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Targeted delivery of anti-cancer drugs increase the efficacy, while decreasing adverse effects. Among
various delivery systems, chitosan coated iron oxide nanoparticles (CsMNPs) gained attention with their
biocompatibility, biodegradability, low toxicity and targetability under magnetic field. This study aimed
to increase the cellular uptake and efficacy of Gemcitabine.

CsMNPs were synthesized by in situ co-precipitation and Gemcitabine was loaded onto the nano-
particles. Nanoparticle characterization was performed by TEM, FTIR, XPS, and zeta potential. Gemcita-
bine release and stability was analyzed. The cellular uptake was shown. Cytotoxicity of free-Gemcitabine
and Gem-CsMNPs were examined on SKBR and MCF-7 breast cancer cells by XTT assay.

Gemcitabine loading was optimized as 30 mM by spectrophotometric analyses. Drug release was
highest (65%) at pH 4.2, while it was 8% at pH 7.2. This is a desired release characteristic since pH of
tumor-tissue and endosomes are acidic, while the blood-stream and healthy-tissues are neutral. Peaks
reflecting the presence of Gemcitabine were observed in FTIR and XPS. At neutral pH, zeta potential
increased after Gemcitabine loading. TEM images displayed, Gem-CsMNPs were 4 nmwith uniform size-
distribution and have spherical shape. The cellular uptake and targetability of CsMNPs was studied on
MCF-7 breast cancer cell lines. IC50 value of Gem-CsMNPs was 1.4 fold and 2.6 fold lower than free-Gem
on SKBR-3 and MCF-7 cell lines respectively, indicating the increased efficacy of Gemcitabine when
loaded onto nanoparticles.

Targetability by magnetic field, stability, size distribution, cellular uptake and toxicity characteristics
of CsMNPs in this study provides a useful targeted delivery system for Gemcitabine in cancer therapy.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Breast cancer is a prevalent cancer for women in the vast ma-
jority of countries worldwide (Bray et al., 2013). Despite the ad-
vances in treatments, the overall survival rate has not been im-
proved substantially (Jemal et al., 2010). Conventional che-
motherapeutic agents are unspecifically distributed all over the
body where they affect both cancerous and normal cells. This
treatment results in excessive toxicities. There is a need to develop
novel approaches for therapies based on targeting of cancer cells.
Recent advances in nanotechnology have explored new targeting
versity, Department of Bio-
: 1, 06800 Ankara, Turkey.
. Parsian),
u.tr (U. Gunduz).
strategies for enhancing intra-tumoral drug concentrations while
limiting the systemic toxicity and side effects (Maeda, 2001).

Antitumor activity of Gemcitabine (2′,2′-difluorodeoxycytidine),
a nucleoside analogue, has been reported in a variety of human
tumors, including breast cancer in both experimental and clinical
studies (Reddy and Couvreur, 2008). Gemcitabine inhibits DNA
synthesis by incorporating into DNA. With its incorporation, DNA
polymerase cannot add nucleotides leading to the termination of
chain elongation, and induces apoptosis (Toschi et al., 2005).
However, Gemcitabine could cause major systemic toxicities and
drug resistance, which also restricts its therapeutic efficacy (Dasanu,
2008). The plasma level of this drug can quickly drop below the
effective threshold level due to the short biological half-life (8–
17 min) and its clinical benefit becomes limited. Thus, much larger
doses are required to reach the effective plasma concentrations,
increasing the risk of side effects. In addition, Gemcitabine is
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hydrophilic and it could not pass the plasma membrane by passive
transportation (Lilly and Company, 1997) Therefore, it must be
transported into the cells by nucleoside transporters, such as the
human Equilibrative Nucleoside Transporters (hENT) (Bildstein
et al., 2010; Chitkara et al., 2013). Cancer patients with tumors
conveying lower hENT1 expression, have a considerably lower
survival rate following Gemcitabine therapy as compared to pa-
tients with tumors that has a higher hENT1 expression. Moreover,
many patients fail to benefit from the treatment due to the lack of
the receptor (Farrell et al., 2009).

