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Abstract: Herein, we report on the development of chit-
osan-capped silver nanoparticles (AgNPs-CHI) with an
intrinsic activity against breast cancer cells. Following
chemical synthesis via a simple, one-pot reaction, the
chitosan coating of AgNPs was verified using Fourier-
transform infrared and ultraviolet–visible spectroscopies.
The physicochemical properties and morphology were
characterized using dynamic light scattering, scanning
electron microscopy, and transmission electron micro-
scopy. The shelf stability of the optimized platform was
tracked for 3 months upon storage at either room tem-
perature or 4°C. Then, the anticancer activities of AgNPs-
CHI on human breast cancer cells, MCF-7, versus normal
human cells, human skin fibroblasts (HSF), were evalu-
ated via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide cytotoxicity assay and tumor-associated
biomarkers determination by enzyme-linked immunosor-
bent assay, in comparison with plain silver nitrate (AgNO3)
solution. AgNPs were successfully coated with chitosan and
demonstrated acceptable physicochemical properties, with
a spherical morphology and high stability upon long-term
storage. Although AgNPs-CHI and AgNO3 demonstrated

comparable cytotoxicity to MCF-7 cells, AgNPs-CHI resulted
in 10-fold lower toxicity to HSF cells, suggesting a higher
selectivity. In addition, AgNPs-CHI lowered IL-6 and tumor
necrosis factor-alpha levels in MCF-7 cells by 90 and 30%,
respectively, compared to 60 and 10% in the case of plain
AgNO3. The interesting therapeutic modality presented in
this study is promising for potential clinical applications.
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IL-6, TNF-α

1 Introduction

Cancer is a leading cause of death across the globe [1,2].
Breast cancer is still the most common and widely spread
cancer in females. It has been recently estimated in 2020
that approximately 2.261 million new cases and 0.685
million deaths are related to this type of cancer globally
[3]. It is also a multifunctional disorder with a high degree
of inter-tumoral and intra-tumoral molecular and morpho-
logical heterogeneity [4]. The treatment strategy and clin-
ical decision depend on the tumor subtype according to
the estimated biomarkers and the pathophysiological and
clinically collected data [5,6]. Non-selective or non-
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targeted therapy based on conventional chemotherapeu-
tics is a two-edged weapon, considering its detrimental
effects on healthy tissues. In addition, the tricky physico-
chemical properties of these agents, such as low aqueous
solubility, poor diffusion into the tumor mass, and systemic
toxicity, have collectively obliged scientists to develop new
formulations to tackle these problems [7–9]. Different nano-
materials and their drug conjugates have shown promise
and successful applications, especially in breast adenocar-
cinoma management [10,11]. Moreover, nanomedicines can
act as a platform for the bioimaging of tumors [12].

Inorganic/metallic nanoparticles have attracted atten-
tion recently owing to their ease of fabrication, scalability,
and interesting properties [13,14]. Silver nanoparticles (AgNPs)
are considered the most relevant type of metallic nanoma-
terials in the area of anticancer therapeutics owing to their
genotoxic effects and capability of programmed apoptosis
induction [15,16]. In addition, it has been revealed that
AgNPs can also modulate some interactions with the
stromal cells and immune cells in the tumor microenvir-
onment, which subsequently promote anticancer activity
[17]. Increasing number of recent studies have demon-
strated the high potential of AgNPs in the treatment of a
wide variety of cancers including lung cancer, melanoma,
hepatocellular carcinoma, glioma, prostate cancer, and
multidrug-resistant tumors [18–20]. Moreover, it has also
been demonstrated by other researchers that AgNPs have a
potential role in the treatment of breast cancer [21–23].
Capping AgNPs with different polymeric materials can
modulate their physicochemical properties, biodistribu-
tion, nanoparticles–cells interactions, cellular uptake, and
intracellular silver ion release, which subsequently affect the
selectivity, cytotoxic efficiency, and biosafety [24,25]. Pin-
zaru and coworkers reported on the increased stability and
biotolerability of polyethylene glycol (PEG)-coated AgNPs
[26]. A recent study performed in our group has shown the
significant effect of AgNPs coated with ethyl cellulose on
the inhibition of Tumor Necrosis Factor-alpha (TNF-α) in
the breast cancer cell line, MCF-7 [27].

