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Background: Gemcitabine (GEM) is widely used as an anticancer agent in several types of 

solid tumors. Silver nanoparticles (AgNPs) possess unique cytotoxic features and can induce 

apoptosis in a variety of cancer cells. In this study, we investigated whether the combination 

of GEM and AgNPs can exert synergistic cytotoxic effects in the human ovarian cancer cell 

line A2780.

Methods: We synthesized AgNPs using resveratrol as a reducing and stabilizing agent. The 

synthesized nanomaterials were characterized using various analytical techniques. The anticancer 

effects of a combined treatment with GEM and AgNPs were evaluated using a series of cellular 

assays. The expression of pro- and antiapoptotic genes was measured using real-time reverse 

transcription polymerase chain reaction. Apoptosis was confirmed by TUNEL assay.

Results: In this study, combined treatment with GEM and AgNPs significantly inhibited viabil-

ity and proliferation in A2780 cells. Moreover, the levels of apoptosis in cells treated with a 

combination of GEM and AgNPs were significantly higher compared with those in cells treated 

with GEM or AgNPs alone. Our data suggest that GEM and AgNPs exhibit potent apoptotic 

activity in human ovarian cancer cells. Combined treatment with GEM and AgNPs showed 

a significantly higher cytotoxic effect in ovarian cancer cells compared with that induced by 

either of these agents alone.

Conclusion: Our study demonstrated that the interaction between GEM and AgNPs was 

cytotoxic in ovarian cancer cells. Combined treatment with GEM and AgNPs caused increased 

cytotoxicity and apoptosis in A2780 cells. This treatment may have therapeutic potential as 

targeted therapy for the treatment of ovarian cancer. To our knowledge, this study could provide 

evidence that AgNPs can enhance responsiveness to GEM in ovarian cancer cells and that AgNPs 

can potentially be used as chemosensitizing agents in ovarian cancer therapy.

Keywords: cell viability, proliferation, cytotoxicity, apoptosis, gemcitabine, silver 

nanoparticles

Introduction
Cancer is a group of diseases characterized by uncontrolled growth and spread of 

abnormal cells. Cancer is caused by external factors, such as tobacco use, infectious 

organisms, and unhealthy diet, as well as internal factors such as inherited genetic 

mutations and hormone and immune dysfunction.1,2 Cancer is a public health problem 

and leading cause of death worldwide. The International Agency for Research on 

Cancer reports3 that in 2012, 8.2 million deaths worldwide were caused by cancer, 

which will increase to up to 13 million by 2030. Deaths from cancer are increasing 

at an alarming rate in developed and developing countries.1,2,4 Epithelial ovarian 
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carcinoma is the fifth most frequent cause of cancer in women 

and the leading cause of death from gynecological cancers.5 

Cancers are managed using a variety of treatments including 

chemotherapy, hormone therapy, radiation, surgery, as well 

as immune and targeted therapy; however, there is still a high 

rate of relapse, drug resistance, and undesired side effects.1,2 

Although various therapeutic modalities are available, new 

strategies for prevention, intervention, management, and 

treatment are urgently needed.