Few studies in the literature have been carried out for the de-
velopment of Gemcitabine delivery system using nanoparticles
which could reduce its side effects, increase internalization of the
drug without receptor mediation and prolong its retention time
(Arya et al., 2011; Hosseinzadeh et al., 2012; Garg et al., 2012; Arias
et al., 2011). Chitosan has gained considerable attention due to its
biocompatibility, biodegradability, and non-toxicity. Chitosan
based delivery systems are widely used for the controlled delivery
of drugs, proteins, and peptides (Braz et al., 2011; Rodrigues et al.,
2012; Yongmei and Yumin, 2003). Chitosan coated magnetic na-
noparticles were previously synthesized and characterized by our
group (Unsoy et al., 2012, 2014a, 2014b). These nanocarriers,
containing a magnetite (Fe3O4, iron oxide) core, could be actively
targeted to the tumor site by an externally applied magnetic field
after loaded with anti-cancer drugs. This is the main advantage of
MNPs. Another important utility of MNPs is their role in tumor
visualization as MRI agents, which is also approved by Food and
Drug Administration in clinical use (Gao et al., 2009; Wilczewska
et al., 2012).
2. Material and methods

In this study, chitosan coated magnetic nanoparticles (CsMNPs)
were loaded with Gemcitabine for tumor targeting. Characteriza-
tion of the drug loaded nanoparticles was performed by Trans-
mission electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and
zeta potential analyses. Drug loading and release characteristics of
the nanoparticles were investigated. The cellular uptake and tar-
getability characteristics of CsMNPs were studied on MCF-7 breast
cancer cell lines. The cytotoxicity of free Gemcitabine and Gem-
citabine loaded CsMNPs on breast cancer cell lines was de-
termined by XTT cell proliferation analysis.

Iron (II) chloride tetrahydride (FeCl24H2O), iron (III) chloride
hexahydrate (FeCl36H2O) were obtained from Merck (Germany).
Chitosan (LMW, degree of deacetylation (DD) Z85%), Sodium
tripolyphosphate (TPP), Ammonium hydroxide (NH4OH), Phos-
phate buffered saline (PBS), RPMI-1640, Fetal Bovine Serum (FBS),
Trypsin–EDTA, Gentamycin, were purchased from Sigma-Aldrich
Chemie GmbH, (Germany). Gemcitabine hydrochloride was the
product of Sigma-Aldrich (USA). Mechanical stirrer (Heidolf RZR
2021, Germany) was used in the nanoparticle synthesis. XTT cell
proliferation assay kit (XTT) was supplied by Biological Industries,
Israel Beit Haemek Ltd (Israel). XTT cell proliferation assay was
measured at UV spectrophotometer 96 well plate reader (Multis-
kan GO, Thermo Scientific). Transmission Electron Microscopy,
X-Ray Diffraction spectroscopy and Zeta-Potential measurements
were carried in METU Central Laboratory.

2.1. In situ synthesis of chitosan coated magnetic iron oxide nano-
particles (CsMNPs)

Chitosan coated magnetic iron oxide nanoparticles were in situ
synthesized by the precipitation of Fe(II) and Fe(III) salts in the
presence of chitosan and TPP molecules according to Unsoy et al.
(2012). Chitosan (0.15 g) was dissolved in 1% acetic acid, and the
pH was adjusted to 4.8. Iron salts were dissolved in 0.5% chitosan
solution. 10 ml of TPP and 25 ml of NH4OH were added under the
nitrogen (N2) gas flow and at vigorous stirring (Mechanical stirrer,
Heildolf RZR 2021, Germany). TPP was used for the cross linking of
chitosan polymers. The resulting solution containing chitosan
coated magnetic Fe3O4 nanoparticles were extensively washed
with deionized water and separated by magnetic decantation for
several times.