Chitosan (CHI) is a carbohydrate-based biopolymer
that has been extensively investigated in the pharmaceu-
tical literature as either a drug carrier or a coating material
thanks to its ease of synthesis, economic price, biodegrad-
ability, and compatibility withmostmaterials of pharmaceu-
tical interest [28]. CHI has been investigated as a stabilizer
and a functional coating for several metallic nanoparticles
including platinum nanoparticles, gold nanoparticles, and
copper nanoparticles [29,30].

In the present study, we investigated the impact of
coating AgNPs with CHI on their performance against
breast cancer cells. Our results revealed that chitosan-
capped AgNPs (AgNPs-CHI) demonstrated an interesting

potent and selective intrinsic anticancer activity against
human breast adenocarcinoma cells, MCF-7, compared to
a normal human cell model, human skin fibroblasts
(HSF) cell line, as evidenced by a significant reduction
in cell viability, Interleukin-6 (IL-6), and TNF-α levels. In
contrast, plain silver nitrate solution (AgNO3) showed
significantly lower effects on the investigated tumor-
associated biomarkers as well as non-selective cytotoxic
effects, with severe damage to normal human cells. The
therapeutic modality presented in this study holds pro-
mise as a non-classical treatment for breast cancer.

2 Materials and methods

2.1 Materials

Lowmolecular weight chitosan (50–190 kDa) and medium
molecular weight chitosan (190–310 kDa) were purchased
from Sigma Aldrich, USA. Human breast cancer cells
(MCF-7) and HSF were obtained from American Type
Culture Collection, USA, and were cultured and main-
tained according to the manufacturer’s recommendations.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay kit was purchased from Abcam, UK.
Quantikine® ELISA kits for human IL-6 and TNF-α were
obtained from R&D Systems, USA. Bicinchoninic acid
protein assay kit, radioimmunoprecipitation assay (RIPA)
buffer, protease inhibitors, and phosphatase inhibitors
were obtained from Thermofisher Scientific, USA. All the
other used chemical reagents were of analytical grades
and were used without further processing.

2.2 Preparation of AgNPs-CHI

Chitosan-coated AgNPs (AgNPs-CHI)were prepared according
to themethod reported byMi et al. [31]. Fifty milligrams of CHI
was dissolved in 10mL of an aqueous solution of glacial acetic
acid (10.0% v/v). Then, 5mL of 1mMAgNO3 aqueous solution
was added to the CHI solution, which was then diluted to
100mL with distilled water. The solution was maintained
in an ice bath with a constant stirring for 10min. Reduc-
tion of AgNO3 was mediated via the addition of 60 µL of
0.1 M sodium borohydride (NaBH4) dropwise while stirring
for 45–60min. Finally, the obtained AgNPs-CHI solution
was kept at room temperature for another 15–30min while
being stirred. AgNPs-CHI dispersion was centrifuged, and
then, the obtained pellets were dispersed in distilled water
for being investigated in the subsequent experiments.
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2.3 Characterization of AgNPs-CHI

2.3.1 Dynamic light scattering (DLS) studies

The geometrical particle size and the charge (ζ potential)
of the produced AgNPs-CHI were determined by DLS using
the Zetasizer Nano ZS analyzer (Malvern Instruments, UK)
[32]. Simply, samples were adjusted to ∼25°C and then
exposed to a laser beam of ≈633 nm at a scattering angle
of ≈90°. Samples were run 20 times, with a run time of 10 s.
The average measurement of 3–6 formulations was con-
sidered and presented ± standard deviation.

2.3.2 Ultraviolet-visible (UV-Vis) spectroscopy

AgNPs-CHI solution was scanned from 300 to 600 nm
using UV-VIS Spectrophotometer (Lambda 25, Perkin
Elmer, Singapore). The absorbance spectra were plotted
against the investigated wavelengths [33].

