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Abstract
With the incessant rise in the cancer burden worldwide it is a dire need to develop anticancer agents that will offer negli-
gible or no side effects and at the same time will be economically feasible. In this study, we utilized the principle of green 
chemistry where tyrosine and chitosan were used as reducer and stabilizer respectively to synthesize biocompatible silver 
nanoparticles. They were characterized by ultraviolet–visible spectroscopy, transmission electron microscopy and dynamic 
light scattering technique and found to be spherical with average diameter of 13–22 nm. Their toxicity was evaluated in 
MCF7 and MDA-MB-231 human breast cancer cell lines. MTT assay revealed excellent cytotoxic effect with IC50 values as 
low as 6.4 and 6.56 ppb respectively after 48 h of treatment. Intriguingly, they showed minimum toxicity in normal human 
peripheral blood lymphocytes at these effective concentrations. Cytomorphological alteration, ROS generation (DCFDA 
analysis) and nuclear fragmentation (Hoechst staining) were pronounced in both cancer cell lines following treatment. These 
nanoparticles also promoted expression and nuclear translocation of Nrf2 as an antioxidant response which was revealed 
by Western blot and immunofluorescence studies respectively. ‘Apoptosis assay’ confirmed the presence of apoptosis and 
‘Caspase-8 activity assay’ revealed absence of the extrinsic apoptosis pathway. Western blot data (upregulation of p21, Bax/
Bcl2 ratio, Caspase-9, Caspase-3 and cleaved PARP1) established the occurrence of intrinsic apoptosis pathway following 
cell cycle arrest. To conclude, the green synthesized silver nanoparticles are cytotoxic to cancer cells and can be considered 
as effective and safe cytotoxic agents in breast cancer therapeutics.
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Introduction

Silver nanoparticles (AgNPs), although utilized mostly for 
their broad-spectrum antimicrobial activity, have been exten-
sively used in several diseases over the past few years due to 
their unique physicochemical properties [17, 19, 46]. Cyto-
toxic efficacy of AgNPs produced via different routes has 
also been reported in different types of cancer cells including 
breast cancer, cervical cancer, oral cancer, skin melanoma 
and several other cancer cell lines [3, 5, 6, 14, 16]. Chemical 
or photochemical methods employed to synthesize AgNPs 

are potent threat to the environment that limits their medical 
application. Contrastingly, nanoparticles synthesized using 
biological methods which employs fungi, algae, different 
plant parts or biomolecules like amino acids, starch, vita-
mins etc. are considered as ‘green’ nanoparticles as far as 
their eco-safety and biocompatibility are concerned [7, 15, 
46]. So, it is of prime importance that besides being effec-
tively cytotoxic to cancer cells synthesized AgNPs will be 
environmentally safe, economically cheap and at the same 
time safe to noncancerous cells.

Although AgNPs synthesized utilizing the reducing 
property of several phytochemicals get maximum attention 
in terms of medicinal use [5, 14], other bioorganic materi-
als like chitosan are also attractive options in this regard. 
Chitosan is a naturally occurring polysachharide which is 
biodegradable, biocompatible and non-toxic. It is obtained 
by deacetylation of chitin, abundantly found in crustacean 
shells and fungal cell walls. Moreover, it also enhances 
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cellular penetration that promotes transport of NPs inside 
cells which is another advantage of this chemical. In this 
experiment, we prepared chitosan-functionalized AgNPs fol-
lowing reduction of silver nitrate by amino acid tyrosine and 
further stabilization by chitosan [12, 34].

Two different types of breast cancer cell lines were con-
sidered to check the cytotoxic potential of these chitosan-
functionalized AgNPs (S1). MCF7 and MDA-MB-231 
human breast cancer cell lines differ from each other in the 
nature of their response to hormone therapies. MCF7 is hav-
ing both estrogen receptor (ER) and progesterone receptor 
(PR) but lacks human epidermal growth factor receptor 2 
(HER2) [13]. In contrast, MDA-MB-231 is a triple-negative 
breast cancer (TNBC) cell line which lacks all three recep-
tors viz. ER, PR and HER2 and thus is incurable by hormone 
therapy [2]. Cytotoxic effect of these NPs was compared 
with that of Mitomycin-C, a well-known anticancer drug 
[1]. Their innocuous nature was also investigated in nor-
mal cells- human peripheral blood lymphocytes (HPBLs), 
in vitro.