2.2. Gemcitabine loading on CsMNPs

CsMNPs (2.5 mg/ml) were mixed with different concentrations
of Gemcitabine in methanol solution (100%) and rotated (Biosan
Multi RS-60 Rotator) at 90 rpmwith 5 s vibration intervals for 24 h
inside the light protected tubes at room temperature. After the
incubation period, Gemcitabine loaded CsMNPs were separated by
magnetic decantation with a neodymium magnet for a few min-
utes and drug loading efficiency was quantified by measuring the
amount of unloaded drug, remained in the supernatant with a UV
spectrophotometer (Multiskan GO, Thermo Scientific) at 269 nm.
(Eq. (1)). The absorbance of supernatant from drug unloaded
CsMNPs was used as blank. Amount of Gemcitabine in supernatant
was calculated with the help of standard curve. The standard curve
was constructed with different concentrations of the drug (Gem-
citabine concentration: 1.5–22.5 mg/ml, Absorbance 0.04–0.71
unit). The loading of Gemcitabine on CsMNPs was confirmed by
FTIR, XPS and Zeta-potential (Malvern Nano ZS90) analyses. The
FTIR, XPS and Zeta-potential analyses were carried out in METU
Central Laboratory.

( )= ×
( )

Loading efficiency %
Calculated drug concentration
Theoretical drug concentration

100
1

2.3. Release of Gemcitabine from CsMNPs

The release of loaded Gemcitabine from CsMNPs (2.5 mg/ml)
was analyzed at three different pH values in acetate (pH 4.2, 5.2)
and PBS (pH 7.2), buffers at 37 °C. The amount of released Gem-
citabine was determined by measuring the absorbance of the su-
pernatant spectrophotometrically at 269 nm in different time
intervals.

2.4. Targeting of CsMNPs by magnetic field

The magnetic properties of CsMNPs was evaluated in a three
well canal-connected slide (designed by Assist. Prof. Dr. Ender
YILDIRIM, Department of Mechanical Engineering, Cankaya Uni-
versity). MCF-7 cells (2.104 cells/slide) were seeded. After incuba-
tion for 12 h medium is removed and the magnetic field is applied
under the middle well of slide. The nanoparticle dispersed med-
ium was injected to the canal in order to detect the accumulation
of CsMNPs by magnetic field application of the nanoparticles after
removal of magnetic field.

2.5. Cellular uptake of CsMNPs

CsMNPs were applied at a concentration of 2.5 mg/ml and in-
cubated for 7 h at 37 °C. After the incubation, cellular uptake of
CsMNPs were detected by Prussian blue staining method, includ-
ing iron stain and pararosaniline solutions. To prepare iron stain
solution, potassium ferrocyanide solution (Sigma-Aldrich) and
hydrochloride acid (1:1 v/v) were mixed in a falcon tube. Para-
rosaniline solution was diluted with dH2O (2%, v/v). The blue color
is obtained by the reaction of ferrocyanide acid in iron stain



Fig. 2. Gemcitabine release profiles of CSMNPs in acetate buffer at pH 4.2, pH
5.2 and PBS buffer at pH 7.2. The data are represented as the mean7S.E.M. (n ¼3).
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solution with CsMNPs. Pararosaniline solution stains MCF-7 cells
to pink color. Nanoparticle treated and untreated MCF-7 cells were
visualized under the microscopy (Fluorescence Microscope System
DM6000, Leica).

2.6. Cytotoxicity of CsMNPs and Gemcitabine loaded CsMNPs

Cytotoxicity of CsMNPs and Gemcitabine loaded CsMNPs on
MCF-7, SKBR-3 human breast cancer cell lines were determined by
Cell Proliferation Assay with XTT Reagent (Biological Industries,
Israel) according to manufacturer's instructions.

