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Abstract: Cancer therapy has been hindered by treatments lacking sensitivity, specificity, and
affordability. The side effects of conventional chemotherapy enforce the need for a treatment strategy
that would maximize the anti-cancer activity of the drug while minimizing its’ adverse effects on
healthy cells. Nanoparticles (NPs) as carriers for anti-cancer drugs have attracted interest due to their
favorable properties, which include the enhanced permeability and retention effect. Silver NPs (AgNPs)
have been explored as nanocarriers owing to their good conductivity, chemical stability, and therapeutic
potential. In this study, AgNPs were synthesized, functionalized with chitosan (CS), and loaded with
the anti-cancer drug cisplatin (CIS). Successful conjugation, size distribution, and morphology of the
NPs were assessed by UV-vis and Fourier transform infra-red (FTIR) spectroscopy, NP tracking
analysis (NTA), and transmission electron microscopy (TEM). The encapsulated CIS (>80%) was
efficiently and rapidly released from the nanocomplex at low pH, favoring delivery to a tumor microenvironment. Cytotoxicity profiles of the CS-AgNP-CIS nanocomplexes exhibited significant cell death
in the human breast cancer cell lines, MCF-7 and SKBR-3. They were more effective than the free drug,
exhibiting >50% cell death. Our results demonstrate a potentially efficient anti-cancer drug delivery
system with selectivity to breast cancer cells.
Keywords: Silver nanoparticles; cisplatin; chitosan; breast cancer; nanocomplexes; drug delivery.
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1. Introduction
Cancer is a growing concern for society, with recent studies predicting a 75% increase
in the number of cancer cases globally, with a formidable 78% increase expected in developing
countries by the year 2030 [1]. Breast cancer is a life-threatening disease and a leading cause
of female mortality worldwide [2]. Conventional chemotherapeutic drugs, such as cisplatin
(CIS), have been clinically proven to combat different types of cancers including sarcomas,
and cancers of soft tissues, bones, muscles, and blood vessels [3]. CIS, a potent high molecular
weight platinum-based compound, induces cell cycle arrest and apoptosis in most cancer cell
types by forming intra- and inter-strand adducts with DNA [4]. Its mode of action is
predominantly due to its ability to crosslink with the purine bases on DNA, interfering with
DNA repair mechanisms, and successively inducing apoptosis in cancer cells [3,5].
Unfortunately, most anti-cancer drugs lack sensitivity and specificity, leading to
unpleasant side effects in patients due to high therapeutic doses. Hence, there is a need for
novel treatment strategies to mitigate these problems. The application of nanoparticles (NPs)
has favorably impacted the medical field leading to many researchers turning to nanomedicine
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for the treatment of diseases, including cancer [5]. Apart from reducing the adverse effects of
the drug, NPs have been observed to offer protection of the drug from degradation as well as
in improving the bioavailability of the drug [6, 7]. Among the NPs being investigated, silver
has shown good conductivity, chemical stability, outstanding therapeutic potential apart from
their antibacterial properties [8,9]. Silver nanoparticles (AgNPs) have been explored as
delivery vehicles of therapeutic material to diseased cells. AgNPs, however, have shown the
tendency to aggregate and progress into larger clusters that deviate from the nanoscale and
diminishes the efficiency of a nano delivery system, and opposing its application [10]. Hence,
natural polysaccharides, which are environmentally benign, biodegradable, highly abundant,
and affordable, are regarded as favorable stabilizers for synthesized AgNPs. The deacetylated
product of chitin, chitosan, has exhibited intriguing biological activities such as
biocompatibility, biodegradability, non-toxicity, non-antigenicity, and adsorption, ideal for
drug delivery [6, 11, 12]. It was reported that functionalization with a 0.5% (w/v) concentration
of CS effectively stabilized the synthesized AgNPs, to enable their use in biomedical
applications, such as drug delivery [11,13,14]. It has been observed that the addition of
targeting ligands to nano complexes aid in the active targeting of cancer cells. However, certain
nano-drug delivery systems display selectivity towards specific types of cancer cells, negating
the use of targeting moieties, as large-scale production of targeted delivery systems introduces
a high-cost factor to the pharmaceutical industry, as well as challenges in design and
characterization [15, 16]. As evidenced in the literature, limited studies have been conducted
on the evaluation of CIS conjugated AgNPs functionalized with a CS biopolymer. This study
evaluates the sensitivity and specificity of CS functionalized AgNPs as delivery vehicles of
CIS to the human cancer cells, Caco-2 (colorectal adenocarcinoma), MCF-7 (breast
adenocarcinoma), HepG2 (hepatocellular carcinoma) and SKBR-3 (breast adenocarcinoma),
and the non-cancer HEK293 (embryonic kidney) cells.
2. Materials and Methods
2.1. Materials.