2.3.3 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectrometer (Alpha II, model: Bruker, USA) was
used to investigate the possible interaction and or coating
of AgNPs with CHI. Spectra were collected from Solutions
of medium molecular weight CHI, AgNO3 (as a reference
for silver), and AgNPs-CHI after their scanning from
4,000 to 400 cm−1 as described previously [34].

2.3.4 Scanning electron microscopy (SEM)

The morphology and aggregation status of the optimized
AgNPs-CHI were examined using an SEM microscope
(Zeiss EVO LS10, Cambridge, UK), as described previously
[35]. Samples were fitted to the stubs using a double-sided
adhesive carbon tape and coated with gold under a vacuum
in an atmosphere of the Argon gas for 120 s, prior to scan-
ning and imaging using either a lowmagnification power or
a high magnification power.

2.3.5 Transmission electron microscopy (TEM)

TEM was used to observe the morphology of the opti-
mized AgNPs-CHI and estimate their particle diameter.
Briefly, 10 µL of AgNPs-CHI solution was dropped onto
the double-sided copper conductive tape surface and was
allowed to dry overnight. Nanoparticles were visualized
under the TEM microscope at 10–100k magnification power

using an accelerating voltage of 100 kV. (JEM-1230, JEOL,
Japan) [36].

2.4 Physical stability assessment

The stability of the optimized AgNPs-CHI against aggre-
gation was investigated after storage for 3 months at two
different conditions: room temperature (∼25°C) and 4.0 ±
0.5°C. The physical appearance of nanoparticles, including
their color and morphology in addition to their particle size
and zeta potential, were investigated at the beginning and
the end of the storage period to judge their shelf stability.

2.5 Cytotoxicity study

The in vitro cytotoxicity of CHI, AgNPs-CHI, and AgNO3

solutions was evaluated on MCF-7 cells versus HSF cells
using MTT assay as reported previously [37]. Briefly,
3 ×103cells/well were seeded in 96-well plates 24 h prior
to the experiments. Cells were treated with serial concen-
trations of the tested solutions in 50 µL of the corre-
sponding growth medium. Forty-eight hours following
the treatment, the media were aspirated, and the cells
were incubated with 50 µL serum (-) medium and 50 µL
of MTT reagent for 3 h at 37°C. Then, the cells were shaken
with 150 µL of MTT solvent on an arbitrary shaker for
15 min. The absorbance of each sample was measured at
590 nm using BMG LABTECH®- FLUOstar Omega micro-
plate reader (Allmendgrün, Ortenberg) and compared to
the absorbance of non-treated cells after correction for the
solvent background. The percentage of cell viability was
plotted against the investigated concentrations, and the
half-maximal inhibitory concentration (IC50) values were
calculated using Graphpad Prism 8 software.

2.6 Evaluation of tumor-associated
biomarkers

The tumor-associated biomarkers, IL-6 and TNF-α, were
assessed using an enzyme-linked immunosorbent assay
(ELISA) as reported previously [32,38]. Sandwich ELISA
protocol was adopted using pre-coated Quantikine® kits
according to the manufacturer’s recommendations. Cells
were seeded as described earlier and treated with the
investigated samples at concentrations corresponding to
their IC50 values for 48 h. Then, the cells were lysed using
RIPA buffer supplemented with protease/phosphatase inhi-
bitors, and the cell lysate was centrifuged at 15,000g, 4°C for
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10min followed by protein quantification via BCA assay.
Samples were diluted with deionized water to obtain a
working protein concentration of 1mg/mL. Fifty microliters
of the tested samples was then diluted with an equal volume
of the specific assay diluent solution prior to their introduc-
tion into the pre-coated ELISA plates and incubated at room
temperature for 2 h. The plates were washed with wash
buffer, treated with biotinylated antibodies, and incubated
at room temperature for extra 2 h followed by washing. A
polymeric solution of horse radish peroxidase (HRP)–strep-
tavidin was added to conjugate to the biotinylated antibodies
and the color reaction is formed by the addition of tetra-
methylbenzidine (TMB) substrate solution. The color reaction
was stopped with the kit’s stop solution, and the absorbance
was measured at 450nm with correction by subtracting the
readings at 540 or 570 nm. The biomarker concentration was
calculated from a pre-constructed calibration curve and
compared to the values of non-treated cells that were pro-
cessed similarly.