SKBR-3 and MCF-7 (6�103 cells/well) cells were seeded into
the 96 well microtiter plates (Greiner) and incubated overnight at
37 °C in a 95% (v/v) humidified atmosphere with 5% (v/v) CO2.
Cells were exposed to Gemcitabine, CsMNPs, and Gemcitabine
loaded CsMNPs, for 72 h. At the end of 72 h, XTT reagent was
added and soluble product was measured at 496 nm by microplate
reader (Multiscan GO, Thermo Scientific). Cells incubated in only
cell culture media were used as control. Relative cell viability re-
sults for Gemcitabine, CsMNPs, and Gemcitabine loaded CsMNPs
exposed cells are given. The cell viability in control groups was
considered 100%.
3. Results

3.1. Gemcitabine loading onto CsMNPs

Gemcitabine loading was achieved as 16, 22, 30 mM with dif-
ferent initial drug concentrations 7.5, 15, 22.5 mg/ml, respectively
(Fig. 1). The highest loading efficiency was obtained as 39%
(30 mM) with the highest Gemcitabine concentration (22.5 mg/ml)
and all the experiments continued with this preparation.

3.2. Release of Gemcitabine from nanoparticles

Gemcitabine release studies showed that CsMNPs have a pH
dependent release pattern. Chitosan is soluble in diluted acids
with a pH lower than pKa (about 6.3) (Mucha, 1997). At low pH,
the free amino groups are protonated causing electrostatic repul-
sion between the polymer chains, enabling opening up the bran-
ches of the polymeric chains and thus release of entrapped drug
(Szymańska and Winnicka, 2015). The release profiles of the drug
from CsMNPs in acetate buffer at pH 4.2 and pH 5.2 are given in
Fig. 2. The drug release was studied in the pH range of 4.2–5.2, due
to the lysosomal and late endosomal pH is in the range of pH 3–5
(Lim et al., 2011). In this range of pH almost the entire drug load is
released inside the cells. The release studies were continued up to
Fig. 1. Gemcitabine loaded on CsMNPs at different drug concentrations. The data
are represented as the mean7S.E.M. (n¼3).
24 h. Gemcitabine release was significantly higher at pH 4.2
(65.4%) compared to pH 5.2 (33%).

CsMNPs showed 25% and 10% initial burst release of Gemcita-
bine at pH 4.2 and 5.2, respectively during the first 3 h. This initial
rapid release, characterized as “burst effect”, occurs by desorption
of Gemcitabine, localized on the surface of nanoparticles. There-
fore, the rest of the drug must be entrapped into the mesh cavities
of nanoparticles and released at a slower rate.

The release of Gemcitabine from the nanoparticles was also
evaluated in PBS (pH 7.2) at 37 °C, which mimics the physiological
conditions for 72 h. Fig. 2 shows only 24 h comparing the drug
release rates of CsMNPs at different pH values. Results showed that
the percentage of cumulative release was about 8%. During the
first 12 h only 2% of the drug was released. Consequently, Gem-
citabine loaded CSMNPs were highly stable at neutral pH.

3.3. Characterization of Gemcitabine loaded CsMNPs

3.3.1. Transmission electron microscopy (TEM) analyses
TEM images of CsMNPs and Gemcitabine loaded CsMNPs dis-

played almost spherical morphology and uniform size distribution
(Fig. 3). The average diameters of CsMNPs were 4 nm and Gem-
citabine loading did not significantly affect the sizes of the
nanoparticles.

3.3.2. X-Ray photoelectron spectrophotometry (XPS) analyses
X-ray photoelectron spectrophotometry give insight to the in-

teractions between the surface of chitosan coated iron oxide na-
noparticles and Gemcitabine. XPS specifically reveals atomic
composition of the nanoparticle's surfaces. Nitrogen and oxygen
amounts did not change significantly upon loading of Gemcitabine
which may be due to the fact that most of the loaded Gemcitabine
enters into the cavities of chitosan network rather than attaching
to the surface of nanoparticles (data not shown). However, the
peak belonging to Fluorine atom of Gemcitabine appeared in the
particular Fluorine analyses of drug loaded CsMNPs (between 670
and 700 eV binding energy and under 1200 c/s), demonstrating
the presence of Gemcitabine on the surface of CsMNPs.

