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Abstract

Cervical cancer (CxCa) is the most common cancer in women and a prominent cause of cancer mortality
worldwide. The primary cause of CxCa is human papillomavirus (HPV). Radiation therapy and chemotherapy
have been used as standard treatments, but they have undesirable side effects for patients. It was reported that
gallic acid has antioxidant, antimicrobial, and anticancer activities. Gold nanoparticles are currently being used
in medicine as biosensors and drug delivery agents. This study aimed to develop a drug delivery agent using
gold nanoparticles conjugated with gallic acid. The study was performed in uninfected (C33A) cervical cancer
cells, cervical cancer cells infected with HPV type 16 (SiHa) or 18 (HeLa), and normal Vero kidney cells. The
results showed that GA inhibited the proliferation of cancer cells by inducing apoptosis. To enhance the efficacy
of this anticancer activity, 15-nm spherical gold nanoparticles (GNPs) were used to deliver GA to cancer cells.
The GNPs-GA complex had a reduced ability compared to unmodified GA to inhibit the growth of CxCa cells.
It was interesting that high-concentration (150 uM) GNPs-GA was not toxic to normal cells, whereas GA alone
was cytotoxic. In conclusion, GNPs-GA could inhibit CxCa cell proliferation less efficiently than GA, but it was
not cytotoxic to normal cells. Thus, gold nanoparticles have the potential to be used as phytochemical delivery

agents for alternative cancer treatment to reduce the side effects of radiotherapy and chemotherapy.
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Introduction

Worldwide, cervical cancer is the third most common
cancer among women (Waggoner, 2003). Certain HPV
types are carcinogenic in humans, and more than 99%
of cervical cancers are associated with HPV infection
(Monsonego et al., 2004). Radiotherapy is the treatment
of choice for patients with locally advanced cervical
carcinoma, and it results in a 70% progression-free
survival rate (Rose, 2002). To increase local control
rates, chemotherapeutic agents are being incorporated
into treatment protocols. However, the success of
chemotherapy in cervical cancer is hampered by drug
resistance. Therefore, it is of critical importance that an
effective treatment for cervical cancer be developed.

Phytochemical compounds can prevent, anti-
inflammation (Rokayya et al., 2013) and inhibited several
cancers such as breast cancer (Dilshad et al., 2012; Zhou
et al., 2013) lung cancer (Ulasli et al., 2013). Gallic
acid has been reported to prevent a number of diseases,
including cancer (Lu et al., 2010; You et al., 2010; You
and Park, 2010), cardiovascular disease (Patel and Goyal

2011), infection (Modi et al., 2013), and inflammation
(Kroes et al., 1992). Gold nanoparticles (GNPs) have
unique physicochemical properties, such as ultra-small
size, a large surface area to mass ratio, high surface
reactivity, the presence of surface plasmon resonance
bands (Murphy et al., 2008), biocompatibility, and the ease
of surface functionalization (Paciotti et al., 2006). This
study examined the enhancement of gallic acid anticancer
activity in both HPV-positive and HPV-negative cervical
carcinoma cells by using gold nanoparticles as drug
delivery agents. A putative mechanism of action for
gallic acid and the induction of apoptosis by caspases 3/7,
8, and 9 was studied in these cell lines. The properties
of GNPs may be utilized for targeted drug delivery in
cancer, thus leading to increased efficacy for traditional
chemotherapeutics.

Materials and Methods

Chemicals and reagents
Dulbecco’s Modified Eagle’s Medium-High Glucose
(DMEM-HG), fetal bovine serum, penicillin-streptomycin,
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and trypsin-EDTA were obtained from Gibco BRL (Grand
Island, NY). Gallic acid, neutral red, and HAuCl4 were
obtained from Sigma-Aldrich Co., LLC (Missouri). The
Caspase-Glo 3/7, 8, and 9 reagents were obtained from
Promega (Madison). Lead staining solution, propylene,
and uranyl acetate were purchased from Sigma-Aldrich
Co., LLC (Missouri).