2.7 Statistical analysis

Statistical analysis was performed using Graphpad Prism
8 software. One-way analysis of variance (ANOVA) fol-
lowed by the Bonferroni test was used for multiple com-
parisons in a single cell line (one-factor experiments),
while two-way ANOVA followed by the Bonferroni test
was used for multiple comparisons in different cell lines
(two-factor experiments). P ≤ 0.05 was considered to be
statistically significant.

3 Results

3.1 Preparation and characterization of
AgNPs-CHI

The efficiency of AgNPs-CHI synthesis was confirmed by the
color change of the reaction medium to the characteristic
yellow color 15min following the addition of NaBH4 solution.

To select the top-performing functional coating for
AgNPs, CHI polymers with two different molecular weight
ranges were investigated; namely low molecular weight
CHI (50–190 kDa) and medium molecular weight CHI
(190–310 kDa). The physicochemical properties of the
resultant AgNPs were evaluated using DLS (Table 1 and
Figure 1). The results revealed better physicochemical per-
formance for the medium molecular weight CHI-coated
AgNPs. Consequently, they were used for further experi-
ments and referred to as chitosan-capped AgNPs (AgNPs-
CHI) in the subsequent sections of this article (more details
on the DLS images are shown Figures S1–S4).

The efficiency of the functional coating was charac-
terized by UV-VIS and FT-IR spectroscopies. AgNPs-CHI
demonstrated a single-band UV absorption spectrum with a
maximum absorption wavelength (λmax) of 405 nm (Figure 2).
FT-IR spectra of plain AgNO3, used as a reference, are shown
in Figure 3a. Pure CHI demonstrated a broadband, with a
peak at 3451.57 cm−1, which refers toN–HandO–Hstretching,
and a characteristic double-spike peak at 1712.79 cm−1 and
1636.89 cm−1 for the NH2 group (Figure 3b). AgNPs-CHI
retained the reference peaks of silver, while the double-
spike peak of CHI disappeared (Figure 3c).

The morphology of the optimized AgNPs-CHI was
examined by SEM, where the micrographs revealed sphe-
rical nanoparticles, with uniform particle size and a
minimal degree of aggregation (Figure 4). Moreover,
TEM micrographs of AgNPs-CHI showed spherical non-
aggregated particles with a metallic core having an average
size of 20.88 ± 2.57 nm (Figure 5).

3.2 Physical stability assessment

AgNPs-CHI demonstrated high stability at the two inves-
tigated storage temperature conditions. They did not show
any color change or precipitation during the 3-month eva-
luation period. Moreover, the physicochemical properties
of AgNPs-CHI showed negligible changes after storage at
either room temperature or 4°C, in comparison with the
freshly-prepared counterparts (Table 2).

Table 1: Comparison of the physicochemical properties of AgNPs coated with chitosan polymers with two different molecular weight ranges
(n = 6, average ± standard deviation)*

Hydrodynamic diameter (nm) PDI ζ Potential (mV)

Low molecular weight 623.66 ± 55.5 0.583 ± 0.09 8.67 ± 2.74
Medium molecular weight 287.43 ± 1.89 0.411 ± 0.06 50.63 ± 2.2

*The physicochemical properties were evaluated using DLS.
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3.3 Evaluation of the anticancer activities of
AgNPs-CHI