3.3.3. Fourier Transform-Infrared Spectroscopy (FTIR)
The CsMNPs and Gemcitabine loaded CsMNPs were character-

ized by the FTIR. In FTIR spectra of drug loaded nanoparticles the
bands coming from both the CsMNPs and from free Gemcitabine
were observed (Fig. 4). FTIR spectra of Gemcitabine revealed high
intensity broad bands at approximately 2932, 1689, and
1055 cm�1. These peaks were also observed in the spectrum of
Gemcitabine loaded CsMNPs as shifted to 2920, 2850 cm�1 (CH2),
1689 cm�1 (C¼O) and 1053 cm�1 (C–O). However, these peaks
were not present in the spectrum of CsMNPs. This is a clear in-
dication of Gemcitabine loading on chitosan coated magnetic
nanoparticles.



Fig. 3. TEM images of CsMNPs (a) and Gemcitabine loaded CsMNPs (b).

Fig. 4. FTIR spectra of CsMNPs and Gemcitabine loaded CsMNPs.

Fig. 5. Zeta potential measurements of CsMNPs (a) and Gemcitabine loaded CsMNPs (b). The number of runs is triplicate.
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Fig. 6. Targeting of CsMNPs; injection of CsMNPs to the canal (a) and accumulation of CsMNPs (b, c) by magnetic field. Dispersion of the nanoparticles after the removal of
magnetic field (d).
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3.3.4. Zeta (ζ) potential analysis
The zeta potential of CsMNPs was determined as �20 mV in

aqueous medium at pH 7.2. Unsoy et al. (2012) reported that
CsMNPs have negative charge at pH46.7 due to the deprotona-
tion of amino groups on chitosan layer. An electrostatic interaction
is expected between the aqueous dispersion of negatively charged
CsMNPs (pH 7.2) and positively charged Gemcitabine (by the
protonation of NH2 group). Zeta potential of Gemcitabine loaded
CsMNPs was �9 mV at pH 7.2. This significant increase in zeta
potential from �20 mV to �9 mV could be explained by entrap-
ment of Gemcitabine to the chitosan coated iron oxide nano-
particles and neutralizing the negative charge (Fig. 5).
3.3.5. Targeting of CsMNPs by magnetic field
The targeting of chitosan magnetic nanoparticles were in-

vestigated in a MCF-7 cells seeded slide. The targetability of
CsMNPs are shown in Fig. 6. After the magnetic field application,
all of the CsMNPs were accumulated in the middle well, that the
magnetic field is applied. None of the nanoparticles have passed to
the third well. When the slide was removed away from the mag-
netic field, CsMNPs have dispersed in the medium again. The light
microscope images of middle wells of cell seeded slides is given in
Fig. 7.
Fig. 7. Light microscopy image of CsMNPs applied MCF-7 cells seeded in the
middle well of the slide.
3.3.6. Cellular uptake of CsMNPs
The nanoparticles dispersed in the medium were given to the

MCF-7 cells for 7 h (Fig. 8). The blue colored CsMNPs were taken
up by the cells and color of the cells, which internalize nano-
particles, get darker than the control cells. The color of nuclear
membrane appeared significantly darker than in the control cells.
This implies the accumulation of CsMNPs around the nucleus
during this incubation time. Even the agglomerates formed after
the staining of CsMNPs were observed as adhered on the cells
though the harsh washing steps of MCF-7 cells.

3.3.7. Cytotoxicity of CsMNPs and Gemcitabine CsMNPs on SKBR-3
and MCF-7 cells

XTT results showed that unloaded CsMNPs were not sig-
nificantly cytotoxic on SKBR-3 cells up to 1.7 mg/ml concentration.
On the other hand, 0.8 mg/ml CsMNPs caused 30% cell death on
MCF-7 cells (Fig. 9). However, much lower amounts (less than
0.5 mg/ml) of CsMNPs were used for drug loading studies which is
not significantly cytotoxic.

