspase-3 protein expression 
were low (grade +) (Fig. 5). Caspase-3 protein 
expression levels elevated gradually with 
increasing levels of EGCG-AuNPs, reaching grade 
(++) and grade (+++) at concentrations of 125 µg/

Figure 4. a. Relative expression of let-7a (black bars) and miR-34a (gray bars) in HepG2 cells, after treatment with 
EGCG-AuNPs and celastrol. b. c-Myc protein levels in HepG2 cell lysates, expressed as OD/mg protein/ml, after 
treatment with EGCG-AuNPs and celastrol, for 72 h, compared with untreated control. Data are presented as 
the mean ± SD (n = 6). Statistical analysis was performed using Graphpad Prism V6.01. *p < 0.05 and ** P < 0.001 
compared with the corresponding control.
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ml and 250 µg/ml, respectively, whereas grade 
(+++) was reached when cells were treated with 
celastrol (Fig. 5).

DISCUSSION

Accumulating evidence shows that EGCG inhibits 
growth and induces apoptosis in hepatocellular 
carcinoma cells and liver cancer cells (Du et 
al. 2012). Our study demonstrated a cytotoxic 
effect for EGCG alone, in a concentration- and 
time-dependent manner, with an IC50 value of 
460 µg/ml after 72 h of treatment, with potent 
antioxidant activity. In contrast, EGCG-AuNPs 
showed weak radical-scavenging properties. 
However, the presence of AuNPs increased the 
cytotoxic and apoptotic potency of EGCG-AuNPs 
against HCC. These results agree with the results 
reported by Hsieh et al. (2019) who found that 
EGCG conjugated to AuNPs (50-nm diameter) 
exerted cytotoxic effects on mouse bladder 

cancer (MBT-2) cells after 48 h of treatment. 
The potential and efficacy of EGCG-AuNPs were 
investigated by Sanna et al. (2011), who reported 
that loaded EGCG-AuNPs containing small 
molecules against prostate-specific membrane 
antigen (PSMA) were able to effectively target 
prostate cancer cells. Furthermore, Chavva et al. 
(2019) compared the cytotoxic effects of EGCG-
conjugated AuNPs with the effects of citrate-
coated AuNPs and EGCG alone on breast cancer 
MDA-MB-231 cells, prostate cancer PC3 cells, 
pancreatic MIA PaCa cancer cells, and melanoma 
A375SM cells, and found that EGCG-conjugated 
AuNPs possessed superior anticancer activity 
compared with EGCG alone or with citrate-coated 
AuNPs, with higher affinity for tumor cells than 
for normal cells.

In addition to the possible role played by 
AuNPs, the activity of EGCG-AuNPs may be due 
to the active structure of EGCG. The chemical 
formula of EGCG and, in particular, the presence 

Figure 5. Photomicrographs 
representing caspase-3 
levels in HepG2 cells treated 
with EGCG-AuNPs and 
celastrol, compared with the 
untreated control, after 72 h. 
HepG2 cells were visualized 
under fluorescence after 
being stained with caspase-
3-Alexa-Flour-488 (Green) 
and nuclear counterstaining 
with DAPI (Blue) (100×).
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of the B-ring and D-ring, with multiple hydroxyl 
groups, could activate the anticancer potency 
of EGCG-conjugated molecules (Shammas et 
al. 2006, Li et al. 2011). The structure-function 
relationship of EGCG demonstrated that the 
B-ring (Catechol group) possesses potent 
antioxidant activity, whereas the D-ring (Gallate 
group) is more effective for inducing cytotoxicity 
and the inhibition of fatty acid synthase (FASN) 
in tumor cells, leading to a cytotoxic effect 
(Braicu et al. 2011; Legeay et al. 2015). This 
structure-function relationship could explain 
the EGCG-AuNPs-induced increase in apoptotic 
cell death and elevated caspase-3 protein 
expression levels and the downregulation of 
c-Myc protein, in a concentration-dependent 
manner, after 72 h. The mechanism of action 
for EGCG is based on the inhibition of the FASN 
enzyme (Wang & Tian 2001). FASN is normally 
present at low levels in normal tissues, where 
it is responsible for the de novo synthesis of 
fatty acids, and becomes elevated significantly 
in HCC (Wang & Tian 2001). EGCG resulted in 
a dose- and time-dependent decrease in cell 
viability,  which directly correlated with FASN 
levels, by inducing apoptosis and decreasing the 
levels of oncoproteins, such as human epidermal 
growth factor receptor 2 (HER2), protein kinase B 
(AKT), and extracellular signal-regulated kinase 
(ERK)1/2 (Puig et al. 2008). 

The anticancer properties of EGCG have 
been confirmed in numerous tumor cell lines 
and animal models, through the modulation of 
apoptosis, cell cycle arrest, and angiogenesis, 
including the regulation of miRNA expression. 
EGCG is an active regulator of various miRNAs 
(Shi et al. 2019). In an early study, Tsang et al. 
(2009) described the influence of EGCG on miRNA 
expression in human cancer cells. As a result of 
miRNA microarray analysis, EGCG treatment was 
found to alter the expression levels of a panel of 
miRNAs in HepG2 cells. EGCG treatment altered 

the expression of at least 61 miRNAs, including 
the upregulation of miR-1, the Let-7 family, miR-
16, miR-18b, miR-20a, miR-25, miR-34a/b, miR-92, 
miR-93, miR-99a, miR-126, miR-144-3p, miR-182, 
miR-210, miR-221, miR-320a, miR-330, and miR-
498 (Shi et al. 2019, Tsang & Kwok 2009, Kashyap 
et al. 2019). Our results for EGCG-AuNPs agree 
with previous reports examining treatment 
with EGCG treatment alone, and EGCG-AuNPs 
remarkably upregulated tumor suppressor 
miRNAs (let-7a and miR-34a), inducing apoptosis 
through enhanced caspase-3 expression. Let-7 
miRNAs are known to act as tumor suppressors 
and to inhibit HCC cell proliferation and invasion 
by downregulating MYC and upregulating p16INK 
(Lan et al. 2011, Wang et al. 2010). These reports 
demonstrated that the increase in Let-7a 
expression was consistent with the pro-apoptotic 
cytotoxic effects caused by the targeting of the 
c-Myc oncogenic protein by Let-7a. The elevation 
of miR-34a expression also enhanced apoptosis 
and cell death (Dang et al. 2013).

Taken together, conjugating EGCG with AuNPs 
as a nanocarrier accelerates the bioavailability 
and gradual accumulation of EGCG in cancer 
cells, inducing cytotoxicity and activating the 
apoptotic pathway. EGCG-AuNPs upregulated the 
tumor suppressor miRNAs let-7a and miR34a, 
which, in turn, upregulated their targeted gene, 
caspase-3, and downregulated c-Myc protein. 
This study was the first study to investigate the 
effects of any AuNPs on miRNA, either capped 
or uncapped. Further investigations remain 
necessary to understand the in vivo mode of 
action and delivery of EGCG-AuNPs among 
biological systems.
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