The anticancer performance of AgNPs-CHI was evaluated
in MCF-7 cells (cancerous model) versus HSF cells (normal
model) using cytotoxicity and ELISA assays. Interestingly,
both AgNPs-CHI and plain AgNO3 solutions demonstrated
an intrinsic anticancer activity on MCF-7 cells with com-
parable cytotoxic effects, where the IC50 values were
8.6 ± 1.6 and 10.86 ± 2.53 µg/mL for AgNPs-CHI and
AgNO3, respectively. Meanwhile, the CHI itself had a
far lower toxicity with IC50 ∼ 100 µg/mL. Surprisingly,
AgNPs-CHI showed approximately 10-fold lower toxicity
to HSF cells compared to AgNO3 (IC50 values were 29.63 ±
4.32 and 3.35 ± 0.5 µg/mL, respectively) (Figure 6a). Further-
more, AgNPs-CHI resulted in ∼90% inhibition of IL-6 and

∼30% inhibition of TNF-α in MCF-7 cells compared to only
∼60% and ∼10% inhibition of the same tumor markers in the
case of AgNO3 (Figure 6b and c).

4 Discussion

AgNPs are inorganic nanomedicines with a high potential
for various therapeutic applications. Most previous stu-
dies investigated the application of AgNPs as drug car-
riers [39]. Nevertheless, the investigation of the intrinsic
drug activities of AgNPs is still premature. Some previous
reports discussed the potential cytotoxic activities of
AgNPs which may be mediated via the induction of gen-
otoxicity through interaction with the cellular DNA, and
the subsequent induction of apoptosis [40]. Buttacavoli
and co-workers reported on the maximum accumulation
of Ag+ in the mitochondria and nuclei following the cel-
lular uptake of AgNPs [41]. Yet, extending such property
to the clinical level is still risky, taking into consideration
the off-target toxicity that might be caused by the non-
selective AgNPs. Our group has been investigating the
functional coating of AgNPs aiming at modulating their
efficiency and selectivity [27]. In the present study, we
investigated the impact of coating with CHI on the intrinsic
anticancer activity of AgNPs, applying breast cancer as a
tumor model.

We investigated CHI with two different molecular
weight ranges. Coating AgNPs with low molecular weight
CHI resulted in nanoparticles with a larger particle size,
a higher polydispersity, and a lower zeta potential, in
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Figure 1: DLS of mean size (nm), zeta potential (mV), and polydispersity index of the formulated silver nanoparticles reduced with low and
med molecular weight chitosan.

Figure 2: UV-Vis spectrum of the optimized AgNPs-CHI.
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comparison with those coated with medium molecular
weight CHI. This may be attributed to the lower spread-
ability of the low molecular weight CHI, resulting in an

inefficient coating [42,43]. In addition, the low zeta poten-
tial resulting from such an inefficient coating might have
allowed a higher aggregation tendency of AgNPs due to

Figure 3: (a) FT-IR spectra of plain AgNO3, (b) medium molecular weight chitosan (CHI), and (c) AgNPs-CHI.
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the low repulsive forces, with a subsequent increase in the
particle size and particle size polydispersity [44]. Previous
reports demonstrated that aggregation of AgNPs has a
negative impact on their cytotoxic activity [45,46]. On
the other hand, other reports pointed out that the ultra-
fine nature of some AgNPs formulations may also exert a
negative impact on their colloidal stability and biological

performance [47,48]. Considering the earlier considera-
tions, AgNPs with a moderate particle size and a high
zeta potential would be favorable from a biological point
of view. Therefore, medium molecular weight CHI was
selected for further investigations. The optimized AgNPs-
CHI demonstrated acceptable size and polydispersity, while
the highly-positive zeta potential suggested successful coating
of AgNPs with CHI. In addition, UV-Vis spectroscopy con-
firmed the successful formation of AgNPs, as evidenced by
the strong absorption band in the visible region owing to their
pronounced surface plasmon resonance effect. AgNPs-CHI
spectrum had a maximum absorption wavelength (λmax) of
405 nm, which revealed a successful preparation of AgNPs as
well as a spherical morphology of the obtained particles [49].
Furthermore, symmetrical particle size distribution was also
predicted from the presence of one absorption band as
reported previously [50]. FT-IR spectra confirmed the suc-
cessful coating of AgNPs with CHI, as suggested by the dis-
appearance of the double-spike peak of the NH2 group of
the pure CHI, which indicated a strong interaction between
the NH2 group in CHI and the silver [51]. Examination of the
optimized AgNPs-CHI by various electron microscopes, SEM
and TEM, confirmed their spherical morphology and colloidal
stability. Meanwhile, the size values shown by TEM were
mostly corresponding to the metallic silver core, contrary to