Gemcitabine (GEM) is a nucleoside analog that has been 

used for more than 15 years to treat a variety of cancers 

involving solid tumors such as breast, ovarian, and non-

small-cell lung cancers. van Moorsel observed synergistic 

activity between gemcitabine and etoposide when A2780 

cells were exposed to a combination of dFdC and etoposide 

for 24 h. The combination of GEM and cisplatin inhibits 

angiogenic activity, and that of Akt kinase, in ovarian cancer 

cells.6 Although the development of novel cytotoxic drugs 

led to improved management of ovarian cancer during the 

past decade, eventually, more than 60% of patients with 

advanced cancer relapse, develop drug resistance, and die 

from progressive disease.7,8 Among therapeutic strategies, 

chemotherapy is effective against a number of cancers.9,10 

However, platinum-based drugs exert anticancer effects by 

multiple mechanisms, which often leads to the development 

of chemoresistance and causes therapeutic failure. Currently, 

cancer therapy that relies on a single therapeutic treat-

ment, such as chemotherapy, is of limited benefit to cancer 

patients. Combination therapy may be a promising strategy to 

improve therapeutic efficiency and eliminate undesired side 

effects.7 The combination of different drugs provides several 

advantages such as synergistic effects and reversal of drug 

resistance.7,11,12 Combined treatment with combretastatin and 

the apoptosis-inducing agent doxorubicin was more effective 

at suppressing the growth of melanoma and lung carcinoma 

than treatment with either of these agents alone.13 GEM is 

used extensively in combination with other chemotherapeutic 

drugs for the treatment of recurrent ovarian cancers and 

small cell lung cancers.14 Recent studies suggest that GEM is 

effective against ovarian cancer, and it was recently approved 

in several European countries for use in combination with 

carboplatin for the treatment of ovarian cancer.14 Although 

GEM can be combined with several chemotherapeutic agents, 

including cisplatin, pemetrexed, and taxanes, there are no 

data regarding the combination of GEM and silver nanopar-

ticles (AgNPs). The major drawback of the GEM formulation 

is its high hydrobilicity and short-half life. To compensate 

those shortcomings such as high toxicity and severe side 

effects, here we selected a combination therapy model of 

GEM with AgNPs. Previously, several studies have reported 

(including Arpicco et al15) the specificity of C12GEM target-

ing toward CD44-overexpressing pancreatic adenocarcinoma 

cell line using hyaluronic acid-coated liposomes for active 

targeting of GEM. Thyroid-stimulating hormone nanolipo-

somes encapsulated with GEM showed improved anticancer 

efficacy in vitro and in a tumor model of follicular thyroid 

carcinoma.16 GEM-loaded PEG-AcPLA nanocapsules 

showed efficient and increased antitumor effect compared 

to the free drug on different cancer cell lines. Furthermore, 

in vivo studies exhibited significant anticancer activity of 

GEM-loaded PEG-AcPLA nanocapsules in two different 

xenograft murine models of human solid tumors.17

Recently, nanomedicine has enabled the design of per-

sonalized cancer treatments, which provides a solution to 

the main issue presented by current systemic therapeutic 

approaches.18 Using combinations of drugs and nanopar-

ticles may be a synergistic approach that provides greater 

therapeutic effects than does single-drug treatment. Further-

more, targeting multiple signaling pathways may be a new 

model for cancer treatment.18 Combining various types of 

nanoparticles with different anticancer drugs is an advanced 

therapeutic strategy. Nanoparticle-mediated targeted therapy 

is an innovative and promising alternative that may be more 

effective than conventional small-molecule chemothera-

peutics. Compared with classical, non-targeted drug com-

bination modalities, nanoparticles are specifically targeted, 

which overcomes multiple drug resistance; they also provide 

enhanced therapeutic efficacy and show reduced adverse 

effects.19 Nanoparticle-based drug delivery allows the drugs 

to accumulate in tumors, by either passive or active target-

ing, without being eliminated by the body; this increases 

intracellular drug concentration and substantially enhances 

the cytotoxic effect of various antitumor agents.20

Nanoparticle-mediated combination therapy can be used 

with efflux pump inhibitors, proapoptotic compounds, and 

multiple drug resistance-targeted siRNA.18 AgNPs are poten-

tial cytotoxic agents in cancer cells and possess excellent 

antitumor potential.21 The antiangiogenic activity of AgNPs 

was demonstrated in bovine retinal endothelial cells. A 24-h 

treatment with biologically synthesized AgNPs at 500 nM 

effectively inhibited cell viability, proliferation, and migra-

tion that had been previously induced with vascular endothe-

lial growth factor.22,23 Biologically synthesized AgNPs 

show substantial cytotoxicity in human MDA-MB-231  

breast cancer cells via a p53-dependent mechanism that 

involves activation of p53, p-Erk1/2, and caspase-3 signal-

ing, and downregulation of Bcl-2.24 AgNPs exert cytotoxicity 

by inducing oxidative stress25 and by utilizing the energy 
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provided by glucose in the media.26 AgNPs can induce 

apoptosis, as well as autophagy, a critical cellular degradation 

process in various types of cancer cells.27 Inhibition of 

autophagy enhances the anticancer activity of AgNPs.28 

Furthermore, AgNPs can inhibit cell viability and proliferation 

and can induce apoptosis in various cancer cell lines includ-

ing breast, ovarian, lung, and cervical.24,29,30 The majority 

of in vitro studies use GEM in pancreatic cancer cells. 

Although the effects of GEM have been investigated in 

human ovarian cancer cells, the effects of using GEM 

combined with nanoparticles are still unexplored. Cur-

rently, there are no reports on the combined use of GEM 

and AgNPs in human ovarian cancer cells. Because AgNPs 

possess unique cytotoxic features, we selected AgNPs as 

the agent to use with GEM. To achieve effective com-

bination therapy, we first synthesized and characterized 

AgNPs using resveratrol. Then, we evaluated the cytotoxic 

potential of GEM and AgNPs in human ovarian cancer 

cells. Finally, we investigated the mechanism of GEM- and 

AgNPs-induced apoptosis in human ovarian cancer cells.

Materials and methods
Materials
Solutions of penicillin–streptomycin, trypsin–EDTA, 

Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell 

Park Memorial Institute-1640, and 1% antibiotic–antimycotic 

were obtained from Life Technologies/Gibco (Grand Island, 

NY, USA). Gemcitabine hydrochloride, fetal bovine serum 

(FBS), and the in vitro toxicology assay kit were purchased 

from Sigma-Aldrich Co. (St Louis, MO, USA). All other 

chemicals were purchased from Sigma-Aldrich Co., unless 

otherwise stated.

Synthesis and characterization of AgNPs
AgNPs were synthesized using resveratrol, according to a 

previously described method.23 Briefly, 100 μM resveratrol 

was mixed with 5 mM AgNO
3
 and incubated at 40°C for 6 h. 

The bioreduction of silver ions was monitored spectrophoto-

metrically at 420 nm. Further characterization of the synthe-

sized AgNPs was performed as described previously.23

Cell viability assay
Human ovarian cancer cells (A2780) were obtained from 

Sigma-Aldrich Co. The WST-8 assay was performed as 

described previously.30 Briefly, 2×105 cells were seeded in 

a 96-well plate and cultured in DMEM standard medium 

supplemented with 10% FBS at 37°C under 5% CO
2
. After 

24 h, the cells were washed twice with 100 μL of serum-

free DMEM and incubated for 24 h with 100 μL of media 

containing GEM (25–200 nM) or AgNPs (25–200 nM). Cells 

not treated with GEM or AgNPs served as controls. After a 

24-h incubation, the cells were washed twice with serum-

free DMEM; then, 15 μL of WST-8 solution was added to 

each well containing 100 μL of serum-free DMEM. After a 

1-h incubation at 37°C under 5% CO
2
, 80 μL of the mixture 

was transferred to another 96-well plate. Absorbance was 

measured at 450 nm using a microplate reader.

BrdU cell proliferation assay
Cell proliferation was determined according to a previously 

described method31 and per manufacturer’s instructions 

(Roche, Basel, Switzerland). Cells were incubated with 

AgNPs for 24 h; the BrdU labeling solution was added to 

the culture medium 2 h before the end of the incubation. 

Cells were fixed and the level of incorporated BrdU was 

determined using the Cell Proliferation ELISA BrdU assay 

kit (Roche) following the manufacturer’s instructions. 

Proliferation activity of the untreated cells at the time point 

of 0 h was considered as 100%.

Trypan blue exclusion assay
The trypan blue exclusion assay was performed according to 

a previously described method.32,33 A2780 cells were plated 

in a 96-well plate and treated for 24 h with 50 nM GEM, 

50 nM AgNPs, or a combination of 50 nM GEM and 50 nM 

AgNPs. After treatment, cells attached to the 96-well plate 

were washed once using phosphate-buffered saline (PBS, 

pH 7.4), trypsinized for 1 min with TrypLETM (Thermo 

Fisher Scientific, Waltham, MA, USA, 12604-013) at 37°C 

in an incubator, and then neutralized with growth media 

supplemented with FBS. To determine live cells, the cells 

were stained using 4% trypan blue. Cell count was conducted 

manually using a hemocytometer.

