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Targeted drug delivery is a promising alternative to overcome the limitations of classical chemotherapy. In
an ideal targeted drug delivery system carrier nanoparticles would be directed to the tumor tissue and
selectively release therapeutic molecules. As a novel approach, chitosan coated magnetic nanoparticles
(CS MNPs) maintain a pH dependent drug delivery which provides targeting of drugs to the tumor site
under a magnetic field. Among various materials, chitosan has a great importance as a pH sensitive,
natural, biodegradable, biocompatible and bioadhesive polymer. The aim of this study was to obtain an
effective targeted delivery system for Doxorubicin, using chitosan coated MNPs. Different sized CS MNPs
were produced by in situ synthesis method. The anti-cancer agent Doxorubicin was loaded onto CS MNPs
which were characterized previously. Doxorubicin loading was confirmed by FTIR. Drug loading and
release characteristics, and stability of the nanoparticles were investigated. Our results showed that the
CS MNPs have pH responsive release characteristics. The cellular internalization of Doxorubicin loaded
CS MNPs were visualized by fluorescent microscopy. Doxorubicin loaded CS MNPs are efficiently taken
up by MCF-7 (MCF-7/S) and Doxorubicin resistant MCF-7 (MCF-7/1 lM) breast cancer cells, which
increases the efficacy of drug and also maintains overcoming the resistance of Doxorubicin in MCF-7/
Dox cells. Consequently, CS MNPs synthesized at various sizes can be effectively used for the pH dependent
release of Doxorubicin in cancer cells. Results of this study can provide new insights in the development of
pH responsive targeted drug delivery systems to overcome the side effects of conventional chemotherapy.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction drainage of tumor microenvironment results in slow clearance of
Magnetic nanoparticles (MNPs), which can be targeted to tumor
site in a magnetic field, gained importance in cancer therapy in
recent years. Targeted delivery of drug by nanoparticles can over-
come difficulties associated with conventional chemotherapeutic
agents, including insolubility under aqueous conditions, rapid
clearance, and a lack of selectivity, resulting in nonspecific toxicity
toward normal cells (Maeda, 2001). Moreover, drug resistance can
be overcome when chemotherapeutic drugs are given as loaded on
nanoparticles to breast cancer cells while free drug is pumped out
by resistance mechanisms of the cell (Zeng et al., 2014)

Drug loaded nanoparticles are able to penetrate tumors due to
their small size, and the leaky nature of tumor microvasculature
(Strebhardt and Ullrich, 2008). Furthermore, poor lymphatic
nanoparticles and their accumulation in tumor microenvironment
(Liu et al., 2008).

MNPs include metallic, bimetallic, and superparamagnetic iron
oxide nanoparticles, which have reactive surface that can be coated
with biocompatible polymers and loaded with therapeutic agents
(Sun et al., 2008). There are several commercially available MNP-
based drugs, which were approved for various biomedical applica-
tions (Gupta et al., 2007).

Chitosan has important structural and biological properties,
which include the cationic character and the solubility in aqueous
medium. Its biodegradability and mucoadhesivity are the other
advantages (Dash et al., 2011). Chitosan is soluble at acidic solu-
tions owing to the protonation of the amino groups in the poly-
meric chain (Rodrigues et al., 2012).

The chitosan coating is preferable to modify the surface
properties of the core structure, either to improve the pattern of
interaction with surrounding structures or to improve the biodeg-
radation profile (Andrade et al., 2011; Grenha, 2012). Chitosan has
an intrinsic anti-tumor activity, stimulating the production of
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Tissue Necrotic Factor-a (TNF-a) by monocytes. Besides, chitosan
molecules demonstrated a good retention in the blood circulation
and a slight accumulation in tissues, suggesting that it can be an
effective carrier for drugs that are excreted rapidly (Dodane and
Vilivalam, 1998).