Silver nitrate (AgNO3), tri-sodium citrate (Na3C6H5O7.2H2O), phosphate-buffered
saline tablets [PBS, (140 mM NaCl, 10 mM phosphate buffer, 3 mM KCl)], 3-[(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (MTT), ethidium bromide, glacial
acetic acid, dimethyl sulfoxide [DMSO] and cisplatin (Mw: 300 g.mol-1, Pt(NH3)2Cl2) were
supplied by Merck (Darmstadt, Germany). Chitosan ≥ 75% deacetylated (Mw: 1000-5000),
10% polysorbate 20 (Tween 20), triphenyl phosphate (TPP), acridine orange hemi (zinc
chloride) salt [3,6-Bis(dimethylamino) acridine hydrochloride zinc chloride double salt], and
dialysis tubing (MWCO= 1000 Daltons) were supplied by Sigma-Aldrich Chemical Co., (St.
Louis, MO, USA). The human cells, embryonic kidney (HEK293), colorectal adenocarcinoma
(Caco-2), hepatocellular carcinoma (HepG2), and breast adenocarcinoma (MCF-7 and SKBR3) were obtained from the American type culture collection, Manassas, Virginia, USA. Sterile
fetal bovine serum (FBS) was supplied by Hyclone GE Healthcare (Utah, USA). Eagle’s
Minimum Essential Medium (EMEM) with L-glutamine, Penicillin/ Streptomycin/
Amphotericin B (100x) antibiotic mixture, and trypsin-versene-EDTA mixture were supplied
by Lonza Bio-Whittaker (Verviers, Belgium). All sterile tissue culture plasticware were
sourced from Corning Inc. (New York, USA). All reagents used were of analytical grade, and
ultrapure (18 MOhm) water (Milli-Q Academic, Millipore, France) was used throughout.
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2.2. Synthesis of AgNPs, CS-AgNPs, and CS-AgNP-CIS.

AgNPs were synthesized by the reduction of silver nitrate (AgNO3) with tri-sodium
citrate (Na3C6H5O7), adapted from previous publications [17-19]. Briefly, 50 ml of AgNO3
(0.001 M) in ultrapure H2O was heated with stirring to 95°C. Thereafter, 5 ml of tri-sodium
citrate (1% w/v) was added dropwise to the AgNO3 solution. After continuous stirring for 10
min, a color change from clear to a deep yellow indicated the successful formation of AgNPs
[18, 20]. The solution was stored in the dark at room temperature due to the light sensitivity of
the synthesized AgNPs [10]. The final theoretical concentration of the AgNP solution was 1.58
mM (0.17 mg/ml), and was utilized for functionalization with CS and conjugation of CIS.
2.2.1. Formation of CS-AgNPs.

