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Abstract – Objective: Prostate carcinoma is a serious public health in men with increasing 
incidence and mortality rates. The present study aimed to investigate cytotoxic activities of silver 
nanoparticles (AgNPs) against PC-3 human prostate cancer cell line in vitro. 

Materials and Methods: The antiproliferative effect of AgNPs on PC-3 cells was assessed using 
various concentrations of AgNPs (5-80 µg/mL) by MTT assay. We have also investigated the effect 
of AgNPs on the migration property of cancers cells using a wound-healing assay. Then, obtained 
results were analyzed using ANOVA and Student’s t-test. 

Results: The AgNPs diminished significantly the viability of PC-3 cells in a dose and time-de-
pendent manner. According to the dose-dependent viability curve, the IC50 (50% inhibiting con-
centration) at 48 h was calculated to be 65.7 µg/mL. Migration assay also confirmed the antimeta-
static potential of the AgNPs against PC-3 cells. After 24 h, the migration rate was 2.5 fold lower for 
AgNPs-treated cells compared to control cells.

Conclusions: Our findings support the use of AgNPs as an appropriate option for future thera-
peutic application in prostate cancer therapy.
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INTRODUCTION

Prostate cancer with an estimated of almost 1.4 
million new cases and 375,000 deaths worldwi-
de was the second abundant malignancy and the 
fifth cause of cancer-related mortality among 
men in 2020 1. Based on GLOBOCAN 2020 esti-
mates, prostate cancer counting 14.1% and 6.8% 
of all new cases and death caused by cancer in 
men, respectively1. It can be localized or meta-
stasized to the bones and lymph nodes, depen-
ding on its severity2. Various factors such as age, 

genetics, ethnicity, hypertension, obesity, envi-
ronmental toxins, chemical hazards, and radia-
tion appear to be involved in the pathogenesis of 
prostate cancer, although the exact mechanism is 
still unclear3. Current therapeutic approaches for 
prostate cancer include chemotherapy, radiothe-
rapy, surgery cryosurgery, and hormone replace-
ment therapy4. Resistance to treatment remains 
the biggest challenge in cancer today because the 
effectiveness of therapy ultimately surrenders to 
the resistance pathways implemented by can-
cer cells5. Furthermore, these therapeutics have 
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According to evidence, the cytotoxicity of 
AgNPs is affected by particle size, shape, con-
centration, and the degree of agglomeration or 
aggregation. Moreover, regardless of the physico-
chemical properties of AgNPs, their cytotoxicity 
depends on the organism’s variety. Indeed, the to-
xic response is not the same in every cell line. The 
present study, therefore, investigated the cytoto-
xic effect of AgNPs on the viability and migration 
rate of PC-3 prostate cancer cell line in vitro.

MATERIALS AND METHODS

Cell Culture

Human prostate cancer cell lines PC-3 were pur-
chased from the Pasteur Institute of Iran. The 
cells were grown in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, Rockville, MD, USA) 
supplemented with 10% fetal bovine serum (FBS) 
(Gibco, Rockville, MD, USA) and 1% penicillin/
streptomycin (Sigma-Aldrich; St. Louis, MO, 
USA) to confluence at 37°C and 5% CO2 atmo-
sphere.

Preparation and Characterization 
of AgNPs

In this assay, US silver nanoparticles (AgNPs) 
with 99.99% purity were used. Morphology and 
microstructure of AgNPs were investigated with 
transmission electron microscopy (TEM) (Phi-
lips CM30, Amsterdam, The Netherlands) with 
light background and the size of AgNPs measu-
red using ImageJ software. The crystal structure 
of the nanoparticles was determined using the X-
ray diffraction (XRD) technique (Siemens D500, 
Munich, Germany). This assumption was further 
validated by Fourier transform infrared spectro-
scopy (FTIR) device (Nexus 670; Northglenn, 
CO, USA).