In tumor cells, low pH values, such as pH 5.5 are generated by
the anaerobic glucose metabolism. After targeting of nanoparticles
to the tumor site drug release starts at the acidic microenvironment
of the tumor tissue. pH responsive chitosan nanoparticles would be
expected to have an effective drug release in the tumor microenvi-
ronment since the drug release rate can be suddenly accelerated
with lower pH (Aydın and Pulat, 2012). Moreover, pH values of
3.0–5.5 are seen in acidic intracellular organelles, such as endo-
somes and lysosomes, within the cells (Lim et al., 2011). Further
release of drug continues in these acidic organelles inside the cells.

The water-soluble anti-cancer drug Doxorubicin is one of the
most commonly used anti-cancer drug for the treatment of many
cancer types (Wood, 2002). Doxorubicin is a strong cytotoxic com-
pound to normal tissues and its cardiac toxicity has also been well
documented by several groups (Longhi et al., 2007). To decrease
the toxicity of Doxorubicin, targeted delivery of the drug through
polymeric nanoparticles is an alternative option for cancer therapy
(Tan et al., 2009).

In this study, chitosan coated magnetic nanoparticles (CS MNPs)
at various sizes were synthesized for targeted delivery of Doxorubi-
cin (Fig. 1). Cellular internalization and cytotoxic effect of Doxoru-
bicin-loaded CS MNPs were investigated on MCF-7 and Doxorubicin
resistant MCF-7 (MCF-7/Dox) cell lines. Chemical and physical
characterizations of synthesized nanoparticles and their cytotoxic-
ity on MCF-7/Dox cell line have indicated that they can be suitable
for pH sensitive targeted delivery system for Doxorubicin.
2. Materials and methods

2.1. Materials

Iron(II) chloride tetrahydride (FeCl2�4H2O), iron(III) chloride
hexahydrate (FeCl3�6H2O) and ammonium hydroxide (NH4OH)
were obtained from Merck, Germany. Chitosan (low molecular
weight) was purchased from Sigma–Aldrich, Saint Louis, USA and
sodium tripolyphosphate (TPP) was from Sigma–Aldrich Chemie
GmbH, Germany.

The parental MCF-7 human breast cancer cell line was donated
by the S�AP Institute, Ankara, Turkey. 1 lM Doxorubicin Resistant
Fig. 1. Molecular formulas of Doxorubicin (a), CS MNP (b) and s
MCF-7 cell line (MCF-7/Dox) was previously developed from MCF-
7 cells (MCF-7/S) by continuous drug applications in our laboratory
(Kars et al., 2006). RPMI medium and fetal bovine serum (FBS) were
obtained from Biochrom AG, Germany. Trypsin–EDTA, trypan blue
and XTT Cell Proliferation Kit were purchased from Biological
Industries, Israel. Phosphate buffered saline (PBS) and dimethyl
sulfoxide (DMSO) were obtained from Sigma–Aldrich, USA.

2.2. In situ synthesis of chitosan coated magnetic iron oxide
nanoparticles

Chitosan coated magnetic iron oxide nanoparticles (CS MNPs)
(Fig. 1b) were synthesized by co-precipitation of Fe(II) and Fe(III)
salts at a 1:2 ratio in 150 ml deionized water within a five necked
glass flask in the presence of chitosan and tripolyphosphate (TPP)
molecules (Kavaz et al., 2010). Unsoy et al. (2012) reported that
during the nucleation of Fe3O4, chitosan molecules wrap these
anionic cores and TPP cross-links the chitosan molecules around
Fe3O4 cores in the in situ synthesis method. This method was opti-
mized by changing the NH4OH concentrations in order to obtain
different sized CS MNPs. The diameters of CS MNPs were found
as 103 nm for S1, 86 nm for S2, 66 nm for S3 and 58 nm for S4

according to DLS analyses. The sizes of the nanoparticles decrease
proportional to the increase of NH4OH concentration during the
synthesis.