Approximately, 1.25 ml of Tween 20 (0.5% v/v) was added to 2.5 ml of CS (0.5 mg/ml
in 1% acetic acid) with constant stirring [16]. TPP (1.25 ml, 2 mM), was then added to CS
solution in a 2:1 (CS:TPP, v/v) ratio, with stirring for 3 hours. Thereafter, 5 ml of AgNPs was
added dropwise to the CS solution in a 2:1 ratio of AgNP:CS (v/v), and stirred overnight [6].
The AgNPs were then pelleted by centrifugation at 2000 rpm for 15 min, resuspended in 18
MOhm water [9], and stored at 4°C.
2.2.2. Formulation of CS-AgNP-CIS.

Briefly, 2.5 ml of CIS (0,47 mg/ml, 1.58 mM) was added to 2.5 ml of TPP activated
CS (2.2) under constant stirring for 3 hours to ensure adequate absorption of CIS to CS.
Thereafter, 7.5 ml of the AgNP (2.1) solution was added dropwise to the CS:CIS solution to
obtain a 2:1:1 ratio of AgNP:CS:CIS [6, 22]. This solution was stirred over 24 hours, and the
CS-AgNP-CIS pelleted by centrifugation as previously.
2.3. Characterization of nanoparticles and nanocomplexes.
2.3.1. UV-vis Spectroscopy.

UV-vis spectroscopy (Jasco V-730 Bio Spectrophotometer, Tokyo, Japan) was used to
determine the absorbance spectra of the AgNPs, CS-AgNP, and CS-AgNP-CIS nanocomplex,
using water as a control. The successful synthesis of the AgNPs was confirmed by a surface
plasmon absorbance at 400 nm, with shifts in the peak indicating successful functionalization
with CS or conjugation of CIS [18].
2.3.2. Fourier Transform Infra-Red Spectroscopy (FTIR).

FTIR was utilized to verify the presence of essential bonds and functional groups in the
synthesized NPs. The samples were analyzed using a Spectrum Perkin Elmer
Spectrophotometer, with the respective IR spectra from 4000 cm-1-380 cm-1, obtained using
Spectrum Analysis Software.
2.3.3. Nanoparticle Tracking Analysis (NTA).

NTA is a visualization technique that determines the hydrodynamic size, concentration,
and zeta potential measurements [23], and was conducted using a Nanosight NS-500 (Malvern
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Instruments, Worcestershire, UK) operating at 25 C. Samples (1 ml) were analyzed in
triplicate to ensure the validity of the results obtained.
2.3.4. Transmission Electron Microscopy (TEM).

TEM was conducted to determine the ultrastructural morphology of all NPs and
nanocomplexes. Approximately 10 µl of each sample was positioned on a 400 mesh carboncoated copper grid (Ted Pella Inc. Redding, USA), air-dried at room temperature, and viewed
using a JEOL-JEM T1010 electron microscope (Jeol, Tokyo, Japan) at 60 000x magnification
and 100 kV acceleration voltage. The visualized TEM images were captured and analyzed
using the iTEM Soft Imaging Systems (SIS) Megaview III fitted with a side-mounted 3megapixel digital camera.
2.4. Drug encapsulation efficiency.

The CS-AgNP-CIS sample was sonicated for 15 min, and vortexed before determining
absorbance at 300 nm, to obtain the total CIS present in the sample [3]. The sample was then
centrifuged at 2000 rpm for 15 min to separate the CS-AgNP-CIS nanocomplex from the free
unbound drug. The supernatant was removed, and absorbance of the unbound drug measured
(Jasco V-730 Bio Spectrophotometer, Tokyo, Japan), at 300 nm. The encapsulation efficiency
(EE) of the nanocomplex CS-AgNP-CIS was determined using equation 1 [6].
EE (%)= (Total CIS)-(Unbound CIS)/ (Total CIS) x 100

(1)

2.5. Drug release studies.

The amount of drug liberated from the CS-AgNP-CIS nanocomplex was determined
over a 72-hour period at pH 4.5, 5.0, 6.5, and 7.4. This served to investigate the pH-responsive
behavior of the nanocomplex [21]. Approximately 1 ml of the nanocomplex was added to four
separate dialysis tubes (1000 MWCO), and suspended in beakers filled with 5 ml of PBS at the
respective pHs. Absorbance readings of the PBS (30 µl) were taken at 4-hour intervals for 72
hours, at a wavelength of 300 nm. An equivalent amount of PBS was replaced to maintain the
sink volume. A drug release profile was generated at each pH using the amount of drug
encapsulated within the nanocomplex, as reference.
2.6. In vitro cytotoxicity.