Fig. 10 demonstrates the dose dependent anti-proliferative ef-
fect of free Gemcitabine and Gemcitabine loaded CsMNPs on MCF-
7 and SKBR-3 cell lines. IC50 values of Gemcitabine and Gemcita-
bine loaded CsMNPs were 3.6 μM and 1.5 μM on MCF-7 cells and
6.5 μM and 4.8 μM on SKBR-3 cells, respectively (Fig. 10). Results
showed that, Gemcitabine loaded CsMNPs were found as nearly
2.6 and 1.4 fold more toxic compared to free Gemcitabine on MCF-
7 and SKBR-3 cells, respectively. These results showed that Gem-
citabine loaded on CsMNPs are more effective on both breast
cancer cell lines.
4. Discussion

Easy synthesis, chemical stability in physiological conditions,
possibility of coating by polymeric shells and loading with various
agents make iron oxide (Fe3O4, magnetite) nanoparticles favorable
for biomedical use (Sun et al., 2008; Nune et al., 2009). Chitosan
coated magnetic nanoparticles (CsMNPs) were synthesized for
targeting drugs to the tumor cells in the presence of magnetic
field. By this way the drug concentration may be increased in a
specific target tissue compared with the rest of the body. The
targeting and accumulation of CsMNPs via magnetic field appli-
cation was shown in this study (Figs. 6 and 7). In our previous
studies, the magnetic core of CsMNPs was found as super-
paramagnetic by Vibrating sample magnetometry (VSM) analyses
(Unsoy et al., 2012). Superparamagnetic nanoparticles show
magnetic properties just in the presence of magnetic field, which
is a desired characteristic in biomedical applications (Unsoy et al.,
2012; Khodadust et al., 2013). Chitosan coat on the surface of
magnetic nanoparticles reduces the agglomeration, and provides
internal cavities for loading of therapeutics and adding functional



Fig. 8. The bright field microscope images of untreated control (left) and Prussian Blue stained CsMNPs treated (right) MCF-7 cells. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. IC50 values of free Gemcitabine and Gemcitabine loaded CsMNPs in MCF-7
and SKBR-3 cell lines.
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groups (Unsoy et al., 2014a, 2014b; Andrade et al., 2011). In this
study, an anti-cancer drug, Gemcitabine was loaded onto CsMNPs,
which was verified by UV spectophotometric measurements, XPS,
Zeta-potential, and FTIR.

The results of TEM analysis displayed nanoparticles with uni-
form size distribution of 4 nm on the average. Particle size ob-
served by TEM reflects only the magnetite (Fe3O4) core of the
nanoparticles, because the loose chitosan layer collapses during
the drying process before TEM analysis. Previous studies in our
laboratory with dynamic light scattering (DLS) nanosizer indicated
that the hydrodynamic diameters of CsMNPs were about 60 nm
(Unsoy et al., 2012). In the case of intravenous administration,
nanoparticles larger than 200 nm diameter can activate human
complement systems and be phagocytized by Kupffer cells (Ag-
garwal et al., 2009). Kulkarni and Feng (2011) validated that their
small sized (o200 nm) nanoparticles can escape from recognition
by the reticuloendothelial system (RES) and prolong the half-life of
the nanoparticles in the blood circulation. Longer blood circulation
time increases the availability of the nanoparticles in the body. The
size of the nanoparticles plays a key role in their adhesion to and
interaction with the cells. Nanoparticles with sizes smaller than
200 nm are efficiently taken up by the cancer cells via endocytosis
in vitro (Foster et al., 2001). Therefore, our CsMNPs are expected to
escape from reticuloendothelial system (RES) and be taken up by
tumor cells. In the literature, there are few studies related to
Gemcitabine loaded chitosan nanoparticles, however most of
Fig. 9. Cytotoxicity of CsMNPs on MCF-7 (a) and SKBR-3 (b) cell
them do not contain magnetite (Arya et al., 2011). Among these
nanoparticles, the size range is between 80 and 400 nm (Hos-
seinzadeh et al., 2012; Garg et al., 2012; Arias et al., 2011). When
low molecular weight chitosan was used with low amounts of TPP
in the synthesis; a smaller sized, more porous and loose structured
nanoparticles, with many cavities for drug entrapment, were ob-
tained (Hosseinzadeh et al., 2012; Unsoy et al., 2012). This is ad-
vantageous for targeted drug delivery effecting the loading and
release characteristics of CsMNPs.