2.3. Characterization of chitosan coated magnetic iron oxide
nanoparticles

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS/
ESCA), Vibrating Sample Magnetometer (VSM), Fourier transform
infrared spectroscopy (FTIR), transmission electron microscopy
(TEM), dynamic light scattering (DLS), and thermal gravimetric
analysis (TGA) analyses were employed to investigate the proper-
ties of different sized chitosan coated iron oxide nanoparticles pre-
viously (Unsoy et al., 2012).

2.4. Loading of Doxorubicin on chitosan coated magnetic iron oxide
nanoparticles

Doxorubicin loading was carried on the synthesized CS MNPs
(S1–S4) with various drug concentrations in potassium phosphate
buffer (K2HPO4/KH2PO4), in order to obtain the highest loading
efficiency. The mixture of CS MNPs (2.5 mg/ml), Doxorubicin and
chematic representation of Doxorubicin loaded CS MNP (c).
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potassium phosphate buffer was rotated (Biosan Multi RS-60 Rota-
tor) at 90 rpm with 5 s vibration intervals for 24 h in the light pro-
tected tubes at room temperature. Then, Doxorubicin loaded CS
MNPs were separated by magnetic decantation. The loading effi-
ciency was quantified by measuring the absorbance values of
unloaded drug in the supernatant with a UV-spectrophotometer
at 481 nm (Eq. (1)). The Doxorubicin loading was also confirmed
by FTIR analyses. The schematic representation of Doxorubicin
loaded CS MNPs were given in Fig. 1c.

Loading Efficiencyð%Þ¼ ðtotallg of drug addedÞ�ðlg of drug in supernatantÞ
ðtotallg of drug addedÞ x100

ð1Þ
2.5. Release of drug from Doxorubicin loaded CS MNPs

Doxorubicin release profiles of 400 and 500 lg/ml drug loaded
CS MNPs were determined in buffers at pH 4.2 and pH 5.0, up to
30 h at 37 �C. The release of drug from CS MNPs was determined
by measuring the absorbance of the released Doxorubicin in the
supernatant within time intervals at 481 nm by a UV-spectropho-
tometer. Supernatant was obtained with magnetic decantation
of CS MNPs. Quantification of Doxorubicin was performed by
generating a calibration curve with known amounts of drug
concentrations.

2.6. Stability of Doxorubicin loaded CS MNPs

The stability of CS MNPs loaded with highest amounts of
Doxorubicin was determined in potassium phosphate buffer
(pH 7.4) up to eight weeks at 37 �C. The amount of released Doxo-
rubicin from the nanoparticles was measured by the absorbance at
481 nm.

2.7. Cellular internalization of Doxorubicin loaded CS MNPs

Doxorubicin (500 lg/ml) loaded CS MNPs were applied on MCF-
7 and MCF-7/Dox cell lines for 24 h. The cells treated with Doxoru-
bicin loaded CS MNPs were washed three times with PBS and the
cellular internalization of nanoparticles was observed by fluores-
cence microscopy. Images were also acquired after the addition
of DAPI for cell nuclei staining.

2.8. Cytotoxicity analysis of Doxorubicin loaded CS MNPs

Cytotoxicity of Doxorubicin and Doxorubicin loaded CS MNPs
were determined by XTT cell proliferation assay. MCF-7 and
MCF-7/Dox cells were treated with free Doxorubicin (Dönmez,
2010) and Doxorubicin loaded CS MNPs (highest drug doses are
5 lM and 75 lM Doxorubicin containing nanoparticles for MCF-7
and MCF-7/Dox cells, respectively) in 96-well plates. After 48 h
of incubation, cell viability profiles and IC50 (half maximal inhibi-
tory concentration) values were determined for each particular cell
type.