Cells (HEK293, Caco-2, MCF-7, SKBR-3, HepG2), were seeded into 96-well plates
(containing 100 l EMEM, 10% (v/v) FBS and 1% antibiotics), at a seeding density of 2.5 x
104 and incubated for 24 h at 37C in 5% CO2. The medium in the wells was thereafter
replenished, and the NPs and nanocomplexes were introduced in triplicate at 5, 10, 15, 25, and
50 µg. Free CIS was included at the theoretical amounts within the nanocomplex to ensure an
accurate comparative study. The cells were incubated over a period of 48 hours at 37°C, after
which the medium was replenished with fresh growth medium (100 µl) containing 10 µl of a 5
mg/ml (in PBS) MTT stock and incubated for 4 hours at 37°C [24, 25]. This medium/MTT
was then removed, and the resultant formazan crystals were solubilized in 100 µl of DMSO.
The optical densities (OD) were determined at 540 nm using a Mindray MR-96A microplate
reader (Vacutec, Hamburg, Germany), with DMSO as the blank. Cell viabilities (%) were
calculated using equation 2.
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Cell Viability = (OD treated / ODcontrol) x 100%

(2)

2.7. Apoptosis Assay.

The assessment of apoptosis was performed by staining the cells with the vital dual dye
system of acridine orange and ethidium bromide [26, 27]. Cells at a density of 1.5 x 105
cells/well were seeded into a 48-well plate (250 μl medium per well) and incubated at 37 °C
for 24 hours. Thereafter, the medium was replenished, and the cells were treated with the
respective NPs and nanocomplexes, corresponding to their IC50 values, and incubated for 48
hours at 37 C. The assay was conducted in triplicate with untreated cells used as positive
controls. Following incubation, the cells were washed with 200 μl PBS, followed by staining
with 10 μl of the acridine orange(AO) /ethidium bromide (EB) dye solution (100 μg/ml AO
and 100 μg/ml EtBr in PBS) with shaking for 5 min. The dye was removed by washing the
cells with PBS (200 μl), and cells viewed under an Olympus fluorescent microscope (200x
magnification). Images were captured using a CC12 fluorescence camera (Olympus Co.,
Tokyo, Japan).
2.8. Statistical analysis.

All data has been presented as a mean ± standard deviation (± SD, n=3). The Dunnetts’
post hoc test was used for the MTT assay. The statistical significance of the tests was set at
**p<0.01 and *p<0.05. Each of the experimental values was compared to their corresponding
control. The software used for statistical analysis was Microsoft Excel 2016.
3. Results and Discussion
3.1. UV-vis and FTIR spectroscopy.

UV-vis spectroscopy is sensitive to the presence of Ag colloids, as the surface plasmon
resonance (SPR) of these NPs display an intense absorption peak in the 350 - 450 nm region.
The plasmon absorption displays a redshift as the NP size increases upon the addition of the
different moieties. The successful formation of AgNPs was exhibited by a peak at a wavelength
of 418 nm (Figure 1) correlating to previous reports [10,18]. This single peak indicated no byproducts after AgNP synthesis [18]. Successful functionalization with CS was seen as a shift
in the SPR from a wavelength of 418 nm to 422 nm for the CS-AgNP functionalized
nanoparticle. A shift in the peak from a wavelength of 422 nm to 472 nm for the CS-AgNPCIS nanocomplex indicated successful conjugation of CIS to CS-AgNP.