Materials and methods

Materials

Silver nitrate (Merck, India), chitosan (Practical grade, 75% 
deacetylated, Aldrich, Germany) and l-tyrosine hydrochlo-
ride (Sigma life sciences, USA) were used as received. Dul-
becco’s Modified Eagle’s Medium (DMEM) and Roswell 
Park Memorial Institute (RPMI)-1640 culture media, peni-
cillin–streptomycin antibiotic solution, phytohaemagglutinin 
(PHA), foetal bovine serum (FBS), radioimmunoprecipita-
tion assay (RIPA) buffer, MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide) and skim milk were 
procured from Himedia Laboratories, India; BCIP/NBT 
(5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazo-
lium), 2′,7′- dichlorofluorescein diacetate (DCFDA) and 
DMSO (dimethyl sulfoxide) were purchased from Merck, 
India; Mitomycin-C (Kyowa Hakko Kogyo Ltd., Japan), 
heparin, trypan blue and triton X-100 were procured from 
Sisco Research Laboratories, India; histopaque, anti-human 
primary antibodies (Sigma-Aldrich, USA), ALP-linked goat 
anti-rabbit (Abcam, UK) and anti-mouse (Genei, India) 
secondary antibodies were used as received. Trigonelline 
hydrochloride was purchased from Santa Cruz Biotechnol-
ogy, USA. Caspase-8 Assay Kit, goat anti-rabbit FITC-
conjugated secondary antibody, DAPI (4′, 6-diamidino-
2-phenylindole), bisbenzimide (Hoechst 33,342) and bovine 
serum albumin (BSA) were procured from Sigma-Aldrich, 
USA. Cell-APOPercentage Apoptosis Assay kit was pur-
chased from Biocolor, UK. Double distilled water was used 
throughout.

Instrumentation

Branson 1510 sonicator was used to obtain an ultrasound 
frequency of 40 kHz. UV–VIS spectrophotometer (Shi-
madzu, Model UV-PC) was used for the detection of surface 
plasmon resonance of the samples. The sample for TEM 
was prepared using carbon-coated copper grids in a JEOL 
TEM-2010 instrument. Size distribution (DLS) of the par-
ticles was carried out using a Malvern Zetasizer Ver.6.34 
instrument.

Synthesis of silver nanoparticles

The preparation of chitosan-functionalized AgNPs (S1) was 
done following the protocol reported by Roy et al. [41]. A 
very small volume of tyrosine solution (10−3 M) was added 
to the silver nitrate solution (10−3 M) at the volume ratio of 
20:1 and irradiated in a microwave oven for 1 min. Then a 
chitosan solution (2.5% chitosan) was added maintaining the 
volume ratio of 20:1:2. The whole mixture was subjected to 
sonication. Ultraviolet–visible (UV–Vis) spectral analysis 
was carried out to monitor the reaction by checking the SPR 
(surface plasma resonance) behavior of AgNps. The AgNps 
were purified by ultracentrifugation and then re-dispersed 
in 1% acetic acid solution according to the desired concen-
tration. Finally the sample was stored in a cool dry place to 
check the stability. The color of sample was golden yellow 
and it was fairly stable (Fig. 1a). Solution of all chemicals 
other than silver nitrate used to synthesize these NPs was 
considered as suspension media of AgNPs (S2).

Cell viability assay in MCF7 and MDA‑MB‑231

Human breast cancer cell line MCF7 and MDA-MB-231 
were procured from the National Centre for Cell Science 
(Pune, India). Cells were cultured in complete DMEM media 
(with 10% FBS and 1% penicillin–streptomycin solution) 
and incubated at 37 °C in presence 5% humid CO2 (Thermo 
Fisher Scientific, USA).