3. Results

3.1. Characterization of chitosan coated magnetic iron oxide
nanoparticles

Characterizations of different sized CS MNPs were performed by
XRD, XPS/ESCA, FTIR, TEM, DLS, and TGA analyses (Unsoy et al.,
2012). It was observed that the mass ratio of chitosan in the
synthesized nanoparticles was found about 23% (S1), 20% (S2),
17% (S3), and 15% (S4) by TGA analyses. The synthesized CS MNPs
have a spherical and uniform size distribution in TEM images as
reported previously (Unsoy et al., 2012). The average diameters
are around 6–8 nm (S1), 5–7 nm (S2), 3–5 nm (S3), and 1–3 nm
(S4) (Fig. 2a and b). TEM images usually indicate only the core sizes
of CS MNPs because of the collapse of chitosan polymer on the
MNPs surface during the evaporation of the dispersion medium
prior to imaging. On the other hand, DLS analyses measure the
hydrodynamic size of nanoparticles in the dispersion medium
and the average sizes were found much larger due to the swelling
of the polymer around the magnetic core (Fig. 2c and d).
3.2. Doxorubicin loading on CS MNPs

Doxorubicin loading studies were initially performed on CS
MNP-S1 with different drug concentrations in phosphate buffer
(pH 6). In order to determine the highest loading efficiency, Doxo-
rubicin concentration gradually increased up to 600 lg/ml where
the saturation was obtained. The loading efficiencies of 150 lg/
ml, 300 lg/ml, 400 lg/ml, 500 lg/ml and 600 lg/ml Doxorubicin
were 99%, 98%, 98%, 96% and 81%, respectively. The most efficient
and highest amount of loaded Doxorubicin was achieved with
96% loading efficiency as 481 lg/ml (Table 1).

The FTIR analyses were performed in order to support the Doxo-
rubicin loading efficiency on CS MNPs. The FTIR spectrum of Doxo-
rubicin shows multiple peaks at 2932 (C–H), 1730 (C O), 1618 and
1577 (N–H), 1414 (C–C) and 1071 (C–O) cm�1. These peaks are also
present in the FTIR spectrum of Doxorubicin loaded CS MNPs as
shifted to 2920 (C–H), 1717 (C O), 1614 and 1574 (N–H), 1406
(C–C) and 1030 (C–O) cm�1, respectively (Fig. 3). These results
indicate that Doxorubicin was successfully loaded onto the CS
MNPs.

Doxorubicin loading efficiencies of 400 lg/ml and 500 lg/ml
Doxorubicin on CS MNPs (S1–4) were determined. The loading
efficiencies on nanoparticles at 400 lg/ml Doxorubicin were about
98% for S1, 92% for S2, 90% for S3 and 88% for S4, and at 500 lg/ml;
97% for S1, 91% for S2, 90% for S3 and 88% for S4 Fig. 4. The highest
Doxorubicin loading efficiency was obtained in S1, which contains
the highest amount of chitosan (23%) and has the largest particle
size (103 nm). This may be due to the fact that Doxorubicin was
loaded into the chitosan layer.
3.3. Doxorubicin release from the nanoparticles

Doxorubicin release profiles and stability analyses of chitosan
coated magnetic nanoparticles were studied by considering differ-
ent parameters such as pH, buffer type, temperature and size of
nanoparticles. S1 and S4 were selected for drug release and stability
studies because of their size differences. Doxorubicin release was
investigated at different pH values (pH 4.2 and 5.0) which mimic
endosomal conditions.

In 500 lg/ml and 400 lg/ml initial Doxorubicin loading concen-
trations, S1 nanoparticles released about 61% and 53% of the loaded
drug respectively during the first 15 h at pH 4.2 (Fig. 5). On the
other hand, 75% (500 lg/ml) and 64% (400 lg/ml) of Doxorubicin
was released from S4, under the same conditions (Fig. 6).

In pH 5.0, drug release rate of S1 was 35% and 30% at 500 lg/ml
and 400 lg/ml loading concentrations of Doxorubicin for 15 h,
respectively (Fig. 5). The drug release rate in case of S4 was
47% and 40% at 500 lg/ml and 400 lg/ml concentrations of
Doxorubicin (Fig. 5). A burst release of Doxorubicin from CS MNPs
was observed at the initial stage of 30 min at pH 4.2 as 20–30% and
at pH 5.0 as 15–20%. Then a slower release was observed after 7 h
(Figs. 5 and 6).