Figure 1. UV-vis spectroscopy of AgNP; CS-AgNP and CS-AgNP-CIS.
Figure
1. UV-vis spectroscopy of AgNP; CS-AgNP and CS-AgNP-CIS.
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From the FTIR spectra (Figure 2), CS displayed a characteristic IR peak at 3126 cm-1
correspondings to the N-H, O-H stretch; the NH3+ peak for the CS-AgNP is present at
approximately 1667 cm-1, with the C-O stretching seen at approximately 1010 cm-1. For the
CS-AgNP-CIS nanocomplex the characteristic amide peak of CS shifted from 1667 m-1 to 1718
cm-1, indicating conjugation of CIS to CS. Peak assignments were done according to the
literature [7, 28].

Figure 2. FTIR spectra of AgNP; CS-AgNP and CS-AgNP-CIS.

3.2. NTA and TEM.

NTA directly visualizes and sizes NPs in aqueous solutions, offering exceptional
insight into the true size distributions of the NPs in solution, which is at the heart of determining
the benefits of targeted drug delivery [23]. From Table 1, it can be seen that the size of the NPs
increased upon incorporation CS and CIS, confirming successful conjugation. The
hydrodynamic sizes obtained were below 122 nm, with possible aggregation and swelling of
the NPs in a solution being accounted for. This high-resolution hydrodynamic particle size
distribution is beneficial since the size of the nanocomplex can influence cellular uptake, the
release of the bound drug, as well as the immune responses [10]. It has been observed that the
overall particle size may exceed 200 nm upon drug binding, which will reduce its potential in
drug delivery [29]. Prior to functionalization, the zeta potential of the AgNP was -35.1 ± 0.4
mV, indicating electrostatic stabilization of AgNPs due to the ionization of the polar citrate
carboxyl groups present on the surface, correlating to previous studies [9]. The zeta potential
of the CS-AgNPs increased to 10.3 mV, confirming observations that CS with its high amino
content aids in positively charging NPs for drug delivery [14]. After conjugation of CIS, the
zeta potential increased to 33.2 mV, promoting ideal properties for treatment with CS-AgNPCIS, as this intensely positive nanocomplex would readily attract the negatively charged cell
https://biointerfaceresearch.com/
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surface. The high zeta potential value further suggests good colloidal stability for enhanced
delivery of the drug [30].
Table 1. The sizes and zeta potentials of the nanoparticles and nanocomplex as obtained from NTA.
NP/Nanocomplex
AgNP
CS-AgNP
CS-AgNP-CIS

Size Distribution
53.9 ± 0.2 nm
109.9 ± 34.1 nm
121.7 ± 19.3 nm

Zeta Potential
-35.1 ± 0.4 mV
10.3 ± 0.1 mV
33.2 ± 0.0 mV

TEM (Figure 3) revealed smooth spherical NPs and nanocomplexes, displaying
uniformity in both shape and size, and within the nanosized range of 22-30 nm in diameter.
Aggregation of AgNPs prior to functionalization was evident (Figure 3A), and is similar to
other reports for AgNPs at these concentrations [31]. CS-AgNPs (Figure 3B) displayed
monodispersity, indicating that CS aided in preventing the agglomeration of the AgNPs. A
layer of CS is indefinably visible around the AgNP. Conjugation of CIS was not only evident
by the slight increase in size but also by the color intensity of the nanocomplex, indicating an
increase in density.

Figure 3. TEM of A: AgNP; B: CS-AgNP; C: CS-AgNP-CIS. Scale bar = 50 nm.

3.3. Encapsulation efficiency.

The CIS encapsulation efficiency in CS-AgNP was assessed using UV-vis
spectroscopy. The encapsulation efficiency of CIS in the CS-AgNP-CIS nanocomplex was
calculated to be 84.5%. This high encapsulation efficiency is in accord with the corresponding
increase in the size of the nanocomplex after the conjugation of the drug. The relatively high
encapsulation efficiency may have also been plausibly influenced by the concentration of CS
used in the study. An increase in the absorption of a poorly soluble drug at an optimal
concentration of 0.5 mg/ml of CS was reported [21, 32].
3.4. Drug release studies.