Cells were fur ther seeded at  a density of 
2 × 104 cells mL−1 in a 96 well plate and after 24 h, treated 
with different concentrations of S1 (2.66, 5.32 and 8 ppb) 
and their corresponding equal volume of S2 for another 48 h. 
Untreated control cells and Mitomycin-C (50 µM)-treated 
cells were kept as negative and positive control respectively. 
To check the cell viability after 48 h of treatment cells were 
treated with 5 mg mL−1 MTT solution for 4 h. Blue-purple 
formazan crystals are formed by the living cells following 
reduction of yellow tetrazolium salt (MTT) by mitochondrial 
dehydrogenase. The crystals were dissolved in the DMSO 
after discarding culture media and the optical density (OD) 
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Fig. 1   Synthesis and characterization of chitosan-functionalized sil-
ver nanoparticles (S1). Synthesized S1 (a); their UV–Visible spectrum 
(b); transmission electron microscopic (TEM) image (c); selected 

area electron diffraction (SAED) image (d) and dynamic light scatter-
ing (DLS) pattern (e)
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was measured at 595 nm in iMark™ Microplate Absorb-
ance Reader (BIO-RAD, USA). OD of the untreated con-
trol group was considered equivalent to 100% living cells 
and cell survival (%) of treated groups was calculated from 
respective OD values. All experiments were performed in 
triplicate on three separate occasions and data are presented 
as mean ± standard error of means (SEM).

Cell viability assay in human peripheral blood 
lymphocytes, in vitro

Fresh human blood was collected for isolation of lympho-
cytes. The donors were non-alcoholic, non-smoker male 
of 23–27 years of age group. The collection was done by 
experts under the supervision of doctors and with the prior 
consent of the donors. The experiment was executed follow-
ing the guidelines of Indian Council of Medical Research, 
India (Ethical Guidelines for Biomedical Research on 
Human Subjects) with prior approval of “Institutional Eth-
ics Committee for Human Research” of Visva-Bharati Uni-
versity, India.

The isolation of lymphocytes was done following the 
method of Bøyum [9] with minor modifications as described 
by Bandyopadhyay et al. [4]. In brief, HPBLs were isolated 
following density gradient centrifugation using histopaque 
and cultured in complete RPMI-1640 media (with 10% 
FBS and 1% penicillin–streptomycin solution) at a density 
of 2 × 104 cells mL−1 following PHA-stimulation and incu-
bated at 37 °C (Thermo Fisher Scientific, USA). After 24 h 
of culture, HPBLS were treated with IC50 concentrations of 
S1 in cancer cells for 48 h and viability was checked using 
MTT assay as described in the previous section.

Cytomorphological evaluation

The microscopic study was performed to see the alteration in 
normal cellular morphology in cancer cells following incu-
bation with the synthesized NPs. Both MCF7 and MDA-
MB-231 cells were treated with respective half-maximal 
inhibitory concentrations (IC50) of S1 for 48 h and studied 
using an inverted phase-contrast microscope (Dewinter, 
Italy) at a magnification of 200×.

Detection of reactive oxygen species

The presence of reactive oxygen species (ROS) in both the 
breast cancer cell lines was detected following 48 h-expo-
sure to respective 1/3rd IC50 concentrations of S1 through 
DCFDA analysis. As it is known that NPs interfere with this 
assay [28], measures were taken to nullify the same. Culture 
media of both control and treatment groups were removed 
and cells were collected in PBS following centrifugation at 
2000 rpm for 5 min. In this way, AgNPs were completely 

eliminated from the system before proceeding to conduct 
the assay. Cells were further incubated with 10 mM DCFDA 
for 5 min and visualized through a fluorescent microscope 
(Dewinter, Italy). Fluorescent DCF was detected which 
is generated by ROS-mediated oxidation of deacetylated 
DCFDA.