Cell morphology
Ovarian cancer cells were plated in 6-well plates (2×105 cells 

per well) and incubated with 50 nM GEM or 50 nM AgNPs 

for 24 h. Cells cultured in media without the addition of 

GEM or AgNPs were used as controls. The morphology 

of the cells was examined at 24 h posttreatment with an 

OLYMPUS IX71 microscope (Tokyo, Japan) using the 

appropriate filters sets.

Determination of Lactate Dehydrogenase
The integrity of the cell membrane in human ovarian cancer 

cells was evaluated using the in vitro toxicology assay kit 

TOX7 (Sigma) according to the manufacturer’s instructions 

and using a previously described method;29 the kit measures 

the release of lactate dehydrogenase (LDH) from the cells. 
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Briefly, the cells were exposed to concentrations of 50 nM 

GEM, 50 nM AgNPs, or the combination of 50 nM GEM and 

50 nM AgNPs for 24 h, after which LDH was measured.

Assessment of dead-cell protease activity
Dead-cell protease activity was assessed using a previously 

described method.33 The cytotoxicity assay was used to evalu-

ate cytotoxic effects of GEM and AgNPs in A2780 cells. 

Cytotoxicity was determined using the reaction of intra-

cellular protease with a luminogenic peptide substrate 

(alanyl-alanylphenylalanyl-aminoluciferin). The degree of 

protease reaction measures the level of dead-cell protease 

activity in the dead cells. To exclude the background value 

of media color, we used 1% Triton X-100 as a control. To 

measure the luminescence used to determine the number of 

dead cells, 5 μL of luminogenic peptide substrate was added 

to each well and allowed to incubate for 15 min at 37°C. The 

luminescence was measured using a Luminescence Counter 

(Perkin Elmer, Waltham, MA, USA).

Measurement of Reactive Oxygen 
Species
The levels of reactive oxygen species (ROS) were estimated 

according to a method described previously.34 The cells were 

seeded onto 24-well plates at a density of 5×104 cells per well 

and cultured for 24 h. After washing twice with PBS, fresh 

media containing respective concentrations of 50 nM GEM 

or 50 nM AgNPs, or a combination of 50 nM GEM and 

50 nM AgNPs, were added, and incubation was conducted 

for 24 h. The cells were then supplemented with 20 μM 2,′7′-
dichlorofluorescein diacetate (DCFH-DA), and incubation 

continued for 30 min at 37°C. The cells were rinsed with PBS; 

then, 2 mL of PBS was added to each well, and the fluores-

cence intensity was determined using a spectrofluorometer 

(Gemini EM, Molecular Devices, Sunnyvale, CA, USA) with 

excitation at 485 nm and emission at 530 nm.

Mitochondrial membrane potential
The cells were exposed to 50 nM GEM, 50 nM AgNPs, or a 

combination of 50 nM GEM and 50 nM AgNPs. Mitochon-

drial membrane potential (MMP) was then measured, as 

described previously,35 using a cationic fluorescent indicator 

JC-1 (Molecular Probes, Eugene, OR, USA). JC-1 is a lipo-

philic cation; in a reaction driven by ΔΨ
m
 in normal polarized 

mitochondria, JC-1 assembles into a red fluorescence- 

emitting dimer forming JC-1-aggregates. Cells were incu-

bated with 10 μM JC-1 at 37°C for 15 min, washed with 

PBS, resuspended in PBS, and then the fluorescence intensity 

was measured. MMP was expressed as the ratio of the 

fluorescence intensity of the JC-1 aggregates to monomers.

Extraction and amplification of mRNA
Cells were treated with 50 nM GEM, 50 nM AgNPs, or a 

combination of 50 nM GEM and 50 nM AgNPs for 24 h. 

Total RNA was extracted from the cells using the Arcturus 

picopure RNA isolation kit (EBioscience, Thermo Fisher 

Scientific), and samples were prepared according to the 

manufacturer’s instructions. Real-time reverse transcriptase 

polymerase chain reaction (RT-PCR) was conducted using 

Vill7 (Applied Biosystems, Foster City, CA, USA) and 

SYBR Green as the double-stranded DNA-specific fluores-

cent dye (Applied Biosystems). The expression levels of 

target genes were normalized to the expression of GAPDH, 

which was used as housekeeping gene. The RT-PCR primer 

sets are shown in Table 1. Real-time RT-PCR was performed 

independently in triplicate for each of the different samples; 

the data are presented as the mean values of gene expression 

measured in treated samples versus controls.

TUNEL assay
Apoptotic cells were assayed using a DNA Fragmentation 

Imaging Kit (Roche) following the manufacturer’s instruc-

tions. After the incubation period, the culture media were 

aspirated, and the cell layers were trypsinized. The trypsinized 

cells were reattached on 0.01% polylysine-coated slides, 

Table 1 Primers used for qRT-PCR for the analysis of expression 
of proapoptotic and antiapoptotic genes

S no Gene Direction Primers (5′-3′)

1 Bax F GAG AGG TCT TTT TCC GAG TGG
R GGA GGA AGT CCA ATG TCC AG

2 P53 F AGG AAA TTT GCG TGT GGA GTA T
R TCC GTC CCA GTA GAT TAC CAC T

3 Bak F CTC AGA GTT CCA GAC CAT GTT G
R CAT GCT GGT AGA CGT GTA GGG

4 CAS3 F CAT ACT CCA CAG CAC CTG GTT A
R ACT CAA ATT CTG TTG CCA CCT T

5 CAS9 F ACT TTC CCA GGT TTT GTT TCC T
R GAA ATT AAA GCA ACC AGG CAT C

6 Bcl2 F CTG AGT ACC TGA ACC GGC A
R GAG AAA TCA AAC AGA GGC CG

7 P21 F ATG TGG ACC TGT CAC TGT CTT G
R CTT CCT CTT GGA GAA GAT CAG C

8 Cyt-c F GCGTGTCCTTGGACTTAGAG
R GGCGGCTGTGTAAGAGTATC

9 GAPDH F AACGGATTTGGTCGTATTGGG
R TCGCTCCTGGAAGATGGTGAT

Abbreviation: qRT-PCR, quantitative reverse transcriptase polymerase chain reaction.
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fixed with 4% methanol-free formaldehyde solution, and 

stained according to the manufacturer’s instructions.