Zeta potential of CsMNPs was determined as negative around
lines. The data are represented as the mean7S.E.M. (n¼2).
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the neutral pH (Unsoy et al., 2012). The zeta potential shifted to-
wards more positive direction after loading with Gemcitabine
(Fig. 5). This may be due to positive charge of Gemcitabine which
probably masks the surface charge of CsMNPs. The negative do-
mains of cell membrane can interact with Gemcitabine loaded
CsMNPs by nonspecific electrostatic interactions to facilitate their
cellular uptake. In addition to surface charge, it was found that the
cellular uptake was heavily dependent on size. In this study,
CsMNPs were successfully taken up by MCF-7 cells. The efficient
cellular internalization of CsMNPs were previously demonstrated
on various cell lines by our group (Unsoy et al., 2012). Huang et al.
(2002) was also reported that A549 cells internalize chitosan na-
noparticles predominantly by clathrin-mediated adsorptive en-
docytosis, not by fluid endocytosis or passive diffusion. Cellular
internalization of N-acetyl histidine-conjugated glycol chitosan
nanoparticles was also occurred by adsorptive endocytosis (Park
et al., 2006).

The drug release was measured in acetate buffer at two dif-
ferent pH values (pH 4.2 and pH 5.2) up to 24 h. Higher release of
Gemcitabine was obtained at pH 4.2 (65%) which is probably due
to the decomposition of chitosan at this pH (Braz et al., 2011).
Gemcitabine release from CsMNPs indicated a pH dependent re-
lease pattern. As the pH of the medium was decreased, the drug
release increased. Therefore, Gemcitabine is expected to be re-
leased inside the cancer cells, because the pH of tumor tissue and
endosomes are acidic (pH 3–5) (Lim et al., 2011; Park et al., 2006;
Decuzzi et al., 2007; Sahu et al., 2010). The burst release of 25%,
10% Gemcitabine at pH 4.2, 5.2, respectively, indicated that low
amount of drug was associated with the surface and most of the
drug was entrapped into the mesh cavities of CsMNPs. In the proof
of XPS analysis, only small percentage of the drug was attached to
the surface of CsMNPs because there was not a significant change
on nitrogen and oxygen atoms upon Gemcitabine loading on the
surface of nanoparticles.

Garg et al. (2012) investigated in vitro release kinetics of
Gemcitabine from chitosan/poly(ethylene glycol)anisamide nano-
particles by dialysis bag method using PBS (10 mM, pH 5.8) as
release medium. They showed that nearly 79% of the drug was
released from CsMNPs during 10 days. In their case, Gemcitabine
release from the nanoparticles was so slow due to the en-
capsulation of drug during the synthesis of high molecular weight
polymeric structure. The presence of PEG together with chitosan
seems to affect and slows down the release of the drug from the
nanoparticles. Contrarily, Arias et al. (2011) obtained much faster
Gemcitabine release rate from chitosan nanoparticles at pH 5.
They observed 65% release within 2 h, while the remaining drug
was slowly released in the next 22 h. This fast release was attrib-
uted to the high solubility of chitosan at pH 5. In our study, TPP
cross-linker was used to prevent the rapid degradation of chitosan
at pH 5.2. Therefore, CsMNPs released 33% of the loaded Gemci-
tabine at pH 5.2 in 24 h (Fig. 2) after the burst release (10%), which
seems to be a reasonable release rate when compared to the
previous studies in the literature. The release reflects that higher
amounts of the drug were present in the internal cavities of the
CsMNPs.