Immunofluorescence assay of Nrf2

Nuclear localization of Nrf2 is a crucial indicator of the 
presence of oxidative stress. This assay was performed to 
evaluate the same in breast cancer cells following S1 treat-
ment. The assay followed the method described by Mukher-
jee et al. [35]. In brief, breast cancer cells were cultured on 
coverslips and treated with 1/3rd IC50 of S1 for 48 h. A 48 h 
co-treatment of NPs and trigonelline (Nrf2-inhibitor, 1 µM) 
was also applied. After careful washing with phosphate-
buffered saline (PBS), cells were fixed in chilled methanol, 
permeabilized with triton X-100 and blocked using BSA. 
Cells were subsequently incubated with Nrf2 antibody and 
FITC-conjugated secondary antibody followed by coun-
terstaining with a nuclear stain DAPI. Finally, cells were 
mounted on clean glass slides with mounting medium and 
images were captured using a confocal fluorescent micro-
scope (Leica TCS-SP8).

Detection of nuclear fragmentation

Nuclear fragmentation in cancer cells was detected by Hoe-
chst staining. Cells were grown on coverslip and treated with 
1/3rd IC50 of S1 for 48 h. Following that, cells were washed 
with PBS and fixed using 4% paraformaldehyde. Cells were 
again washed using PBS and subsequently incubated with 
Hoechst (5 µg/mL) for 10 min at 37 °C. After that, cells were 
mounted on glass slides and visualized using an inverted 
fluorescent microscope (Leica).

Apoptosis assay

To decipher the route of cell death triggered by the NPs this 
assay was performed. For this, we used the Cell-APOPer-
centage Apoptosis Assay kit (Biocolor, UK) and followed 
their protocol. Briefly, cancer cells were treated with respec-
tive 1/3rd IC50 of S1 for different time points viz. 2 h, 24 h, 
and 48 h to monitor the temporal effect of NPs in these cell 
lines. Cells were incubated with a dye just 30 min prior 
to completion of each experiment to stain only apoptosis-
induced cells and apoptotic bodies. The microscopic study 
was performed at 200× using an inverted phase-contrast 
microscope (Dewinter, Italy) and images were captured 
using Bio-Wizard software. Cells were further trypsin-
digested and incubated with a dye releasing agent. The con-
centration of dye was measured colorimetrically at 550 nm.
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Caspase‑8 activity assay

Activity of Caspase-8, an initiator caspase of extrinsic apop-
tosis pathway, was evaluated in the cancer cells following the 
manufacturer’s (Caspase-8 Assay Kit, Sigma-Aldrich, USA) 
protocol. In brief, cells were collected after 2 h, 24 h, and 
48 h of treatment with respective 1/3rd IC50 concentration 
of S1. They were lysed in chilled RIPA buffer and superna-
tants were collected following centrifugation at 12,000 rpm, 
4 °C for 20 min. Supernatants were further incubated with 
Acetyl-Ile-Glu-Thr-Asp-p-nitroaniline (Ac-IETD-pNA), a 
substrate of Caspase-8. Active Caspase-8 cleaves the bond 
between Asp and p-nitroaniline releasing chromophore pNA 
in the solution. Presence of this chromophore was detected at 
405 nm in both control and treated samples (iMark™ Micro-
plate Absorbance Reader, BIO-RAD, USA).

Western blot analysis

Western blot analysis was performed as described by Baner-
jee et al. [5]. In brief, cancer cells were treated with respec-
tive 1/3rd IC50 of S1 for 2 h, 24 h, and 48 h, collected and 
lysed in chilled RIPA buffer. To detect the Nrf2 expression 
pattern, only 2 h and 48 h exposures were considered as 
initial and end point detection. In all cases, the amount of 
total protein in cell lysate after centrifugation was quanti-
fied following the Lowry et al. [30]. Sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed to check the level of individual protein of interest 
in untreated control and treated groups. Proteins were blot-
ted onto polyvinylidene fluoride (PVDF) membranes from 
the gel. Blots were incubated with respective primary anti-
bodies (Nrf2, p53, p21, Bcl2, Bax, Caspase-9, Caspase-3, 
PARP1 and β-actin) and subsequently with corresponding 
secondary antibodies. ALP-linked goat anti-rabbit secondary 
antibodies were used for Nrf2, Bcl2, Caspase-9, Caspase-3 
and PARP1. For p53, p21, Bax, and β-actin ALP-linked 
anti-mouse secondary antibodies were used. The bands were 
developed after incubation with BCIP/NBT.