Statistical analyses
All assays were conducted in triplicate, and each experiment 

was repeated at least three times. The results are presented 

as means ± standard deviation. All of the experimental data 

were compared using Student’s t-test. A P-value of less than 

0.05 was considered statistically significant.

Results and discussion
Synthesis and characterization of AgNPs 
using resveratrol
Synthesis of AgNPs was conducted using resveratrol. Res-

veratrol, a polyphenolic compound present in grapes, plays a 

dual role by reducing metal ions and capping the small nano-

particles; these resveratrol-capped AgNPs show enhanced 

antibacterial activity.33 A previous study, conducted by our 

group, reported that resveratrol is a suitable reducing and 

stabilizing biological agent for the synthesis of grapheme.34 

Additionally, resveratrol contains the Vitis vinifera fruit 

extract, used for the synthesis of AgNPs.35–37 Therefore, we 

selected resveratrol as the reducing and stabilizing agent for 

the synthesis of AgNPs. To produce smaller-sized AgNPs, 

5 mM AgNO
3
 was added to 100 μM of resveratrol and 

incubated for 6 h at 40°C and pH 8.0. Synthesis was con-

firmed by visual observation and ultraviolet (UV)–visible 

spectroscopy.

The characterization of synthesized AgNPs was con-

ducted by analyzing UV–vis spectra. The spectra showed a 

maximum absorbance peak at 412 nm (Figure 1A), and peaks 

were observed at 412 nm, corresponding to the surface plas-

mon resonance of AgNPs.20 We examined the crystal nature 

of prepared AgNPs using X-ray diffraction (XRD). The sharp 

XRD peaks, at 2θ of 33.0, 45.0, and 64.3, were attributed 

to the crystallographic planes at (111), (200), and (220), 

respectively (Figure 1B). The assigned peaks at 2θ of 29.5°, 

(*), may be related to the crystalline and amorphous organic 

phase.38,39 Fourier transform infrared spectroscopy was used 

to determine whether the potential biomolecules are involved 

in the reduction of Ag+ ions and can serve as capping agents 

for AgNPs.34 Figure 1C shows the Fourier transform infrared 

spectra for AgNPs, which displays typical characteristics of 

AgNPs such as peaks at 3,285 and 1,639 cm-1; these peaks 

are characteristic of the O–H and C = O stretching modes 

for the OH and C = O groups, which may be the functional 

groups in the culture supernatant.27 The presence of bonds 

owing to the stretching of O–H (around 3,285 cm-1) and the 

C = O group (around 1,639 cm-1) can be attributed to the 

vibrations caused by the amide I.

Distribution by particle size was conducted to determine 

the toxicity of synthesized AgNPs. We conducted dynamic 

light scattering, which showed sizes between 3 and 20 nm 

(Figure 1D) with an average size of 6 nm, and the poly-

dispersity indexes of the prepared nanoparticles are 0.113. 

The size and polydispersity indexes of silver nanoparticles 

and GEM were 20 nm and 0.123 respectively. Further, zeta 

potential of silver nanoparticles and silver nanoparticles 

containing GEM was calculated to be -21 and -33 mV 

respectively (Table 2). To verify the consistency of particle 

size, we used transmission electron microscopy (TEM), 

which can determine structural information such as the size 

and morphology of the nanoparticles.30 TEM micrographs 

indicated that particles were largely spherical in shape and 

well separated from each other (Figure 1E). More than 

200 particles were measured using TEM; average particles 

size ranged between 3 and 20 nm, with an average size of 

6 nm (Figure 1F), which is consistent with the size obtained 

using dynamic light scattering.

Effect of AgNPs and GEM on cell viability
To determine the effect of GEM and AgNPs on cell viability, 

we first evaluated the effects of different concentrations of 

GEM and AgNPs on the viability of human ovarian cancer 

cells. As shown in Figure 2A, the cytotoxic effect of GEM 

was observed at 25 nM after a 24-h incubation, whereas 

AgNPs showed increased cytotoxicity at 25 nM after a 24-h 

incubation (Figure 2B). GEM and AgNPs inhibited the viabil-

ity and growth of A2780 cells in a concentration-dependent 

manner. The median 50% inhibitory concentration (IC
50

) of 

GEM and AgNPs after a 24-h exposure was 100 and 90 nM, 

respectively (Figure 2A and B). Although GEM and AgNPs 

showed a similar trend in inducing the loss of cell viability, the 

effect of AgNPs was slightly stronger than that of GEM. Cell 

viability was reduced significantly when the cells were treated 

with GEM; this agrees with previous reports on the activity of 

GEM in other cell types such as human pancreatic cancer cells 

and ARO thyroid cancer cells. Jiang et al40 reported that the 

IC
50

 of GEM after a 48-h exposure is 16 μg/mL, and Celano 

et al41 observed a significant effect at 100 μM GEM after a 

72-h treatment. Cell viability in SW1990 cells, treated with 

20 μM GEM, was reduced to 57% after 24 h.42 Zhang et al43 

demonstrated that GEM induced a dose- and time-dependent 

decrease in the proliferation of the lung cancer cell line 

SPC-A-1. Compared with that of the control cells, SPC-A-1 

cells showed a 60%, 35%, and 18% reduction in the levels 
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of proliferation after being treated with 40 mM GEM for 24, 

48, and 72 h, respectively. A2780 cells are more sensitive 

to GEM than to platinum agents.44,45 However, the extent 

to which GEM may influence cell viability depends on the 

dose of GEM and type of cells. The inhibitory concentration 

and dose-dependent effect of GEM in A2780 cells agreed 

with a previous report. The inhibitory effect of AgNPs was 

significantly stronger than that previously reported in human 

Figure 1 Synthesis and characterization of AgNPs using resveratrol.
Notes: (A) The absorption spectrum of AgNPs synthesized using resveratrol. (B) X-ray diffraction spectra of AgNPs. (C) Fourier transform infrared spectra of AgNPs. 
(D) Size distribution of AgNPs measured by dynamic light scattering. (E) TEM images of AgNPs. (F) Several fields were used to measure the particle size of AgNPs; 
micrograph shows size distributions based on TEM images of AgNPs ranging from 3 to 20 nm.
Abbreviations: AgNPs, silver nanoparticles; TEM, transmission electron microscopy.