The drug release profile of CS-AgNP-CIS was generated at pH 4.5, 5.0, 6.5, and 7.4 to
determine the pH-responsive behavior of the developed nanocomplex in simulated in vivo
conditions. Figure 4 illustrates the pH dependency of the nanocomplex, releasing
approximately 60% of the encapsulated CIS rapidly after 8 hours at the lowest pH of 4.5 and
98% after 48 hours.
The amount of CIS continuously released from the nanocomplex is inversely
proportional to the pH of the PBS used in the study, as a minimal 52% of CIS was released
after 48 hours at a pH of 7.4. The pH-dependency of the nanocomplex was possibly induced
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by a large number of amino groups present on CS, which solubilize at low pH, releasing the
drug [21, 32].

Figure 4. Drug release of CIS from the CS-AgNP-CIS nanocomplex at pH 4.5, pH 5.0, pH 6.5, and pH 7.4.

This is favorable as pH 6 or lower is easily accomplished in tumor tissues due to lactic
acid produced as a by-product of anaerobic glucose metabolism. Even lower pH values of 3.0–
5.5 are feasible in acidic intracellular organelles, such as endosomes and lysosomes, within
cancer cells, leading to more CIS being released in the ideal tumor micro-environment with
increased toxicity to the cells. The nanocomplex displayed aptness for treatment as a minimal
drug is released at a neutral pH, which is the environment for the growth of healthy cells,
thereby decreasing the level of cytotoxicity on normal cells and reducing side effects. However,
further studies and mathematical modeling [33,34] may be warranted to produce a model for
this drug release mechanism.
3.5. In vitro cytotoxicity.

Cell viability is measured when metabolic events leading to cell death either from
necrosis by underlying cytotoxic effects or naturally inducing apoptosis [35]. AgNPs and CSAgNPs showed a similar trend with some dose-dependent cytotoxicity in the HEK293 cells
(Figure 5 A). Decreased healthy kidney cell viabilities were observed upon treatment with
AgNPs in a dose-dependent manner, correlating to these results [10]. CS-AgNP-CIS did not
induce much cell death compared to free CIS at the same concentrations. This could be due to
the pH dependency of the CS-AgNP-CIS nanocomplex, releasing a mere 52% of CIS over a
48-hour period in HEK293 cells at pH 7.4. This result bodes well for the use of CS-AgNPCIS as an anti-cancer delivery system since it produced minimal toxicity in these non-cancer
cells compared to the treatment of CIS on its own. In the Caco-2 cells (Figure 5B), AgNPs on
their own did produce toxicity below 30% at most concentrations tested and had a similar trend
to the CS-AgNP-CIS and CIS alone. This was also evident in the MCF-7 cells (Figure 5C),
possibly due to the higher susceptibility of these two cell lines to Ag+ ions, as previously
reported [36]. The CS-AgNP-CIS nanocomplex exhibited favorable lower cell viabilities than
the free CIS in the MCF (Figure 5C) and SKBR-3 cells (Figure 5D). The drug release profile
links to the cytotoxicity profile for CS-AgNP-CIS, as the nanocomplex released large quantities
of CIS at lower pH corresponding to the micro-environment of cancer cells. Comparatively,
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the free CIS performed the best in the Caco-2 (Figure 5B) and HepG2 cells (Figure 5E). This
indicated that the nanocomplex had some specificity towards the breast cancer cells [31] while
the free CIS was more specific for the colon (Caco-2) and liver (HepG2) cancer cells.

Figure 5. MTT cytotoxicity profile of nanocomplexes against (A) HEK293, (B) Caco-2, (C) MCF-7, (D)
SKBR-3, and (E) HepG2 cells. Data are represented as means ± SD (n=3), *p<0.05, **p<0.01 were considered
statistically significant.