All the biological experiments throughout this study were 
conducted in triplicates (n = 3).

Results and discussion

Green synthesis and characterization of silver 
nanoparticles

Chitosan-functionalized AgNPs (S1) were prepared using the 
principles of green chemistry where not only tyrosine and 
chitosan are biodegradable but also the reaction medium is 
environmentally benign. Bio-molecule tyrosine (enol form) 
reduced the silver ion through one electron transfer process 

and itself oxidized to its keto form. Thus tyrosine acted as a 
reducing agent. The additive chitosan stabilized the AgNPs 
through the well-known corona type core–shell structure 
[41].

UV–Vis spectroscopy revealed surface plasmon absorp-
tion of S1 at around 410 nm (Fig. 1b) which fits within the 
range of characteristic peak exhibited by AgNPs [24]. The 
peak is the consequence of resonance oscillation of conduc-
tion electrons, which results in the formation of a dipole in 
the material due to absorption of electromagnetic waves.

Transmission electron microscopic (TEM) image of S1 
was recorded after drop casting metal nanoparticle samples 
on the carbon-coated copper grid (Fig. 1c). It is evident from 
the image that the nanoparticles were mostly spherical in 
shape (isotropic i.e. low aspect ratio) with average diameter 
of 13–22 nm. Presence of well-known lattice fringe in the 
TEM image and illuminated circular dotted rings in SAED 
(selected area electron diffraction) pattern (Fig. 1d) suggest 
the polycrystalline nature with face-centered cubic geometry 
of the sample [27].

The dynamic light scattering (DLS) study revealed that 
the average size distribution of AgNPs (Fig. 1e) at around 
30 nm. The small difference in size between DLS and TEM 
is probably due to the presence of hydrophilic polymer 
around these NPs. The protonated amine group of chitosan 
attracts the negative dipole of water molecule causing con-
siderable change in hydrodynamic size, which is greater than 
the NPs themselves.

Silver nanoparticles reduced cancer cell viability 
in a dose‑dependent manner, altered cellular 
morphology and appeared less cytotoxic to normal 
HPBLs

Both MCF7 and MDA-MB-231 were exposed to different 
concentrations of S1 along with respective equal volume 
of suspension media viz. S2. Cells were also treated with 
Mitomycin-C (50 µM) as a positive control which showed 
around 50% cell survival in both breast cancer cell lines. 
S1 reduced cell survival of both MCF7 and MDA-MB-231 
in a dose-dependent manner (Fig. 2a, b) and half-maximal 
inhibitory concentrations (IC50) were found to be 6.4 and 
6.56 ppb respectively after 48 h of treatment. Interestingly, 
when the cells were treated with respective equal volume 
of suspension media (without NPs), 100% cell survival was 
recorded demonstrating the role of S1 in cancer cell death. 
At these concentrations, S1 also caused significant cytomor-
phological alterations in cancer cells which were found to be 
shrunk, clumped and with less or no lamellar expansions as 
compared to control (Fig. 2c, d).

When the effect of S1 was investigated in HPBLs in vitro 
it was found that these NPs did not reduce the survival of 
normal cells at effective anticancer dose (48 h-IC50) which 
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projected them as safer alternative and prompted us to 
explore the detail mechanism involved in cancer cell death 
caused by them.