Preparation of Different Concentrations 
of AgNPs Solution

An amount of 2 mg of AgNPs powder was wei-
ghed and 10 mL of complete culture medium 
(DMEM containing 10% FBS and 1% penicillin/
streptomycin) was added to prepare a 200 μg/mL 
stoke solution. Then, the AgNPs mixture was so-
nicated for 15 minutes, filtered, and purified. The 
different concentrations (5, 10, 20, 50, 100 μg/
mL) were prepared by diluting the base solution 
and stored in a refrigerator at 4°C.

been attributed to serious side effects including 
toxicity on healthy cells, vomiting, nausea, and 
hair loss 5. To avoid these undesirable effects, the 
search for new agents for cancer treatment has 
been the goal of numerous studie 6. In this re-
gard, nanotechnology can play a significant role 
in overcoming the limitations of conventional 
treatment strategies, being considered the star 
technology of the twenty-first century7. Nano-
particles, with a particle in a size range of 1–100 
nm, thanks to their special physical, chemical, 
and biological properties, have recently recei-
ved more attention. Among the commonly used 
nanoparticles, silver nanoparticles (AgNPs) are 
widely used in a variety of business areas, in-
cluding medical, pharmaceutical industries, agri-
cultural, wound dressings, food packages, and 
electronic8-10. In addition, AgNPs have numerous 
biomedical applications and exhibit anti-biofilm, 
antimicrobial, antioxidant, anti-inflammatory, 
anti-angiogenic, and anticancer activities (Figu-
re 1)11,12. In modern anticancer therapy, AgNPs 
play a noteworthy role, especially in the detec-
tion and diagnosis of malignant tumors, as well 
as regulated and externally stimulated drug deli-
very systems 13. The use of silver nanoparticles 
is influenced by the type of application, the pro-
perties of the particles, and the organisms. The 
size, morphology, and surface characteristics of 
AgNPs make them suitable for cancer cells inter-
nalization and affect cell physiology14. The great 
potential of AgNPs in cancer management is re-
lated to their role in triggering oxidative stress, 
membrane damage, mitochondrial dysfunction, 
DNA damage, resulting in cell death15.

Fig. 1. Biomedical application of silver nanoparticles.
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Statistical Analysis

All assays were performed in triplicate, and each ex-
periment was repeated at least three times. All stati-
stical analyses were conducted using the Student’s 
t-test or one-way analysis of variance (ANOVA), 
followed by Tukey’s test for multiple comparisons 
using the GraphPad Prism software (La Jolla, CA, 
USA). Data were considered significant at p-value 
<0.05 and the results were expressed as mean ± SD.

RESULTS

Characterization of Silver Nanoparticles

Characterization of AgNPs was carried out using 
TEM which indicated a spherical shape and smo-
oth surfaces of the nanoparticles with sizes about 
20 nm and tend to agglomerate (Figure 2a). The 
data obtained from XRD showed the peak loca-
tion corresponds to the peak in the JCPDS 04-
0783 reference card and some extra peaks in the 
graph, probably due to the presence of stabilizers 
added to the nanoparticles process (Figure 2b). 

Cytotoxicity Effect of AgNPs in PC-3 Cells

The cell viability test is an essential method for a to-
xicological investigation that may offer information 
on cell death, survival, and metabolic activities, as 
well as explain the cellular response to drugs and to-
xic compounds 16. The in vitro cytotoxic impact of 
the synthesized AgNPs was evaluated against prosta-
te cancer PC-3 cells at varying concentrations using 
an MTT assay. Results indicated that AgNPs have 
potential cytotoxicity (anticancer effect) against the 
examined cell line. As shown in Figure 3, incubation 
of PC-3 cells with AgNPs significantly decreased 
cell viability in a dose and time-dependent manner. 
The IC50 values of AgNPs for PC-3 cells were cal-
culated to be 73, 65.7, and 32 μg/mL following 24, 
48, and 72 h of treatment, respectively. After being 
treated for 72 h, the viability decreased dramatically, 
and only 22% were viable at 80 µg/mL (Figure 3a), 
representing that the prostate cancer cells have lost 
their ability to proliferate at these concentrations.

The Effect of AgNPs on 
the Migration of PC3 Cells

As cancer cell migration plays a key role in disease 
progression 17, we examined the effect of AgNPs 
on the migration ability of PC-3 cells using an in 
vitro scratch wound-healing. The 24 h treatment 