Overall, the nanocomplex significantly reduced cell viabilities of the cancer cells at the
lower doses (25 µg and below). This corresponds to reports that the treatment of AgNPs from
1-10 µg/ml [37] and its nanocomplexes at doses from 25 µg to 300 µg exhibited an increase in
cell viability in HeLa cells [31]. This could be due to these nanocomplexes being readily taken
up by the tumor cells at lower concentrations. In contrast, at higher concentrations, the
nanocomplexes tend to aggregate, increasing in size, and have a challenge traversing the
cellular membrane [10]. The HepG2 cells (Figure 5E), however, presented with the lowest cell
viabilities for the nanocomplex, similar to that for the free CIS. AgNPs of smaller than 5 nm
have been reported to have higher toxicities [38], and those of 10 nm in size showing lower
cytotoxicity [39], boding well for these synthesized AgNPs and their nanocomplexes. Overall,
this system has provided an indication of anti-cancer specificity for the treatment of breast
cancer and can be further optimized and explored.
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The IC50 calculations were conducted in order to determine the dose of treatment at
which 50% of cell death was achieved [40]. The IC50 values (Table 2) for the CS-AgNP-CIS
nanocomplex and free CIS were compared, and revealed that the breast cancer cell lines not
only required lower doses to achieve 50% cell death but that the CS-AgNP-CIS nanocomplex
was active at lower quantities than free CIS. The toxicity of CIS at high doses has been reported
[41]. This result further confirmed that the drug-loaded nanocomplex had higher anti-cancer
activity in the breast cancer cells than CIS on its own.
Table 2. IC50 (µg )values for CS-AgNP-CIS and CIS.
CELLS
HEK293
Caco-2
MCF-7
SKBR-3
HepG2

CS-AgNP-CIS
635
1227.6
1.66
5.46
46.35

CIS
12.69
0.0582
16.16
21.97
2.35

3.6. Apoptosis assay.

Apoptosis is known to play a significant role in cellular homeostasis [42]. The principle
of this study involved acridine orange (AO) permeating all cells, resulting in nuclei fluorescing
green and ethidium bromide (EB) being taken up by cells that have lost cytoplasmic membrane
integrity, with the nuclei fluorescing red. Green indicated live cells, red apoptotic cells, and
orange necrotic cells [26, 43].

Figure 6. Fluorescent images of acridine orange/ethidium bromide (AO/EB) stained cells showing apoptosis
induction by CS-AgNP-CIS and CIS in MCF-7 and SKBR-3 cells.
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Hence, cells in various stages of apoptosis can be visualized. Since the breast cancer
cells were most affected by the nanocomplexes, their images are represented in Figure 6, and
is compared against CIS in inducing apoptosis. The anti-cancer activities noted in this apoptosis
assay correlated to the trend of cytotoxicity. The breast cancer cell lines, MCF-7 and SKBR-3,
displayed immoderate red fluorescence of apoptotic cells after treatment with the nanocomplex
compared to the free drug. Loss of morphology is also evident, similar to reports using AgNPs
and other NPs in MCF-7 cells [33,34,39]. This apparent cell specificity could possibly be due
to the unique morphology, microenvironment as well as mono-dispersity of the breast cancer
cells, which promoted optimum delivery of CIS by the nanocomplexes [2,16].
4. Conclusions
This chitosan functionalized AgNP nano delivery system demonstrated favorable
characteristics such as small size, high positive zeta potential, and successfully encapsulated
more than 80% cisplatin. Furthermore, this system displayed specificity towards breast cancer
cells, with over 80% cell death at doses less than 10 µg, and exhibited minimal cytotoxicity in
the non-cancer cells, without the use of a targeting moiety. This is encouraging for future
studies and further investigations both in vitro and in vivo to further our understanding of the
mechanism of the cytotoxicity induced by these nanocomplexes. Overall, the results of this
study provide basic and crucial information for the development of other such therapeutic
delivery systems for the future treatment of diseases such as cancer and based on our results,
specifically breast cancer.
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