Promotion of ROS level, subsequent expression 
and nuclear translocation of Nrf2

S1 successfully induced significant ROS generation in both 
MCF7 (Fig. 3a) and MDA-MB-231 (Fig. 3b) as evidenced 
by presence of bright green fluorescence in treated cells. 
Besides that, a significant elevation in the Nrf2 expres-
sion (1.3–1.6 fold increase) was noticeable after 48 h of 
treatment (Fig. 3c, e). The immunofluorescence data also 
revealed a marked increase in the nuclear Nrf2 level in 
both the cell lines at this time point (Fig. 3d, f merged 
images). Interestingly, co-incubation with NPs and Nrf2-
inhibitor trigonelline for 48 h did not alter the Nrf2 status 
inside the nuclei of both cell lines as compared to control. 
It is a well-established fact that AgNPs generate intracel-
lular reactive oxygen species (ROS) [32, 45]. Intracellular 
oxidative stress is a potent promoter of the expression and 
nuclear translocation of Nrf2, a transcription factor, that 
plays a crucial role to protect cells from oxidative damages 
by activating a myriad of genes involved in antioxidant 

defense system and cellular protection [31, 36]. In our 
experiment, increased ROS level indicated that the NPs 
induced oxidative stress in breast cancer cells that tried to 
combat the oxidative damage by employing the key stress 
regulator Nrf2. These findings prompted us to explore fur-
ther the mechanism of cell death triggered by these NPs.

Nuclear fragmentation and activation of PARP1

Following S1 exposure, profound nuclear fragmentation 
was detected by Hoechst staining in both MCF7 (Fig. 4a) 
and MDA-MB-231 (Fig. 4b). It is an indication of chroma-
tin condensation and DNA fragmentation [10]. Whereas, 
control cells exhibited properly shaped intact nuclei. This 
finding can be well corroborated with the level of ROS in 
S1-treated cells as it is a well-established fact that ROS 
induces DNA damage [33]. In this situation, poly(ADP-
ribose) polymerase-1 (PARP-1) plays an important role 
to repair DNA and maintain genomic integrity [11, 38]. 
In this experiment, PARP1 was also found to be overex-
pressed following 48 h of treatment in both cell lines indi-
cating cellular response to cope up oxidative DNA damage 
(Fig. 5a, b).

Fig. 2   Evaluation of cell survival and morphology. Survival (%) of 
MCF7 (a) and MDA-MB-231 (b) human breast cancer cells upon 
exposure to different concentrations of chitosan-functionalized sil-
ver nanoparticles (S1) and their respective suspension media (S2) 
for 48 h. Treatments T1, T2, and T3 represent 2.66, 5.32 and 8 ppb 
of S1 and their corresponding equal volume of S2 respectively. 
Mitomycin-C (Mito-C)-treated (50 µM) cells were taken as positive 
control. Tests were performed in triplicate and the graphs represent 

their mean ± SEM value. Statistical analysis was done using one-way 
ANOVA following Tukey method in Minitab 17 software. Means 
that do not share a letter are significantly different. Significance level 
α = 0.05. Figure c and d represent photomicrographs of MCF7 and 
MDA-MB-231 respectively without treatment (Control) and after 
48 h-exposure to the IC50 concentrations of S1 to detect alterations in 
normal cellular structure (microscopic magnification 200×)
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Fig. 3   Detection of reactive oxygen species (ROS) and evaluation 
of expression and nuclear localization of Nrf2. ROS was determined 
through DCFDA analysis in MCF7 (a) and MDA-MB-231 (b) follow-
ing 48 h-exposure to respective 1/3rd IC50 of chitosan-functionalized 
silver nanoparticles (S1). Bright green fluorescence indicates ROS 
which is shown in merged images (bright-field image + fluorescence 
image) at a magnification of 200×. Protein expression of Nrf2 and 
its relative densitometries after 2  h and 48  h incubation with 1/3rd 
IC50 of S1 in MCF7 (c) and MDA-MB-231 (e). Relative densitometry 
was performed after normalizing the data taking β-actin as an inter-

nal control. The ImageJ 1.52a software was used in this purpose and 
relative densitometry of the data from three independent experiments 
are expressed as the mean ± SEM (*significantly different from con-
trol p < 0.05). Figure d and f represent photomicrographs taken using 
a confocal fluorescent microscope (Leica TCS-SP8) showing nuclear 
translocation of Nrf2 in the untreated control, after 48  h treatment 
of 1/3rd IC50 of S1 and after a co-treatment of S1 and trigonelline 
(Trig; an Nrf2-inhibitor, 1 µM) for 48 h in MCF7 and MDA-MB-231 
respectively. Scale bar = 10 µm
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Apoptosis as the mode of cell death