Cell Viability Assay

The viability of cells was analyzed using the 
MTT [3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl 
tetrazolium bromide)] (Sigma-Aldrich; St. Lou-
is, MO, USA) assay to determine the cytotoxic 
effect of the AgNPs at different concentrations. 
PC-3 cells (5 × 103 cells/well) were seeded in a 
96-well plate in 5% CO2 at 37°C to a confluen-
ce of 85%.  Then, the cells were washed with 
(phosphate-buffered saline, pH 7.4) PBS, tre-
ated with various concentrations of AgNPs (5- 
80 μg/mL), and incubated at 37°C in a humidi-
fied incubator. Following 24, 48, and 72 hours 
of treatment, cells were washed with PBS and 
then incubated with 20 μL of MTT (5 mg/mL in 
PBS) in a fresh medium for a further 4 h at 37°C. 
After that, MTT was removed, and the resulting 
formazan was dissolved in 100 μL of dimethyl 
sulfoxide (DMSO) with gentle shaking at 37°C 
for 15 minutes. The absorbance (OD) was read 
at 570 nm with 630 nm as reference wavelength 
(OD blank) using an enzyme-linked immunosor-
bent assay (ELISA) plate reader. The OD values 
were converted into percentages of cell viability 
rate based on the subsequent formula:

Cell viability rate (%) = 
(OD treatment-OD blank)/ 

(OD control-OD blank) × 100

The results were obtained as the mean of three 
independent experiments. GraphPad Prism (La 
Jolla, CA, USA) was used for calculating a 50% 
reduction in cell viability (i.e., IC50 values).

Scratch Assay 

Wound healing assay was used to determine cell 
migration of prostate cancer cells upon silver na-
noparticles treatment. PC-3 cells (1×105 cells/
well) were seeded into 24-well plates and kept 
under 5% CO2 at 37°C to a confluent monolayer. 
Then, the scratch was made with a sterile 200-µl 
pipette tip and washed with PBS to remove flo-
ating cells. After that, the cells in the presence 
and absence of AgNPs were cultivated. The ima-
ges of cells were captured at 0 hours. After 24 h 
of continuous culture, the medium was aspirated 
from the cells. Then the cells were washed with 
PBS, fixed using 4% formaldehyde, stained with 
crystal violet, and the images of migrating cells 
were photographed under a phase-contrast inver-
ted microscope. The gap widths were measured 
using ImageJ software in each case. All experi-
ments were repeated three times.
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cell viability, inducing oxidative stress, and genes 
expression involvement in processes that lead to 
AgNPs mediated apoptosis in tumor cells15. The 
toxicity of nanoparticles is shown to be influenced 
by their size, surface charge, and shape19. Particle 
sizes of AgNPs in our work displayed a diameter 
of ≈20 nm. The particle size is critical for nano-
particle aggregation in tumor tissues through the 
tumor capillary’s vascular gap. Hence, nanoparti-
cles must be smaller than the vascular gap of the 
tumor capillary to accumulate in the tumor (up to 
400 nm)20. According to reports, decreasing the 
particle size increases the surface area of the par-
ticles, which facilitates particle diffusion through 
cells18,20. In this context, Avalos et al21 in exami-
ning the impact of different sizes of AgNPs (4.7 
and 42 nm) interacting with HepG2 and leukemia 
cells, found that small AgNPs are much more 
cytotoxic than large AgNPs.

Our results revealed also spherical, uniform, 
and smooth surfaces of nanoparticles with tend to 

with AgNPs considerably (p<0.001) reduced the 
migration rate of PC-3 cells compared with untre-
ated control cells, from 60% to 24% (Figure 4).

DISCUSSION

Prostate cancer is currently considered one of the 
most common causes of cancer morbidity and 
mortality in men worldwide. Due to the poor ef-
ficiency as well as side effects of traditional can-
cer treatments, new therapeutic approaches as 
alternatives or in combination with conventional 
therapies are demanded. Nanoparticles have re-
cently demonstrated a novel approach to over-
come cancer, including prostate cancer. Silver 
nanoparticles are widely used in anti-microbial 
studies, nanotechnology, biotechnology drug de-
livery, cancer treatment, and biomedical field3,9,18. 
The current researches reported the mechanisms 
of cytotoxicity of AgNPs, including inhibition of 

Fig. 2. Characterization of AgNPs by TEM and XRD. A, Smooth surfaces of the tested silver nanoparticles (TEM image). Seve-
ral fields were photographed and were used to determine the diameter of nanoparticles. The average range of observed diameter 
was 20 nm. B, The X-ray powder diffraction (XRD) peaks of silver nanoparticles with the pattern peaks.

A B

Fig. 3. The anti-proliferative effect of AgNPs induced PC3 cell line. After AgNPs treatment, the MTT data revealed a decrease 
in cell viability ratio. A, The AgNPs induction in PC3 cells significantly decreased the number of viable cells compared with the 
control group in a time a concentration manner. B, Dose-dependent viability curve at 72 h (*p< 0.05, **p< 0.01).