θ
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ovarian cancer cells; this may be because of the smaller size 

of AgNPs (6 nm) at less than 20 nm.29 Several studies suggest 

that particle size determines the severity of toxicity in any 

exposed cell.46–48 Biologically synthesized AgNPs effectively 

inhibit the growth of A2780 cells, A549 lung cancer cells, 

MCF-7 breast cancer cells, and MDA-MB 231 cells;24,25,49 

however, the toxicity of AgNPs may depend on the size of 

the particle. Sriram et al21 showed size-dependent toxicity 

in bovine retinal endothelial cells using two different sizes 

of biologically synthesized AgNPs. Recently, Kovacs et al31 

reported that smaller nanoparticles possess higher cytotoxic 

properties compared with larger nanoparticles after a 24-h 

exposure. In that study, 5 nm AgNPs decreased cell viability 

at 15–20 μM, while a significant loss of metabolic activity 

was achieved only at 40 μM with 35 nm AgNP treatment. 

Collectively, our data suggest that smaller sized AgNPs, 

combined with GEM, can potentially inhibit the growth of 

cancer cells.

Increased concentration of AgNPs 
combined with GEM decreases cell 
viability
To examine the combined effect of GEM and AgNPs, we 

tested the IC
25

 concentration of GEM and AgNPs, because 

a lower concentration may prevent drug resistance, unde-

sired side effects, and toxicity. GEM (50 nM) and AgNPs 

(50 nM) were used to assess the combined cytotoxic effects 

of combined treatment. Cell viability in the A2780 cell 

line was determined using the WST-8 assay. As shown 

in Figure 3A, combined treatment with GEM and AgNPs 

enhanced apoptosis by 75% and decreased cell viability 

more efficiently than GEM (27%) or AgNPs (23%) alone. 

We then examined the effects of treating A2780 cells with 

different concentrations of AgNPs (50, 100, and 150 nM) 

added to a fixed concentration of GEM (50 nM). The results 

show that increasing concentrations of AgNPs reduce cell 

viability more than do lower concentrations; however, the 

toxicity was substantially increased. This indicates that a 

lower concentration of AgNPs was sufficient to produce a 

strong synergistic effect with GEM to induce cell death in 

ovarian cancer cells (Figure 3B). Our results are consistent 

with an earlier study by Zhang et al50 reporting that combined 

treatment with Sal and GEM inhibited cell growth in pancre-

atic cancer cells more than did single treatment with either 

agent.47 The combination of Noxa and GEM significantly 

Figure 2 Dose-dependent effect of GEM and AgNPs on cell viability in human ovarian cancer cells.
Notes: (A) A2780 human ovarian cancer cells were incubated with various concentrations of GEM (25–200 nM) for 24 h, and cell viability was measured using WST-8. 
(B) A2780 were incubated with various concentrations of AgNPs (25–200 nM) for 24 h, and cell viability was measured using WST-8. The results are expressed as the 
mean ± standard deviation of three separate experiments. Differences between the treated and control groups were measured using Student’s t-test. Statistically significant 
differences between the treated and control group are indicated by (*P,0.05).
Abbreviations: AgNP, silver nanoparticle; GEM, gemcitabine.

Table 2 Characteristics of AgNPs and AgNPs containing GEM 
(means, n=3)

Type of 
nanoparticles

Mean particle 
size (nm)

PDI Zeta potential 
(mV)

AgNPs 10 0.113 -21
AgNPs + GEM 20 0.123 -33

Abbreviations: AgNP, silver nanoparticle; GEM, gemcitabine; PDI, polydispersity 
index.
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inhibited the proliferation of A2780 and COC1 cells, as well 

as the growth of tumor xenografts, by inhibiting growth and 

inducing apoptosis.51

Effect of GEM and AgNPs on morphology 
of A2780 cells
Next, we determined the morphological changes in cells 

treated with 50 nM GEM, 50 nM AgNPs, or a combination 

of 50 nM GEM and 50 nM AgNPs. The morphology of 

control and treated cells was observed using an Olympus 

microscope at a magnification of 200× at 24 h posttreat-

ment. The controls cells were intact and had proliferated and 

reached confluence by 24 h of cultivation; the cells treated 

with 50 nM GEM, 50 nM AgNPs, or a combination of 50 nM 

GEM and 50 nM AgNPs gradually lost their adherence to the 

surface and displayed intensive blebbing, which is typical for 

apoptotic cell death.51 The earliest changes in morphology 

were detected after treatment with AgNPs, followed by that 

with GEM (Figure 4). Previous reports suggest that AgNPs 

can potentially influence the morphology of several types of 

cells including bovine retinal endothelial cells9,47 and ovarian 

cancer cells.24 GEM induced the appearance of numerous 

rounded cells and decreased cell density. After combined 

treatment with GEM and AgNPs, cellular fragmentation 

occurred extensively and adherent properties of the cells 

were compromised. Similarly, the combination of emodin 

and GEM strongly induces the appearance of rounded 

SW1990/GZ cells and decreases cell density.53

Effect of GEM and AgNPs on cell 
proliferation
The proliferation assay is crucial for determining drug effi-