Arias et al. (2011) also reported that at pH 7.4, the entrapped
drug within the nanoparticles showed burst release in the first 2 h
(40%). This burst release is explained as the leakage of the surface
associated drug, which rapidly diffused to the medium. The re-
maining drug was released throughout the next 4 days. In our
study, Gemcitabine release from CsMNPs was quite low (8%) in PBS
buffer (pH 7.2, 37 °C) up to 72 h, which is advantageous for the
stability of the drug in blood circulation. Actually, it is known that
the half-life of free Gemcitabine is too short (8–17 min) at phy-
siological conditions (Dasanu, 2008). On the other hand, 92% of the
loaded Gemcitabine on CsMNPs retains up to 72 h at pH 7.2, which
is a great improvement.
The burst release from CsMNPs in this study is r2% at pH 7.2.

In the study of Celia et al., the burst release of Gemcitabine from
chitosan nanoparticles were 40% in the first 2 h studied at pH 7.4
(Celia et al., 2011).

As previously reported by Unsoy et al. (2014a) the efficacy of
Doxorubicin loaded CsMNPs was 2 folds higher than free Doxor-
ubicin on MCF-7 cells. In another study we have carried out with
Bortezomib loaded CsMNPs revealed that the IC50 decreases
2 folds as compared to free Bortezomib applied onto HeLa cells
(Unsoy et al., 2014b). Findings of Vandana and Sahoo, also con-
firms these results in pancreatic cancer cells (Vandana and Sahoo,
2010). They have reported that IC50 of PEGylated Gemcitabine was
1.8 fold lower than free Gemcitabine. Consequently, higher degree
of cell killing was achieved with the same drug concentrations
when delivered by nanoparticles in vitro.

In this study, unloaded CsMNPs showed no cytotoxic effect on
SKBR-3 and MCF-7 cells up to 0.5 mg/ml. Gemcitabine loaded
CSMNPs were 1.4–2.6 fold more effective in killing of these two
breast cancer cell lines as compared to free Gemcitabine. CsMNPs
could increase the cellular uptake of Gemcitabine by endocytosis.
Free Gemcitabine chloride could not pass through the plasma
membrane easily due to its hydrophilicity.

The development of drug resistance is an important clinical
complication, and the construction of drug loaded nanoparticles
offer an opportunity to overcome this problem (Arias et al., 2011;
Gao et al., 2009). Gemcitabine resistance caused by the loss of
certain nucleoside transporters (hENTs) could be bypassed via
nanoparticles since hENTs are not needed for internalization of the
drug (Farrell et al., 2009). Cellular internalization of drug loaded
nanoparticles occur through endocytosis. In the light of these re-
sults, Gemcitabine loaded CsMNPs may be a promising tool for
breast cancer therapy.
5. Conclusion

Targeted drug delivery prevents adverse off-target effects, drug
toxicities, and unnecessary systemic immunosuppression, while
providing increased therapeutic efficacy. Moreover, tissue specific
delivery may also increase the benefit of some drugs whose their
use have been eliminated due to low bioavailability in affected
tissues or prohibitively high toxicities in the rest of the body.
Therefore, targeted drug delivery may solve many concerns.

In this study, synthesized chitosan magnetic nanoparticles are
non-toxic, targetable by a magnetic field and quite stable in phy-
siological conditions. Besides, Gemcitabine loaded chitosan mag-
netic nanoparticles exhibited higher anti-proliferative activity
than free drug in vitro with pH dependent drug release char-
acteristics. Consequently, Gemcitabine loaded CsMNPs may be a
good targeted drug delivery system for clinical applications. Fur-
ther in vivo studies are needed.
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