Synthesis and conjugation of gold nanoparticles (GNPs)

Synthesis of bare GNPs: The gold nanoparticles were
fabricated by following the classical method introduced
by Turkevich et al. (1951). A volume of 95 ml of 0.01%
chloroauric acid (HAuCl,4H,0) solution was refluxed,
and 5 ml of 1% sodium citrate solution was added to the
boiling solution. The reduction of gold ions by citrate
ions was completed after five minutes. The solution was
boiled for an additional 30 minutes and then cooled at
room temperature. This method yields spherical particles
with an average diameter of approximately 15 nm. The
size and morphology of the gold nanoparticles were
analyzed by transmission electron microscopy (TEM)
using a field emission high-resolution transmission
electron microscope operating at 200 kV (TECNAI G2 20
Model). For TEM analysis, GNPs samples were prepared
by dropping them onto a carbon film copper grid (Electron
Microscopy Sciences, Pennsylvania) and drying in the
oven. The optical absorption spectra in the wavelength
range 350-650 nm was also measured using a spectrometer
(Magellan 7 spectrophotometer, TECAN).

Conjugation of gold nanoparticles with gallic acid:
A 200-ul volume of gold nanoparticle solution was

centrifuged at 12,000 rpm for 10 min, the supernatant
was removed, and the remaining pellet was dissolved in
200 ul DMEM-HG complete media. Then, gallic acid
was separately added to the nanoparticles to reach a final
concentration of 70-150 uM. The mixtures were stirred in
the cold room overnight. Finally, to wash away unbound
gallic acid, gold nanoparticles were centrifuged at 12,000
rpm for 10 min. The supernatant was removed and retained
to measure unbound gallic acid by high performance
liquid chromatography (HPLC); the remaining pellets
were resuspended in DMEM-HG complete media (200
ul) and immediately used for further biological assays.

Gold nano-conjugation evaluation: i) Measurement of
GNPs-GA size by spectrophotometry. Surface plasmon
resonance band measurement by UV-Vis spectroscopy
(Magellan 7 spectrophotometer, TECAN) was used to
detect the size change from bare GNPs to GNPs-GAs.
The optical absorption spectra were observed in the
wavelength range from 350-650 nm. i) Measurement of
the concentration of unbound gallic acid after GNPs-GA
conjugation by high liquid performance chromatography
(HPLC)

The percentage of GNPs-GA conjugation was
indirectly determined by HPLC by measuring the unbound
gallic acid concentration in the GNPs-GA supernatant.
A 20-ul aliquot of the supernatant from the GNPs-GA
conjugation step was injected into a Luna C18 15 cm
x 3.0 mm HPLC column (Phenomenex, California).
Gradient elution was conducted at a flow rate of 1.5 ml/
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min using methanol and 0.5% phosphoric acid at ratios of
5:95,70:30,90:10, and 5:95 at 0-17, 17-18, 18-20.5 and
20.5-25 min, respectively. The absorbance at 270 nm (UV
2479, Waters) was detected, and the peaks were analyzed
by the Clarity program (Waters). A 150 uM gallic acid
concentration was used as the standard. Mean peak areas
of unbound GA in the supernatant were calculated by
comparing with the gallic acid standard area.

Detection of GNPs-GA uptake in cervical cell lines:
i) Preparation of resin-embedded cells. HeLa cells were

seeded in 6-well plates in DMEM-HG media for 24 h.
Next, GNPs-GA complexes with a final concentration of
120 uM gallic acid were added to the cells and incubated
at 37°C with 5% CO, for 12 h. The cells were harvested
by trypsinization, washed twice with cold phosphate buffer
saline (PBS), and centrifuged at 1,800 rpm for 3 min at
room temperature. The supernatant was discarded, and the
cells were fixed with 2% glutaraldehyde overnight. Then,
cells were washed 4 times with 1X PBS and post fixed with
osmium tetraoxide (OsO,) for 2 h. Finally, fixed cells were
washed twice with 1X PBS for 15 min each, dehydrated
by washing with ethyl alcohol at 30%, 50%, 70%, 80%,
90% for 10 min each, and washed three times each with
95% and 100% ethyl alcohol for 10 min. Propylene was
then added for 10 min. The cells were embedded by using
embedding solution and propylene at ratios of 1:3, 1:1,
and 3:1 for 1 h and pure embedding solution for 48 h. i7)
Embedded cell sectioning and staining for transmission
electron microscopy (TEM). Embedded cells were cut
into 70 nm sections with a microtome (Reichert Ultracut),
placed on a copper grid, stained by uranyl acetate (0.5
g uranyl acetate with 10 ml distilled water) for 5 min,
washed with distilled water, stained with lead staining
solution (0.01 g with 10 ml distilled water) for 5 min, and
finally washed with distilled water. The morphological
characterization of the gold nanoparticle uptake in cells
was performed by TEM.