Both microscopic and colorimetric data evidenced the 
induction of apoptosis just after the 2 h of NP-exposure in 
both the cell lines which simultaneously increased manifold 
after 24 h and 48 h of treatments (Fig. 4c, f). The cells that 
retained the red dye were undergoing apoptosis and their 
number increased 23–25 fold in both cell lines after 48 h 
of S1 treatment. This assay clearly depicted that the breast 
cancer cells upon exposures to S1 underwent apoptosis as a 

route of cell death and did not follow the necrotic pathway. 
And apoptosis is advantageous over necrosis as the latter 
induces a systemic inflammatory response following cell 
demises that can cause bodily harms [42].

Execution of apoptosis via intrinsic pathway 
following cell cycle arrest

Negative result of Caspase-8 activity assay after S1-exposure 
revealed that both the breast cancer cell lines underwent 

Fig. 4   Detection of nuclear fragmentation and apoptosis induction. 
Nuclear fragmentation (indicated by arrows) in both MCF7 (a) and 
MDA-MB-231 (b) was analyzed through Hoechst staining following 
48  h-exposure to respective 1/3rd IC50 concentrations of chitosan-
functionalized silver nanoparticles (S1) (microscopic magnification 
400×). Apoptosis induction was detected microscopically in MCF7 
(c) and MDA-MB-231 (e) at 200 × using an inverted phase-contrast 

microscope (Dewinter, Italy) and was quantified colorimetrically at 
550 nm (d and f). The data from three independent experiments are 
expressed as the mean ± SEM. Statistical analysis was done using 
one-way ANOVA following Tukey method in Minitab 17 software. 
Means that do not bear the same letter are significantly different. Sig-
nificance level α = 0.05
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apoptosis through Caspase-8-independent pathway. Pres-
ence of Caspase-8 activity is the hallmark of the extrinsic 
apoptosis pathway and its absence prompted us to investigate 
the apoptosis in the light of the intrinsic pathway (Fig. 5). 
Normal cell cycle progresses through G1, S, G2 and mitosis 
and it can be compromised under stress and in this condition 
the p53-p21 pathway plays an important role to pause the 
cell cycle at the initial G1 phase [39]. Generally, p21 expres-
sion is positively regulated with the level of p53 but reports 
are there on p53-independent upregulation of p21 [21, 22, 
40]. In the case of MCF7, p21 expression was found to be 
positively regulated by p53 but aberrant expression of the 
latter in MDA-MB-231, which is a p53-mutant cell type, 
indicated p53-independent p21 expression in this cell line. 
This finding can also be correlated with previous reports 
[5, 18, 23]. Level of both p53 and p21 in MCF7 and p21 
in MDA-MB-231 spiked after 24 h of treatment. Besides 
arresting cell cycle progression at G1/S transition, p21 
also blocks cells at G2 phase by inhibiting cyclin depend-
ent kinases [25]. Depending on p21 expressional profile it 
can be strongly suggested that S1 inhibited cell cycle pro-
gression in both of these cell lines. Anti-apoptotic Bcl2 and 

pro-apoptotic Bax are two important proteins involved in 
the regulation of the intrinsic apoptosis pathway. In both 
the cell lines, Bcl2 level dropped maximally after 48 h of 
S1-exposure, whereas highest level of Bax was detected at 
the same time point. Simultaneously, Bax/Bcl2 ratio was 
found upregulated even after 2 h of treatment and it suc-
cessively increased following 24 h and 48 h exposure (2–3 
fold increase after 48 h) which is an important marker for 
the presence of intrinsic apoptosis. Bax form pores on the 
outer membrane of mitochondria causing the release of some 
apoptotic mediators that inevitably activate Caspase-9 which 
in turn activates Caspase-3 [37, 47]. Caspases are proteases 
which play the central role to make cells committed to die 
through apoptosis. The process is progressed through either 
the mitochondria-mediated Caspase-9-dependent intrinsic 
pathway or the death-ligand-dependent Caspase-8-medi-
ated extrinsic pathway [8, 20]. Both of these caspases are 
‘initiator’ caspases which, upon activation by their cleav-
age, trigger a downstream cascade leading to activation of 
‘effector’ caspases. Caspase-3 is one such effector caspases 
which once activated cleaves a broad spectrum of cellular 
targets leading to cell demise [43]. This role is played by 