A B
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breast cancer MCF-7 cells27, cervical cancer HeLa 
cells28, human lung cancer H1299 cells12, human 
colorectal adenocarcinoma HT29 cells29, human 
prostate DU145 Cells30, and prostate cancer LN-
CaP cell lines in vitro and in vivo31. Recently, 
Chen et al32 revealed that AgNPs could induce 
autophagy through activating the AMPK/mTOR 
signaling pathway resulting from lysosome injury 
and cell hypoxia in PC-3 cells.

We also evaluate the effect of AgNPs on the 
migration rate of prostate cancer cells. Tumor cell 
migration is well-known to be a crucial stage in 
tumor progression and metastasis33. Prostate can-
cer death is generally caused by tumor spread to 
the lungs, bones, and lymph nodes.

Herein, the strong inhibition efficacy of AgNPs 
on migration was observed in PC-3 cells, which 
were in line with other studies demonstrating that 
AgNPs may have a potential function in reducing 
the migration property of cancer cells12. Present 
results depicted the role of AgNPs in suppressing 
the metastasis of prostate cancer cells in the body 
at inhibitory concentrations. 

Stimulation of morphological changes34, loss 
of cell membrane integrity24, induction of oxida-
tive stress35, increased leakage of lactate dehydro-
genase, DNA fragmentation and

chromosomal aberrations15, uncontrolled cel-
lular transport34, mitochondrial dysfunction and 
loss of ATP synthesis34, caspase-3 activity, and 
induction of apoptosis24 have been suggested as 
other main mechanisms responsible for anticancer 
efficacy of silver nanoparticles.

agglomerate, according to the TEM image. One of 
the most important factors in cellular internaliza-
tion is the shape of nanoparticles22. For instance, 
exocytosis of nanoparticles with sharp shapes due 
to their entry into the endosome membrane is lo-
wer than the spherical particles23. Moreover, the 
ellipsoidal nanoparticles showed lower cell upta-
ke compared to spherical NPs22.

In our experiment, the half-maximal inhibito-
ry concentration (IC50) of AgNPs was determi-
ned 65.7 µg/mL after 48 h via MTT assay. The 
results suggest that AgNPs were able to reduce 
the cell viability of PC-3 cells in a dose and time-
dependent manner. Jeyaraj et al24 demonstrated 
the effect of AgNPs against human breast cancer 
MCF-7 cells. They reported IC50 value at 20 μg/
mL for AgNPs with 22 nm in size in slightly ag-
glomerated form24. In another study, IC50 values 
of synthesized AgNPs against PC-3 were found 
to be 173.21 μg/mL25. Krishnaraj et al26 have sta-
ted that at 100 μg/ml concentration, AgNPs had 
comparatively higher toxic effects (40%) than 
the other treated MDA-MB-231 cells. We obser-
ved the lowest viability of PC-3 cells (22%) after 
72 h treatment with 80 μg/ml concentration of 
AgNPs.

Uncontrolled and increased cell proliferation 
is a major hallmark of cancer and inhibition of this 
process will be a great success in the development 
of anticancer drugs. In agreement with our results, 
other research groups have reported the cytotoxic 
effect of AgNPs on the viability of various cancer 
cells such as breast cancer MDA-MB-231 cells, 

Fig. 4. Effect of AgNPs on PC3 cells migration. A, Cell migration measurement with scratch wound assay in AgNPs (65.7 μg/
mL). B, Percentage of wound healing was measured and presented on a histogram using ImageJ software (***p < 0.001).

A

B



6

SILVER NANOPARTICLES INHIBIT PROLIFERATION AND MIGRATION OF PROSTATE CANCER CELLS: AN EXPERIMENTAL REPORT

  7. Bayda S, Adeel M, Tuccinardi T, Cordani M, Rizzolio 
F. The history of nanoscience and nanotechnology: 
from chemical–physical applications to nanomedicine. 
Molecules 2020; 25: 112-126.

  8. Erring M, Gaba S, Mohsina S, Tripathy S, Sharma RK. 
Comparison of efficacy of silver-nanoparticle gel, na-
no-silver-foam and collagen dressings in treatment of 
partial thickness burn wounds. Burns 2019; 45: 1888-
1894.