Cell culture

HeLa (HPV-18-positive), SiHa (HPV-16-positive),
and C33A (HPV-negative) cervical cancer cells and
Vero (normal) kidney cells were plated in 25-cm? tissue
culture flasks at 37°C with 5% CO, in DMEM-HG media
supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin (10,000 U/ml penicillin and 10
mg/ml streptomycin). Once the cells were approximately
80% confluent, they were trypsinized with 1 ml of
1X trypsin-EDTA, incubated at 37°C for 5 min, and
centrifuged at 1,800 rpm for 2 min. The supernatant was
removed, a 200-ul cell pellet was resuspended in 5 ml of
DMEM-HG media, and these cells were considered to be
mycoplasma-free cell lines.

Cell viability and IC , determination

The neutral red (NR) assay was used for cell viability
analysis. Cervical cancer and Vero cells (4x10%) in 100 pl
of DMEM-HG media were used for cell viability tests.
Each cell line was seeded into different 96-well plates. The
cell lines were incubated with final concentrations of gallic
acid from 20-150 uM, and the NR assay was performed.



The cells were then washed carefully with 250 pl of pre-
warmed phosphate-buffered saline (PBS). After removing
the rinsing solution, the cells were incubated with 200 pl of
NR media (99 ml of DMEM-HG plus 1 ml of pre-filtered
3.3 mg/ml NR) for 3h. The incubated cells were washed
with 1X PBS and then lysed with 100 pl of NR desorb
solution (absolute ethanol: glacial acetic acid : distilled
water at a ratio of 50:1:49). The plates were shaken for
30 min, and absorbance was measured at 540 nm using a
spectrophotometer (Rayto RT-2100C, Germany). Cisplatin
(20 pg/ml) was used as a positive control, and untreated
cells were used as a negative control. The 50% inhibitory
concentration (IC,)) was determined by plotting the
percentage of cell viability versus drug concentrations. In
vitro growth inhibition assays for GNPs-GA complexes
on cervical carcinoma cell lines and Vero cell lines were
incubated with various final concentrations (20-150 pM)
of gallic acid conjugated to GNPs at 37°C for 24 h, and the
NR assay was performed following the same procedure.
Each concentration of drug treatment was repeated in six
wells for three independent experiments.

Apoptosis pathway analysis by caspase activity assay

The caspase activity assay was analyzed using a test kit
(Promega). Cells (4x10%) in 100 pl of media were seeded
into different black 96-well plates. A final concentration
of 60 uM gallic acid (a subtoxic dose) was added to the
cell lines and incubated at 37°C for 12 h. The cells were
incubated at room temperature and were then mixed with
100 pl of Caspase-Glo 3/7, 8, and 9 reagents per well of
a black 96-well plate also containing a blank, a negative
control and treated cells in culture media. The contents of
the wells were gently mixed with a plate shaker at 300-500
rpm for 30 sec and incubated at room temperature for 1
h. The luminescent signal of each sample was read with a
SpectraMax L Luminescence microplate reader (Devices
LLC, California). The data were analyzed by using Soft
Max® Pro software (Devices LLC, California).

Results

Measurement of conjugated gold nanoparticle size

The obtained bare GNPs were ruby red, indicating that
nanoparticles were formed. The average diameter of these
GNPs was approximately 15 nm, which was determined
by selecting 100 GNPs randomly from a TEM photograph
as shown in Figure 1.

Conjugation of gold nanoparticles with gallic acid

After gold particle nanoconjugation, the GNPs-GA
formation was evaluated by surface plasmon resonance
using a UV-visible spectrophotometer. As shown in Figure
2,GNPs have a maximum absorption of 525 nm, whereas
GNPs-GA have shifted maximum absorption values
of 560 nm. This finding indicates that the GNPs were
conjugated with GA, which caused plasmon resonance
spectral shifting.