The pH value of the medium has a remarkable effect on the
release of Doxorubicin from the chitosan coated nanoparticles.
Drug release rates of CS MNPs were significantly different. The



Fig. 2. TEM images (a and b) and DLS size graphs (c and d) of CS MNP-S1 and -S4, respectively.

Table 1
Loading efficiencies on CS MNP-S1 at different concentrations (150–600 lg/ml) of Doxorubicin. Each data represents the mean ± S.D. (n = 3).

Loading efficiencies and loaded amounts of Doxorubicin on CS MNP-S1

Doxorubicin concentration (lg/ml) 150 300 400 500 600
Loaded amount of Doxorubicin (lg/ml) 149 ± 0.2 295 ± 0.7 392 ± 1.4 481 ± 2.9 486 ± 1.8
Doxorubicin loading efficiency 99% 98% 98% 96% 81%

Fig. 3. FTIR spectra of CS (a), CS MNPs (b), Doxorubicin loaded CS MNPs (c), and Doxorubicin (d).

246 G. Unsoy et al. / European Journal of Pharmaceutical Sciences 62 (2014) 243–250
release of Doxorubicin was quite higher at pH 4.2 than pH 5 for
both S1 and S4 CS MNPs (Figs. 5 and 6).

In terms of drug release characteristics, there is only about
10% difference was observed between S1 and S4 nanoparticles.
These results are in parallel with the drug loading amounts of
nanoparticles.
3.4. Stability of Doxorubicin-loaded nanoparticles

The stability of Doxorubicin loaded nanoparticles was evaluated
up to 8 weeks in phosphate buffer (pH 7.4) at 37 �C, which mimics
the physiological conditions (Fig. 7). Results show that the stability
of 400 lg/ml and 500 lg/ml Doxorubicin loaded S1 and S4



Fig. 4. Doxorubicin loading efficiency on S1, S2, S3 and S4 at the highest loaded amounts of Doxorubicin concentrations. Each data represents the mean ± S.D. (n = 3).

Fig. 5. Doxorubicin release graph of S1 nanoparticles at pH 4.2 and 5.0 with 500 lg/ml and 400 lg/ml initial loading concentrations. Each data represents the mean ± S.D.
(n = 3).

Fig. 6. Doxorubicin release of S4 nanoparticles at pH 4.2 and 5.0 with 500 lg/ml and 400 lg/ml initial Doxorubicin loading concentrations. Each data represents the
mean ± S.D. (n = 3).
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nanoparticles was around 80–85% stable for both 37 �C and 4 �C at
pH 7.4. The stability of nanoparticles did not significantly change
with temperature. Results indicated that Doxorubicin loaded CS
MNPs were quite stable at both 37 �C and 4 �C (pH 7.4), which
can be stored safely.

3.5. Cellular internalization of Doxorubicin-loaded nanoparticles

Internalization of Doxorubicin loaded CS MNP-S1 nanoparticles
were investigated by flourescence microscopy on MCF-7 and MCF-
7/Dox cells. The obtained images are given in Fig. 8. Doxorubicin is
a fluorescent chemical, having a bright red color when visualised
with red filter. In Fig. 8a, c, d, and f, red color indicates that Doxo-
rubicin loaded nanoparticles were internalized the cells, reflecting
the concentrations of nanoparticles in the cells. The nuclei of the
cells are specifically visualized with DAPI staining (Fig. 8b and e).
Free Doxorubicin does not sufficiently accumulate in Doxorubicin
resistant MCF-7 cells (Fig. 8f). On the other hand Doxorubicin
loaded nanoparticles accumulate in the cytoplasm of the resistant
cells at high amounts similar to the sensitive cells (Fig. 8d). The cel-
lular uptake of nanoparticles could be facilitated by the positive
surface charges of chitosan coat.