Figure 4: Examination of the morphology of the optimized AgNPs-CHI by SEM at (a) low magnification and (b) high magnification. Scale bars
represent 1 and 0.5 µm, respectively.

Figure 5: Examination of the morphology of the optimized AgNPs-
CHI by TEM. The scale bar represents 100 nm.

Table 2: The physicochemical properties of AgNPs-CHI after a 3-month storage period at different conditions (n = 6, average ± standard
deviation)*

Hydrodynamic diameter (nm) PDI ζ Potential (mV)

Freshly prepared 287.43 ± 1.89 0.411 ± 0.06 50.63 ± 2.2
Stored at 4°C 293.68 ± 2.88 0.405 ± 0.09 52.21 ± 3.1
Stored at room temperature 290.53 ± 3.54 0.428 ± 0.11 49.32 ± 1.7

*The physicochemical properties were evaluated using DLS.
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the DLS measurements that showed the hydrodynamic dia-
meter of the whole nanoparticle [52].

Interestingly, the AgNPs-CHI demonstrated high phy-
sical stability upon long-term storage at either room tempera-
ture or 4°C. This high stability may be attributed to the high
zeta potential imparted by the CHI coating, which minimized
interactions between the nanoparticles and inhibited the for-
mation of aggregates [53]. Furthermore, the capability of
AgNPs-CHI to retain their stability and physicochemical
properties after prolonged storage at room temperature is
an amazing advantage that promotes their clinical potential,
unlike the vast majority of nanomedicines [13].

The functional coating of AgNPs retained their cyto-
toxicity to MCF-7 cells, as evidenced by a comparable IC50
value to that of the plain AgNO3. Pure CHI showed
minimal cytotoxicity to MCF-7 cells, which excludes its
additive cytotoxic effect on the overall cell viability eval-
uated by the MTT assay in the case of AgNPs-CHI and
suggests high tolerability. Surprisingly, the functional
coating with CHI resulted in a dramatic improvement in
the selectivity of MCF-7 cells in comparison with a normal
human cell line, HSF. Although we are still investigating
the exact mechanism accounting for such a phenom-
enon, there are possible reasons that can be considered.
First, the increased metabolic activity by cancer cells
increases their affinity to carbohydrates and their asso-
ciated polymers such as CHI, with a subsequent higher
cellular uptake of CHI-coated particles by cancer cells com-
pared to normal cells [41]. Second, it has been reported that
the polyanionic Heparan Sulfate Proteoglycans (HSPGs) are

upregulated in the cellular membranes of cancer cells,
which increases their affinity to positively charged particles
like AgNPs-CHI (zeta potential ∼50mV) [54–56]. Third, CHI
has an acidic acid dissociation constant (pKa) ∼6.5 which
may favor its protonation in the acidic tumorous microen-
vironment of MCF-7 cells compared to the normal cells, with
a subsequent improvement in the cellular uptake [57,58].
Fourth, CHI may modulate the intracellular release of Ag+

and the interactions with the subcellular organelles such as
mitochondria and nucleus following the cellular uptake,
which can be speculated from the improved inhibitory
effects on IL-6 and TNF-α in comparison with the plain
uncoated AgNO3 [59,60]. On the other hand, the plain
AgNO3 resulted in non-selective cytotoxicity which was
mostly irrelevant to the anticancer activity, as indicated
by their inferior impact on IL-6 and TNF-α. Figure 7 outlines
the proposed mechanism of the selective cytotoxic effect of
AgNPs-CHI against breast cancer cells.