Measurement of the concentration of unbound gallic acid
after GNPs-GA conjugation by HPLC
To confirm gold nanoparticle synthesis by an indirect
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method, the supernatant that was discarded after the
GNPs-GA conjugation step was tested for remnant
unbound gallic acid by HPLC. Compared to the gallic
acid standard retention time at 7.5 min, the supernatant
had no peak at this retention time (Figure 3). The results
show that GNPs-GA conjugation was complete.
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Figure 1. Transmission Electron Microscopy Image
of GNPs at a Magnification of 100,000. The Scale Bar
Denotes 50 nm. The Average Diameter of the GNPs is
Approximately 15 nm
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Figure 2. Surface Plasma Resonance Spectra of GNPs
before and after Surface Conjugation with Gallic
Acid (GNPs-GA) by UV-Visible Spectrophotometer
Scanning in the Range from 350-650 nm
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Figure 3. HPLC chromatogram of Gallic Acid Standard
(blue line), the Supernatant that was Discarded after
the GNP-GA Conjugation Step (red line), and the
Negative Control DMEM-HG (green line)

Figure 4. TEM image of HeLa Cells Incubated with
GNPs-GA in Media after 12 h; A) GNPs-GA in
Vacuoles and B) GNPs-GA in the Cytoplasm
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Detection of GNPs-GA uptake in cervical cell lines

To address the intracellular distribution/location of
nanoparticles, HeLa cells were treated with GNPs-GA
and embedded into resin. The 70-nm thick cell sections
were stained and visualized by TEM. As shown in Figure
4, GNPs-GA were internalized by endocytosis, and some
dark spots were only observed in the cytoplasm.

Evaluation of the effects of GNPs-GA and unmodified GA
on cervical cell lines

To evaluate the effects of GNPs-GA and unmodified
GA on cervical cancer cell lines, the cytotoxicity test was
performed by neutral red assay. Surprisingly, the cells
treated with GNPs-GA had increased viability compared
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Figure 5. Cell viability of HeLa, C33A, SiHa, and
Vero Cells Exposed to A) GNPs-GA and B) GA Alone
for 24 h
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EZ3 GA treated on Hela cells
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GA treated on SiHa cells

[ C33A Untreated cells
GA treated on C33A cells

Figure 6. Caspase 3/7, 8, and 9 Activity in A) HeLa B)
SiHa and C) C33A Cells Following Treatment with
Gallic Acid at 60 ug/ml for 12 h. Data Represent the
Mean Values+SD from Six Independent Experiments
*p<0.05 and **p<0.01 Compared to the Control
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to cells treated with GA alone (Figure 5A). In Vero cells,
GA-treated cells showed a dramatic decrease in cell
viability (Figure 5B), whereas GNPs-GA had no effect on
the percentage of viable cells even at high concentrations
(90-150 uM; Figure 5A). Interestingly, this result indicated
that high concentrations of GNPs-GA were cytotoxic to
only certain cancer cell lines but not to normal cell lines.

Caspase assay measurement of apoptosis induction in
cancer cells by gallic acid

The treatment of HeLa, SiHa, and C33A cervical
cancer cell lines with gallic acid induced cellular
morphological alterations consistent with the initiation of
apoptosis. Thus, the caspase activity of HeLa, SiHa, and
C33A cells was examined. As shown in Figure 6, treatment
with gallic acid caused a considerable increase in caspase
activation in all cancer cells. At the same concentration
of gallic acid, HeLa cells had the highest caspase activity.
The results showed that caspases 3/7, 8, and 9 were
significantly more active in HeLa and SiHa cells treated
with GNPs-GA compared to control treatments.

Discussion

Gallic acid can inhibit tumor development by several
mechanisms, such as the inhibition of metastasis (Ohno,
Inoue et al., 2001); the suppression of angiogenesis
(Liu et al., 2014); the induction of apoptosis and/or
necrosis (You et al., 2010); the inhibition of cell viability,
proliferation, invasion and tube formation (Lu, Jiang et
al., 2010); and the inhibition of migration and invasion
(Liao et al., 2012). In the present study, the effects of
gallic acid were investigated in human cervical cell lines
(HeLa, SiHa, and C33A). Differences in response to the
agents were observed in the 3 cell lines. SiHa cells were
the most resistant to gallic acid, and HeLa cells were the
most sensitive. Palasap et al. (2014) also reported that the
potency of gallic acid was greater in HeLa cells compared
to other cervical cancer cell lines.