cacy. The antiproliferative effect of GEM and AgNPs at the 

selected concentrations was determined by the incorporation 

of BrdU. To investigate whether AgNPs and GEM can kill 

cancer cells by attacking different or identical cellular targets, 

we treated A2780 cells with 50 nM GEM, 50 nM AgNPs, or 

a combination of 50 nM GEM and 50 nM AgNPs. The pro-

liferating efficiency of A2780 cells decreased after treatment 

with GEM and AgNPs (Figure 5A). These data are consistent 

with the results of the cell viability studies using WST-8, sug-

gesting that the loss of viable cells caused by GEM, AgNPs, 

or the combination of the two is the result of the induction of 

apoptosis. The combination of Noxa and GEM significantly 

inhibited the proliferation of A2780 and COC1 cells.51 

Yong-Xian et al54 demonstrated that GEM significantly 

inhibited cell proliferation in a dose-dependent manner, 

which is the main reason for apoptosis in human pancreatic 

Figure 3 The effect of combined treatment with GEM and AgNPs on cell viability in human ovarian cancer cells.
Notes: (A) A2780 were incubated with GEM (50 nM) and AgNPs (50 nM). (B) A2780 cells were incubated with a combination of different concentrations of AgNPs (50 and 
100 nM) and a fixed concentration of GEM (50 nM) for 24 h. The results are expressed as the mean ± standard deviation of three separate experiments. Differences between 
the treated and control groups were measured using Student’s t-test. Statistically significant differences between the treated and control group are indicated by (*P,0.05).
Abbreviations: AgNP, silver nanoparticle; Con, control; GEM, gemcitabine.
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Figure 4 The effect of single treatment with GEM or AgNPs, or the combination of GEM and AgNPs, on cell morphology of human ovarian cancer cells.
Notes: The human ovarian cancer cells were incubated with GEM (50 nM), AgNPs (50 nM), or the combination of GEM (50 nM) and AgNPs (50 nM), for 24 h. Treated cells 
were imaged under a light microscope (200 μm). Red parentheses indicate cell shrinkage and fragmentation.
Abbreviations: AgNP, silver nanoparticle; Con, control; GEM, gemcitabine.

Figure 5 The effect of combined treatment with GEM and AgNPs on proliferation of human ovarian cancer cells.
Notes: (A) The effect on cell proliferation was observed by measuring the incorporation of BrdU after a 24-h incubation with GEM (50 nM), AgNPs (50 nM), or a 
combination of GEM (50 nM) and AgNPs (50 nM). (B) The effect on cell proliferation was observed using the trypan blue exclusion assay after a 24-h incubation with 
GEM (50 nM), AgNPs (50 nM), or a combination of GEM (50 nM) and AgNPs (50 nM). The results are expressed as the mean ± standard deviation of three independent 
experiments. Differences between the treated and control groups were measured using Student’s t-test. Statistically significant differences between the treated and control 
group are indicated by (*P,0.05).
Abbreviations: AgNP, silver nanopaeticle; Con, control; GEM, gemcitabine.
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cancer PANC‑1. We further examined the combined effect 

of GEM and AgNPs on cytotoxicity by counting the numbers 

of viable cells using the trypan blue exclusion assay in cells 

treated with 50 nM GEM, 50 nM AgNPs, or a combination of  

50 nM GEM and 50 nM AgNPs for 24 h. The gradual 

decrease in the number of viable A2780 cells after combined 

treatment with GEM and AgNPs was greater than that after 

treatment with GEM or AgNPs alone (Figure 5B). The results 

of the cell proliferation assay were consistent with those of 

the trypan blue exclusion assay.

Combined treatment with GEM and 
AgNPs enhances cytotoxicity
The leakage of lactate dehydrogenase is a marker for the 

detection of apoptosis and cytotoxicity.55 Infection with 

influenza virus type A induces leakage of LDH from cultured 

chorionic cells; this is accompanied by degradation typical in 

apoptotic cells, such as fragmentation of oligonucleosomal 

DNA, and condensation and fragmentation of the nucleus.56,57 

Assessing the release of intracellular LDH, which occurs 

because of the breakdown and alteration in the permeability 

of the plasma membrane, is a commonly used marker for 

estimating cytotoxicity.58 Therefore, we treated A2780 cells 

with 50 nM GEM, 50 nM AgNPs, or a combination of 50 nM  

GEM and 50 nM AgNPs for 24 h and then measured the 

leakage of LDH. Our results indicate that treatment with 

GEM and AgNPs induced a significant amount of LDH 

leakage in cultured A2780 cells (Figure 6A). Treatment with 

GEM induced a moderate amount of LDH leakage, whereas 

AgNP-treated cells showed a considerable amount of LDH 

leakage compared with that in untreated cells. Zhang and 

Gurunathan27,59 showed increased leakage of LDH in A2780 

cells treated with AgNPs compared with that in cells treated 

with salinomycin. Similarly, the leakage of LDH in human 

cervical cancer cells, treated with nanoparticles of palladium, 

was increased compared with that in cells treated with tricho-

statin A. Collectively, these results suggest that nanoparticles 

may be more effective for inducing LDH leakage than other 

chemical agents.

Then, we used the dead-cell protease activity assay to 

demonstrate the combined effect of GEM and AgNPs on 

the viability of A2780 cells. Cell viability was calculated 

according to the manufacturer instructions and a previously 

reported method.33 In A2780 cells treated with GEM (50 nM) 

or AgNPs (50 nM), viability decreased by 30% and 35%, 

respectively. Combined treatment with GEM and AgNPs 

decreased viability by 70% (Figure 6B). These results 

indicate that the viability of A2780 cells was significantly 

reduced by the combined treatment, which is a similar pattern 

to that observed with LDH leakage. These results suggest that 

combined treatment with GEM and AgNPs was significantly 

more cytotoxic than single treatment with either agent.