Fig. 7. Stability of Doxorubicin (400–500 lg/ml) loaded CS MNP-S1 and CS MNP-S4 in phosphate buffer (pH = 7.4) up to 8 weeks. Each data represents the mean ± S.D. (n = 3).
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3.6. Cytotoxicity analysis of Doxorubicin loaded CS MNPs

The cytotoxic effect of CS MNPs without Doxorubicin have
previously investigated and the results showed that the nanoparti-
cles are not toxic (Unsoy et al., 2012). Fig. 9 demonstrates the
anti-proliferative effects of Doxorubicin loaded CS MNPs at
increasing concentrations on MCF-7 and MCF-7/Dox cells. IC50 val-
ues of Doxorubicin loaded nanoparticles were identified as 1.0 lM
and 13.5 lM on MCF-7 and MCF-7/Dox cells, respectively. How-
ever, IC50 values were obtained as 1.6 lM and 176 lM for free
Doxorubicin in the MCF-7 and resistant MCF-7 cells, respectively.
Previously the IC50 values of free Doxorubicin were found as
1.8 lM and 202.5 lM in the sensitive and resistant MCF-7 cells
(Dönmez, 2010). The graph showing IC50 values of free Doxorubicin
and Doxorubicin loaded CS MNPs on MCF-7 and MCF-7/Dox cells
were given in Fig. 9. The cell proliferation decreases with increas-
ing concentrations of Doxorubicin loaded CS MNPs. Thus, the effi-
cacy of Doxorubicin increases when loaded on CS MNPs. The
decrease in IC50 value is more significant in case of Doxorubicin
resistant cells. As it is seen from Fig. 9, the IC50 value decreased
about 13 folds in case of Doxorubicin loaded CS MNPs, compared
to free Doxorubicin.

It is known that Doxorubicin is extruded out of the cell by
P-glycoprotein (multidrug resistance protein-1), which acts as a
pump in drug resistant cells (Riganti et al., 2011). It would be
possible to overcome MDR-1-related resistance by releasing the
drug in low pH away from the cell membrane and efflux pumps
Fig. 8. The fluorescent microscopy images. (a) Doxorubicin loaded CS MNPs were intern
internalized free Doxorubicin inside the MCF-7 cells, (d) flourescence of internalized Doxo
nuclei of the MCF-7/Dox resistant cells, (f) free Doxorubicin cannot accumulate inside t
(Khodadust et al., 2013). It was demonstrated that Doxorubicin
loaded CS MNPs were 13-fold more toxic on Doxorubicin resistant
MCF-7 cells compared with free Doxorubicin. These results
confirmed that the loaded and released Doxorubicin were active
and cause to overcome the drug resistance.

4. Discussion

The synthesis of chemotherapeutic loaded CS MNPs for mag-
netic field targeted drug delivery is a fairly novel subject of
alized by MCF-7 cells, (b) DAPI stain labelled nuclei of the cells, (c) flourescence of
rubicin loaded CS MNPs inside the MCF-7/Dox resistant cells, (e) DAPI stain labelled

he MCF-7/Dox resistant cells as much as MCF-7 cells.
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research. However, Yuan et al. (2010) have synthesized Doxorubi-
cin loaded chitosan grafted copolymer coated magnetic nanoparti-
cles for targeted drug delivery; they did not perform a detailed
investigation on nanoparticle characterization and their cellular
uptake.

The size-tunable synthesis of CS MNPs was performed by in situ
coprecipitation method (Unsoy et al., 2012). This method is very
advantageous for biomedical applications than the other
methods because of the simple and mild synthesis conditions
(Tiyaboanchai and Limpeanchob, 2007). The nanoparticles
obtained by in situ coprecipitation method have higher biocompat-
ibility and biodegradability than covalently cross-linked chitosan
(Agnihotri et al., 2004; Park et al., 2010). The average diameters
of synthesized CS MNPs (S1–S4) differ according to TEM and DLS
measurements. Bhattarai et al. (2008) reported that the difference
between the diameters obtained by DLS and TEM, reflects the size
of chitosan layer for nanoparticles smaller than 6200 nm
(Bhattarai et al., 2008; Unsoy et al., 2012).