You et al. (2010) reported that GA-induced apoptosis
in HeLa cells was accompanied by the slight down-
regulation of Bcl-2 and the up-regulation of Bax,
indicating that the mitochondrial release of cytochrome
¢ can be controlled by the Bcl-2 family of proteins. Our
study found that caspases 3/7, 8, and 9 were significantly
more active in HeLa cells treated with gallic acid, which
indicates the induction of apoptosis via intrinsic and
extrinsic pathways. However, SiHa and C33A cells only
showed increased caspase 8 levels, which reveals that
gallic acid induced apoptosis via the intrinsic pathway. The
HeLa and SiHa cells are infected with HPV, which results
in p53 degradation (Kim et al.,2013). However, this study
showed that gallic acid could induce the intrinsic pathway
via extrinsic pathway II. In the extrinsic pathway II, active
caspase 8 cleaves BID within the native complex on the
mitochondrial membrane, which results in the formation
of tBID. The cleavage of BID exposes the BH3 domain
and may drive the dissociation of tBID from the caspase-8/
BID complex. Then, tBID shifts to separate complexes
on the mitochondrial membrane and interacts with BAK
and/or BCL-XL to activate mitochondrial outer membrane



permeabilization (MOMP). Apoptogenic factors, such as
cytochrome ¢ and Smac/DIABLO, are released from the
mitochondria, leading to the activation of effector caspases
and cell death (Schug et al., 2011).

Several studies revealed that compounds conjugated
with gold nanoparticles are more cytotoxic than the free
compounds (Manju and Sreenivasan 2012; Eshghi et
al., 2013; Sanchez et al., 2014). In this study, GNPs-GA
exhibited less cytotoxicity than GA alone. However, at
the same high concentrations, GNPs-GA were non-toxic
to Vero (normal) cells and were only toxic to cervical
cancer cells. In addition, the GNPs-GA distribution
and location were monitored. GNPs-GA was observed
only in the cytoplasm and was taken up into cells via
endocytosis, similar to the report of Tsai et al. (2008). At
low concentrations (20-80 uM), GNPs-GA can induce
cell proliferation compared to control. The GNPs at a
few concentrations can promote the cell proliferation
of keratinocytes (Lu et al., 2010). However, at the same
high concentrations, GNPs-GA was non-toxic to Vero
(normal) cells and were toxic to cervical cancer cells.
Several studies reported that the electrical properties of
cancer cells, such as those of breast (Dobrzynska et al.,
2013), human large intestine (Szachowicz et al., 2002)
and human colorectal cancer (Dobrzynska et al., 2005),
are different from those of normal cells. The uptake
efficiency of the positively charged GNPs was greater
than that of the neutral and negatively charged GNPs
(Chithrani, 2010). The high uptake of positively charged
NPs was explained using a theoretical model (Cho et al.,
2009); positively charged GNPs should adhere to the
negatively charged cell membranes and facilitate increased
uptake into cells. Zhou et al. (2010) reported that tumor
cells required supplements to proliferate (Zhou et al.,
2010) and that tumor cells ingested GNPs-GA into the
cytoplasm, resulting in reduced cell viability for cancer
cells compared to normal cells. To enhance the efficacy
of cancer therapy, GNPs-GA were combined with other
techniques for cancer treatment such as photothermal
therapy (Afifi et al., 2013), magnetic fields (Hayashi et
al., 2013), and ultrasound (Lentacker et al., 2010).

In conclusion, high concentrations of gallic acid
conjugated with gold nanoparticles are cytotoxic toward
certain cancer cell lines but are safe for normal cell lines.
To enhance the anticancer activity of gold nanoparticles
in cervical cell lines, GNP surfaces can be functionalized
by specific bioconjugation. This method will be useful
for targeting a cancer biomarker for specific inspection
or therapy. Further studies are needed to target cancer
cells specifically and to translate these developments into
targeted therapy in cervical cancer patients.
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