Figure 6 The cytotoxicity of GEM, AgNPs, or combined treatment with GEM and AgNPs in human ovarian cancer cells.
Notes: (A) A2780 cells were treated with GEM (50 nM), AgNPs (50 nM), or a combination of GEM (50 nM) and AgNPs (50 nM) for 24 h. The activity of LDH was measured 
at 490 nm using the LDH cytotoxicity kit. (B) The level of dead-cell protease was determined by CytoTox-Glo cytotoxicity assay. The results are expressed as the mean ± 
standard deviation of three independent experiments. Differences between the treated and control groups were measured using Student’s t-test. Statistically significant 
differences between the treated and control group are indicated by (*P,0.05).
Abbreviations: AgNP, silver nanopaeticle; Con, control; GEM, gemcitabine; LDH, lactate dehydrogenase.
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Combined treatment with GEM and 
AgNPs targets ROS generation and 
mitochondrial dysfunction
Next, we examined the effect of GEM and AgNPs on the gen-

eration of ROS. Generation of ROS is a cytotoxic mechanism. 

ROS are the byproducts of normal cellular oxidative pro-

cesses involved in the initiation of apoptotic signaling57 and 

various cellular functions including proliferation, growth, 

and invasion.55 To assess the effect of GEM and AgNPs on 

the generation of ROS, A2780 cells were treated with 50 nM 

GEM, 50 nM AgNPs, or a combination of 50 nM GEM 

and 50 nM AgNPs for 24 h; then, the levels of ROS were 

measured using DCFH-DA. Although single treatment with 

GEM or AgNPs induced generation of ROS, AgNPs induced 

significantly higher levels compared with those induced by 

GEM (Figure 7A); this is consistent with previous reports 

demonstrating that AgNPs induce pronounced cytotoxicity in 

various types of cancer cells including human breast, ovarian, 

lung, and germ cells.24,25,29,60,61 Interestingly, N-acetyl cysteine 

was able to significantly decrease the levels of ROS that had 

been induced by GEM, AgNPs, or a combination of GEM 

and AgNPs, indicating that production of ROS plays a critical 

role in GEM- and AgNP-induced cytotoxicity. Kovacs et al31 

demonstrated that osteosarcoma cells treated with 20 μM 

AgNPs (5 nm) and 85 μM AgNPs (35 nm) produced con-

siderable levels of ROS; this study additionally confirmed 

that mitochondrial dysfunction is coupled to oxidative 

stress. The combination of GEM and cannabinoids triggers 

autophagy in pancreatic cancer cells via a ROS-mediated 

mechanism.62 GEM can induce ROS generation in pancreatic 

cancer stem cells, leading to increased chemosensitivity.63 

Together, our results indicate that combined treatment with 

GEM and AgNPs induced significant cytotoxicity in A2780 

cells via generation of ROS.

The generation of ROS increases the permeability of the 

mitochondrial membrane, which leads to the induction of 

apoptosis.64 Therefore, we investigated the mechanistic effect 

of combined treatment with GEM and AgNPs on A2780 cells. 

The cells were treated with 50 nM GEM, 50 nM AgNPs, or 

a combination of 50 nM GEM and 50 nM AgNPs for 24 h, 

after which MMP was examined using the JC-1 probe. The 

fluorescence values indicated that GEM and AgNPs together 

induced a decrease in MMP; however, treatment with GEM 

alone caused only a moderate decrease compared with a more 

pronounced decrease observed in AgNP-treated cells. Com-

bined treatment with GEM and AgNPs induced a significant 

Figure 7 The effect of GEM, AgNPs, or a combination of GEM and AgNPs on oxidative stress in human ovarian cancer cells.
Notes: (A) The levels of ROS were assessed by measuring the relative fluorescence of 2′,7′-dichlorofluorescein using a spectrofluorometer. (B) Cells were treated with 
GEM (50 nM), AgNPs (50 nM), or the combination of GEM (50 nM) and AgNPs (50 nM) for 24 h; MMP (measured as a ratio of JC-1 aggregate to monomer) was determined 
after the treatments. The results are expressed as the mean ± standard deviation of three independent experiments. Differences between the treated and control groups 
were measured using Student’s t-test. Statistically significant differences between the treated and control group are indicated by (*P,0.05).
Abbreviations: AgNP, silver nanoparticle; Con, control; GEM, gemcitabine; MMP, mitochondrial membrane potential; NAC, N-acetyl cysteine; ROS, reactive oxygen species.
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Figure 8 The effect of combined treatment with GEM and AgNPs on the expression of proapoptotic and antiapoptotic genes.
Notes: Relative mRNA expression was analyzed using qRT-PCR in human ovarian cancer cells after treatment with GEM (50 nM), AgNPs (50 nM), or a combination of GEM 
(50 nM) and AgNPs (50 nM), for 24 h. The results are expressed as the mean ± standard deviation of three separate experiments. Differences between the treated and control 
groups were measured using Student’s t-test. Statistically significant differences between the treated and control group are indicated by (*P,0.05).
Abbreviations: AgNP, silver nanoparticle; Con, control; GEM, gemcitabine; qRT-PCR, quantitative reverse transcriptase polymerase chain reaction.

decrease in MMP compared with that in untreated control 

cells (Figure 7B). Seol et al65 reported that pretreatment with 

gemcitabine, followed by treatment with TRAIL, reduces 

mitochondrial transmembrane potential in A549 cells. 

Previous studies suggest that AgNPs can induce the loss of 

mitochondrial membrane potential in human lung cancer 

cells35 as well as in U2Os and Saos-2 cells.35,66

Free radical generation is related to the loss of mito-

chondrial inner membrane potential and is considered 

one of the cytotoxic effects of GEM;67 however, a similar 

phenomenon, observed in human lung cancer cells, is also 

induced by AgNPs.35,50 Collectively, this study suggests that 

mitochondrial dysfunction is coupled with oxidative stress 

in GEM- and AgNP-treated cells. This study also indicates 

that the elevation of ROS in A2780 cancer cells is caused 

by an imbalance between pro- and antioxidant enzymes,27,55 

which occurs when the cells are exposed to anticancer agents; 

this exhausts the cellular antioxidant capacity and leads to 

apoptosis.

Effect of GEM and AgNPs on pro- and 
antiapoptotic gene expression in 
A2780 cells
Programmed cell death plays an important role in tumors 

because pro- and antiapoptotic factors are simultaneously 

activated in tumor development and progression. Indeed, 

apoptosis is one of the major consequences of chemotherapy. 