The FTIR results supported that the Doxorubicin loading on CS
MNPs was successfully achieved (Kayal and Ramanujan, 2010;
Yuan et al., 2010). The highest loading efficiency was obtained
for CS MNP-S1 nanoparticles (97–98%). This may be due to the
highest chitosan content of CS MNP-S1 (Unsoy et al., 2012).

Drug release mechanisms of nanoparticles has been well
described in the literature as (i) desorption, (ii) diffusion, and (iii)
matrix degradation (Aydın and Pulat, 2012). Chitosan is known
to exhibit pH-dependent swelling and controlled drug release
properties (Berger et al., 2004). In this study, the swelling of
unloaded CS MNPs was more than the loaded ones. The drug dif-
fuses into the nanoparticles and forms more cross-linking sites in
the chitosan structure which leads to lower swelling of the nano-
particles as explained by Shu and Zhu (2002). As in the study of
Sahu et al. (2010) the pH value of dissolution medium affected
the release rates of Doxorubicin. The drug release rate of CS MNPs
increased with the reduced pH value of dissolution medium. This
release behaviour would be attributed to the higher solubility of
Doxorubicin and degradation of chitosan at acidic pHs.

For the successful delivery of Doxorubicin, the stability of CS
MNPs at physiological conditions and efficient drug release at the
targeted tumor site is required (Gillies and Fréchet, 2005). The drug
release is achieved with the swelling behaviour of chitosan due to
its pH sensitivity. Charge density on the surface of the nanoparti-
cles is important in electrostatic interactions and mainly depends
on the solution pH. Swelling of the chitosan and release of the drug
is mainly influenced by ionic interactions between chitosan chains;
which depend on the cross-linking density of the chitosan network
(Berger et al., 2004). As a result, pH responsive drug carriers pro-
vide selective drug release at acidic intracellular vesicles such as
endosomes and lysosomes in targeted tumor cells (Estrella et al.,
2013).

Synthesized CS MNPs are stable at physiological conditions (pH
7.4). These Nanoparticles are expected to have an effective drug
release in the tumor microenvironment since the drug release rate
accelerates with the decrease in pH (around 4.0–5.0). The pH of the
tumor microenvironment is low (around 4.0–5.5) due to the high
anaerobic glucose metabolism of cancer cells (Decuzzi and
Ferrari, 2007; Engin et al., 1995; Ojugo et al., 1999; Van et al.,
1999). It is considered that the nanoparticles are taken up by endo-
cytosis into the cells (Mellman et al., 1986; Park et al., 2006) and
this endocytic pathway begins near the physiological pH of 7.4,
then it drops to pH 5.5–6.0 in endosomes and comes around pH
4.5 in lysosomes (Sahu et al., 2010). Therefore, it is expected that,
CS MNPs will be responsive to pH and selectively release its drug
load in the tumor cells of the targeted tissue. According to the drug
release profiles of CS MNPs, the loaded Doxorubicin is mostly
released within the first 7 h. At the end of 7 h Doxorubicin release
was higher at pH 4.2 (70%) than at pH 5 (45%). CS MNPs showed an
initial burst release of Doxorubicin in the range of 10–20% and
15–35% for 400 lg/ml and 500 lg/ml loading concentrations,
respectively at acidic pH values (pH 4.2 and 5) during a period of
30 min. This initial rapid release, characterized as ‘‘burst effect’’,
occurs by desorption of Doxorubicin, localized on the surface of
nanoparticles. After this initial burst effect, a slower and controlled
release occurred throughout the incubation period. The drug
release rate was approximately 10% higher in S4 CS MNPs with
respect to S1 due to the lower chitosan content. S1 has more chito-
san content and therefore, it has higher drug loading and retention
capacity. The Doxorubicin loading profiles of S1 and S4 CS MNPs
were quite similar. The S4 has larger surface area than S1. However
its chitosan content is less than S1.