  9. Gherasim O, Puiu RA, Bîrcă AC, Burdușel A-C, Gru-
mezescu AM. An updated review on silver nanoparti-
cles in biomedicine. Nanomaterials 2020; 10: 1-44.

 10. Kumar S, Shukla A, Baul PP, Mitra A, Halder D. 
Biodegradable hybrid nanocomposites of chitosan/
gelatin and silver nanoparticles for active food pack-
aging applications. Food Packag Shelf Life 2018; 16: 
178-184.

 11. Talapko J, Matijević T, Juzbašić M, Antolović-Požgain 
A, Škrlec I. Antibacterial activity of silver and its ap-
plication in dentistry, cardiology and dermatology. 
Microorganisms 2020; 8: 1400-1412.

 12. He Y, Du Z, Ma S, Liu Y, Li D, Huang H, Jiang S, Cheng 
Sh, Wu W, Zhang K. Effects of green-synthesized silver 
nanoparticles on lung cancer cells in vitro and grown 
as xenograft tumors in vivo.  Int J Nanomedicine 2016; 
11: 1879-1887.

 13. Karuppaiah A, Siram K, Selvaraj D, Ramasamy M, Ba-
bu D, Sankar V. Synergistic and enhanced anticancer 
effect of a facile surface modified non-cytotoxic silver 
nanoparticle conjugated with gemcitabine in meta-
static breast cancer cells. Mater Today Commun 2020; 
23: 1-26.

 14. Azhar NA, Ghozali SZ, Bakar SAA, Lim V, Ahmad NH. 
Suppressing growth, migration, and invasion of human 
hepatocellular carcinoma HepG2 cells by Catharanthus 
roseus-silver nanoparticles. Toxicol in vitro 2020; 67: 
1-10.

 15. El-Deeb NM, El-Sherbiny IM, El-Aassara MR, Hafez 
EE. Novel trend in colon cancer therapy using silver 
nanoparticles synthesized by honey bee. J Nanomed 
Nanotechnol 2015; 6: 265-271.

 16. AshaRani PV, Kah Mun GL, Hande MP, Valiyaveettil S. 
Cytotoxicity and genotoxicity of silver nanoparticles in 
human cells. ACS Nano 2009; 3: 279-290.

 17. Jafari A, Babajani A, Abdollahpour-Alitappeh M, Ah-
madi N, Rezaei-Tavirani M. Exosomes and cancer: from 
molecular mechanisms to clinical applications. Med 
Oncol 2021; 38: 1-7.

 18. Erdogan O, Abbak M, Demirbolat GM, Birtekocak F, 
Aksel M, Pasa S, Cevik O. Green synthesis of silver 
nanoparticles via Cynara scolymus leaf extracts: the 
characterization, anticancer potential with photody-
namic therapy in MCF7 cells. PLoS One 2019; 14: 
e0216496.

 19. Shawkey AM, Rabeh MA, Abdulall AK, Abdellatif AO. 
Green nanotechnology: anticancer activity of silver 
nanoparticles using citrullus colocynthis aqueous ex-
tracts. Adv Life Sci Technol 2013; 13: 60-70.

 20. Silva CO, Pinho JO, Lopes JM, Almeida AJ, Gaspar MM, 
Reis C. Current trends in cancer nanotheranostics: 
metallic, polymeric, and lipid-based systems. Pharma-
ceutics 2019; 11: 22-61.

 21. Avalos A, Haza AI, Mateo D, Morales P. Cytotoxicity 
and ROS production of manufactured silver nanoparti-
cles of different sizes in hepatoma and leukemia cells. 
J Appl Toxicol 2014; 34: 413-423.

 22. Dasgupta S, Auth T, Gompper G. Shape and orien-
tation matter for the cellular uptake of nonspherical 
particles. Nano Lett 2014; 14: 687-693.

CONCLUSIONS

Based on the results obtained in the present study, 
AgNPs have the potential to exert cytotoxic and 
antiproliferative effects in PC-3 prostate cancer 
cell line. Furthermore, inhibition of cell migra-
tion probably is one of the mechanisms used by 
AgNPs to exert anticancer actives in cancer cells. 
Therefore, AgNPs could be a possible candidate 
as a chemotherapeutic agent or in combination 
with anticancer drugs in the treatment of cancer. 
Further in vitro and in vivo studies need to be car-
ried out for developing AgNPs as new anticancer 
therapies in the future.
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