To assess apoptotic activity caused by GEM and AgNPs in 

A2780 cells, A2780 cells were treated with 50 nM GEM, 

50 nM AgNPs, or a combination of 50 nM GEM and 50 nM 

AgNPs for 24 h, after which gene expression was measured 

by RT-PCR. As shown in Figure 8, treatment with GEM 

alone, and combined treatment with GEM and AgNPs, 

downregulated the expression of Bcl-2, but upregulated the 

expression of p53, p21, Bax, Bak, and caspase-9 and -3. p53 

can inhibit cell growth via activation of cell cycle arrest and 

apoptosis. Our results suggest that GEM and AgNPs can 

upregulate the expression of p53 and p21. Hill et al68 reports 

that GEM strongly induces p53-dependent apoptosis, which 

correlates with the accumulation of proapoptotic proteins, 

such as PUMA and Bax, in human colon cancer cells. In 

A2780 cells, the upregulation of p53 is accompanied by 

increased expression of p2l, indicating that AgNPs sensitize 

the cells to apoptosis. A similar phenomenon was observed 

in A2780 cells treated with a combination of salinomycin 

and AgNPs.69 p53 can directly interact with Bax to induce 

permeabilization of mitochondria. Bax induces apoptosis 

in cancer cells via p53-dependent and p53-independent 

pathways; cooperation between p53 and Bax can induce 

apoptosis.70 Members of the Bcl-2 protein family, such as 
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Figure 9 The effect of treatment with GEM, AgNPs, or a combination of GEM and AgNPs, on apoptosis in human ovarian cancer cells.
Notes: The cells were treated with GEM (50 nM), AgNPs (50 nM), or a combination of GEM (50 nM) and AgNPs (50 nM), for 24 h. Apoptosis in human ovarian cancer 
cells after a 24-h treatment was assessed using the TUNEL assay; the nuclei were counterstained with DAPI. Representative images show apoptotic (fragmented) DNA (red 
staining) and the corresponding cell nuclei (blue staining).
Abbreviations: AgNP, silver nanoparticle; Con, control; GEM, gemcitabine.

the antiapoptotic protein Bcl-2 and proapoptotic proteins 

Bax and Bak, play important roles in mitochondria-mediated 

apoptosis.71,72 Downregulation of Bcl-2 and upregulation of 

Bax can induce the release of cytochrome C from the mito-

chondria into the cytosol, triggering the activity of caspase-3 

and -9 and eventually causing apoptosis.73 AgNPs can induce 

apoptosis via extrinsic and intrinsic pathways in a process 

that is mediated by several caspases.61,74 The human A549 

lung cancer cells, treated with GEM, show increased levels 

of caspase-3.75 This suggests that the A2780 cells treated 

with AgNPs, or a combination of AgNPs and GEM, may 

upregulate their levels of caspases 9 and 3. Collectively, 

our results show that the combination of GEM and AgNPs 

induces caspase-mediated apoptosis in A2780 cells.
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GEM and AgNPs induce apoptosis
Apoptosis is a fundamental biological process involved 

in development, differentiation, and homeostasis. Various 

agents, such as chemotherapeutic drugs, inhibitors of growth 

factors, or nanoparticles, can be used to induce morphologi-

cal changes including cell shrinkage, fragmentation of the 

nucleus, and activation of caspases, resulting in apoptosis.76,77 

The cellular assays used in our study indicate that treatment 

with GEM or AgNPs, or a combined treatment with GEM 

and AgNPs, induced the loss of cellular viability. Therefore, 

we assayed fragmentation of DNA as the final hallmark 

of apoptosis. A2780 cells were treated with 50 nM GEM, 

50 nM AgNPs, or a combination of 50 nM GEM and 50 nM 

AgNPs for 24 h, after which the TUNEL assay was used 

to observe TUNEL-positive cells. The results indicate that 

single treatment with GEM or AgNPs induced fragmenta-

tion of DNA; however, the effect was more pronounced in 

AgNPs-treated cells. Combined treatment with GEM and 

AgNPs produced a significantly higher number of TUNEL-

positive cells (Figure 9). Previous studies suggest that GEM 

can induce apoptosis via DNA fragmentation in a variety of 

cancer cells including human lymphoblastoid cells,77 HT-29 

colon cancer cells,78 and human non-small-cell lung cancer 

cells.79 Similarly, AgNPs can induce apoptosis in human 

MDA-MB231 breast cancer cells24,29 and ovarian cancer 

cells.27 DNA fragmentation is a series of cleavage events 

involving the excision of large fragments of DNA. A study 

using human lymphoblastoid cells demonstrated that GEM 

can incorporate into the DNA and inhibit DNA synthesis,77 

inducing DNA damage response and degradation of PARP1 

via autophagy.80 In summary, our results indicate that the 

combination of GEM and AgNPs synergistically induces 

apoptosis in A2780 cells via DNA fragmentation.

Conclusion
GEM and AgNPs potentially induce cytotoxicity in vari-

ous types of cancer cells. However, there are no conclusive 

data on the combined effects of GEM and AgNPs in human 

ovarian cancer cells. Therefore, this study aimed to develop 

new modalities for cancer treatment using in vitro culture as 

a model system. Currently, there is an urgent need for new 

treatment options and improved understanding of how GEM 

and AgNPs synergistically induce anticancer effects. In this 

study, we used the novel biomolecule resveratrol to synthe-

size AgNPs with an average size of 6 nm. We demonstrated 

that GEM and AgNPs exert anticancer effects by decreasing 

cell viability and proliferation and by inducing increased 

leakage of LDH and generation of ROS. The combined 

treatment with GEM and AgNPs led to an upregulation in the 

expression of proapoptotic genes, including P53, P21, Bax, 

Bak, cyt-c, caspase-9, and caspase 3, and downregulation 

in the expression of Bcl-2. The combination of GEM and 

AgNPs induced significant DNA fragmentation in A2780 

cells. This study will be useful for the development of 

combination-based therapeutic strategies for ovarian cancer. 

However, further studies are needed to elucidate the detailed 

mechanism of signaling pathways involved in GEM- and 

AgNPs-induced apoptosis.
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