Doxorubicin loaded CS MNPs are successfully internalized by
both sensitive and Doxorubicin resistant MCF7 cells. Normally
Doxorubicin does not effectively accumulate in the cytoplasm of
the drug resistant MCF-7 cells due to the high expression of
P-glycoprotein (P-gp) on the cell membrane (Dönmez, 2010).
Internalization mechanisms of free Doxorubicin and CS MNPs are
different. While free Doxorubicin diffuses through the cell mem-
brane, CS MNPs are taken up by endocytosis into the cells. Thus,
when Doxorubicin is loaded into the nanoparticles, P-gp cannot
pump out of the drug and Doxorubicin can accumulate in the cells.

According to the previous studies carried out in our laboratory,
resistant MCF-7/Dox cells are approximately 110 fold more resis-
tant to Doxorubicin than sensitive MCF-7 cells (Dönmez, 2010).
In order to overcome the resistance by improving drug influx via
escaping from P-gp pump; Doxorubicin was loaded on CS MNPs.
The XTT results of our study show that IC50 values of free Doxoru-
bicin (176 lM) decreased to 13.5 lM when Doxorubicin was
loaded into the CS MNPs. Consequently, loading of Doxorubicin
onto the nanoparticles not only 13-fold increased the efficiency
of drug but also overcame the resistance to Doxorubicin in MCF-
7/Dox cells.

On the other hand, the difference between the IC50 values of
free Doxorubicin and Doxorubicin loaded on CS MNPs is not drastic
in MCF-7 cells in comparison to resistant subline. This is due to
both free Doxorubicin and Doxorubicin loaded CS MNPs were effi-
ciently internalized by the MCF-7 cells.

These nanoparticles can be given through either intratumoral or
intravenous administration and targeted to the tumor tissue under
magnetic field. The defining characteristics of long circulating
nanoparticles in the blood stream are charge, size (10–100 nm),
hydrophobicity and immunogenicity of particles (Bisht and
Amarnath, 2009). CS MNPs have neutral charge due to the ionic
interactions between the drug and nanoparticles. The hydrody-
namic size of CS MNPs is in this range. Since CS MNPs are biocom-
patible and have hydrophilic surfaces, they circulate at a prolonged
time in the blood stream.
5. Conclusion

In summary, in this study, different sized CS MNPs were synthe-
sized and efficiently loaded with Doxorubicin for the in vitro tar-
geted delivery applications on MCF-7 breast cancer cells. The
optimal loading efficiency, stability and release profiles of Doxoru-
bicin loaded nanoparticles were determined. The Doxorubicin
release profiles showed a pH dependent, and slow release pattern.
As the pH decreased, swelling ratio of chitosan increased, therefore
the drug release increased. The CS MNPs released most of the
Doxorubicin at pH 4.2, while the nanoparticles are quite stable at
pH 7.4.

Fluorescence microscopy images have revealed that Doxorubi-
cin loaded CS MNPs were taken up by the cells and accumulated
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around the nucleus, so that Doxorubicin is successfully delivered
near to the nucleus, where the drug shows its anti-cancer activity.
Doxorubicin loaded CS MNPs were more toxic on Doxorubicin
resistant MCF-7 cells than free drug. This confirms that the
released drug is active. Application of Doxorubicin as loaded on
CS MNPs caused the reversal of drug resistance by increasing the
accumulation of Doxorubicin in the cells. According to these
results, it is inferred that the synthesized chitosan coated magnetic
nanoparticles has a high potential to be used as a pH responsive
drug delivery system, which can be targeted to tumor cells under
magnetic field and seems to be an efficient system to eliminate
Doxorubicin resistance in MCF-7/Dox cells.
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