Although some previous studies pointed to the cyto-
toxic effects of AgNPs against MCF-7 cells, the results
shown in the present study were significantly better. A
previous analysis by Tao et al. revealed that uncoated
AgNPs induced cytotoxicity to MCF-7 cells at IC50 of
150 µg/mL [61]. Similarly, in a second study by Sangour
et al., the IC50 of the uncoated AgNPs on the same cell line
was higher than 100 µg/mL [62]. In a third study by
Hepokur and co-workers, uncoated AgNPs did not show
a significant cytotoxicity to MCF-7 cells until being loaded
with the cytotoxic drug, capecitabine, which then demon-
strated an IC50 of 41.25 μg/mL [63]. Upon comparing these

Figure 6: AgNPs-CHI exerts a potent and selective intrinsic anticancer activity against MCF-7 cells. (a) Half-maximal inhibitory concentration
(IC50) values of AgNPs-CHI and AgNO3 solutions evaluated on breast cancer cells (MCF-7) and normal human cells (HSF) 48 h post treatment.
*P < 0.05, #P < 0.0001. (b) Relative levels of Interleukin 6 (IL-6) in MCF-7 cells lysates 48 h post treatment with AgNPs-CHI or AgNO3

solutions at their corresponding IC50 values. **P < 0.01, #P < 0.0001 versus non-treated cells. ***P < 0.001 for AgNPs-CHI versus AgNO3.
(c) Relative levels of TNF-α in MCF-7 cells lysates 48 h post treatment with AgNPs-CHI or AgNO3 solutions at their corresponding IC50 values.
*P < 0.05, ***P < 0.001 versus non-treated cells. **P < 0.01 for AgNPs-CHI versus AgNO3. In all panels, n = 3, results are expressed as
mean ± standard deviation.
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findings with our present results, the value of CHI coating,
investigated in the present study, can be speculated. We
believe that the amazing finding presented in this study
would be promising for future clinical applications, con-
sidering the collective advantages of the prepared AgNPs-
CHI including the one-pot scalable preparation method,
high stability at room temperature, high potency, high
selectivity, and high biotolerability. Furthermore, the
intrinsic drug-free anticancer activity of AgNPs-CHI is
promising to reduce their production cost and extend
their industrial applicability as a novel anticancer ther-
apeutic modality.

5 Conclusions

We investigated the impact of the functional coating of
AgNPs with CHI on their physicochemical and biological
performance on breast cancer cells. Coating AgNPs with
medium molecular weight CHI resulted in better physico-
chemical properties compared to the low molecular weight
polymer. Spectroscopical analyses confirmed the successful
functional coating of AgNPs. AgNPs-CHI demonstrated a
high physical stability for up to 3 months upon storage

either at room temperature or at 4°C. AgNPs-CHI demon-
strated a potent and selective anticancer activity on breast
cancer cells compared to normal human cells, with a sig-
nificant inhibitory effect on IL-6 and TNF-α, contrary to the
plain AgNO3 which resulted in non-selective cytotoxicity
and inferior effects on the relevant tumor markers. The
novel, scalable, stable, economic, selective, and drug-free
therapeutic modality presented in this study is highly
promising for potential clinical applications in the
treatment of breast cancer, which would overcome
the shortcomings of the existing chemotherapeutics.
We are proceeding with its in vivo applicability in our
upcoming research.
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Figure 7: An illustration outlining the proposed mechanism of the selective anticancer activity of AgNPs-CHI against breast cancer cells. The
acidic tumor microenvironment promotes the protonation of chitosan, which may improve the interactions of AgNPs-CHI with the poly-
anionic HSPGs that are overexpressed on the cancer cells. Following the cellular uptake, the chitosan functional coating modulates the
intracellular release of silver ions that accumulate into the nucleus resulting in genotoxicity, and in the mitochondria with subsequent
disruption of the energy production, which collectively induces cellular apoptosis. Abbreviations: AgNPs-CHI, chitosan-capped silver
nanoparticles; HSPGs, heparan sulfate proteoglycans. The figure was created with BioRender.com software, with a publication license
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