Fig. 5   Western blot analysis after exposure to 1/3rd IC50 concentra-
tions of chitosan-functionalized silver nanoparticles (S1) for 2  h, 
24 h, and 48 h. Expression patterns of PARP1, p53, p21, Bcl2, Bax, 
cleaved Caspase-9 (Casp9, arrow-indicated), and β-actin in MCF7 
were shown in blots a. In case of MDA-MB-231, blots representing 
cleaved Caspase-3 (Cas3, arrow-indicated) are also shown c. Arrows 
in the PARP1 indicate its cleaved form. Protein expression was quan-

tified using relative densitometry where β-actin was used as an inter-
nal control. The ImageJ 1.52a software was used in this purpose and 
relative densitometry of the data from three independent experiments 
are expressed as the mean ± SEM (*significantly different from con-
trol p < 0.05). Graphs show Bax/Bcl2 expression ratio along with 
the expression of other mentioned proteins in MCF7 (b) and MDA-
MB-231 (d). cl. cleaved
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either Caspase-6 or -7 in MCF7 which is a Caspase-3-mutant 
[29]. After 24 h and 48 h, S1 successfully induced Caspase-9 
expression in both breast cancer cell lines. About 1.4 fold 
increase in Caspase-9 expression was observed following 
48 h treatment. Caspase-3 was also found overexpressed in 
MDA-MB-231 after 24 h of treatments, where the maximum 
effect was observed following 48 h. At this time point, S1 
induced approximately 1.4 fold increase in its level as com-
pared to the group without treatment. PARP1, which was 
found upregulated following ROS-mediated DNA damage in 
this experiment, was ultimately cleaved by activated effector 
caspases. The level of its cleaved form was found signifi-
cantly high after 24 h of treatment which was detected high-
est after 48 h (2–2.4 fold increase). Presence of the cleaved 
PARP1 confirmed the caspase-mediated apoptosis in both 
cell lines as this is considered as a hallmark of apoptosis [26, 
44]. Cumulatively, these findings clearly demonstrated that 
S1 are effective against two different types of breast cancer 
cell lines and this cytotoxic property was attributed to cell 
cycle arrest and caspase-dependent intrinsic apoptosis path-
way in absence of the extrinsic one.

Conclusions

This study evidences the successful synthesis of chi-
tosan-functionalized silver nanoparticles at a size range 
of 13–22 nm. The cytotoxic potential of these synthesized 

nanoparticles against human breast cancer cells is quite 
interesting. They reduced cancer cell survival in a dose-
dependent manner and their effective cytotoxic dose is as 
low as around 6.5 ppb. At these concentrations, they are 
very less toxic to normal human peripheral blood lympho-
cytes which justifies it as a safer cytotoxic agent for cancer 
cells. The nanoparticles were found equally effective in 
both types of human breast cancer cells viz. hormone-
responsive MCF7 and chemoresistant MDA-MB-231. 
They were unable to induce necrosis in cancer cells but 
strongly induced intrinsic apoptosis pathway following 
intracellular oxidative stress, DNA damage and cell cycle 
arrest. The effects of S1 in both types of breast cancer cells 
are depicted in the Fig. 6. The significance of the study is 
based on the evidence that the synthesized silver nanopar-
ticles, besides being biocompatible, are potent cytotoxic 
agents at very low concentrations against breast cancer, 
safe for normal cells too and promising for application in 
breast cancer therapy.
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