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A B S T R A C T

Tumor-specific delivery of anticancer drugs by magnetic nanoparticles will maximize the efficacy of the
drug and minimize side effects, and reduce systemic toxicity. The magnetic core of these nanoparticles
provides an advantage for selective drug targeting as they can be targeted to the tumor site and
accumulated in cancer cells by means of an external magnetic field. Magnetic nanoparticles can be coated
with Polyamidoamine (PAMAM) dendrimer and loaded with drugs. However, biomedical applications of
PAMAM dendrimers are limited due to their toxicity associated with their multiple cationic charges due
to terminal ��NH2 groups. Modifying the positively charged end groups with negatively charged ��COOH
groups, is a satisfactory strategy for obtaining less toxic PAMAM dendrimers. Gemcitabine being an
analogue of deoxycytidine, is an effective anticancer drug. However, clinical benefits of Gemcitabine are
limited due to its short biological half-life. The aim of this study was to obtain an effective, less toxic
targeted delivery system for Gemcitabine. Half generations, between G4.5 and G7.5, of PAMAM
dendrimer coated magnetic nanoparticles (DcMNPs) were synthesized and conjugated with
Gemcitabine. TEM images showed nanoscale size (12–14 nm) of the nanoparticles. The zeta-potential
analysis indicated a decreased negativity of surface charge in drug bound dendrimer compared to the
empty nanoparticles. Gemcitabine was effectively conjugated successfully onto the surface of half-
generations of PAMAM DcMNPs. It was observed Gemcitabine did not effectively bind to Generations G4
and G5. The highest drug loading was obtained for DcMNPs with Generation 5.5. Empty nanoparticles
showed no significant cytotoxicity on SKBR-3 and MCF-7 cells. On the other hand, Gemcitabine loaded
nanoparticles were 6.0 fold more toxic on SKBR-3 and 3.0 fold more toxic on MCF-7 cells compared to free
Gemcitabine. Gemcitabine loaded on Generation 5.5 DcMNPs showed a higher stability than free
Gemcitabine. About 94% of the drug was retained over 6 weeks period, at pH 7.2. Due to their targetability
under magnetic field, stability, size distribution, cellular uptake and toxicity characteristics the
dendrimeric nanoparticles obtained in this study can be useful a delivery system for Gemcitabine in
cancer therapy.

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

Magnetic micro/nanoparticles ranging from micrometer to
nanometer scale are being used in an increasing number of medical
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and biological applications such as magnetic resonance imaging
(MRI), magnetic cell separation, enzyme and protein immobiliza-
tion, hyperthermia, RNA and DNA purification, and targeted drug
delivery systems (Sun et al., 2008). The magnetic nanoparticles
have received great interest among cancer therapeutics due to the
enormous potential stemming from their small size as well as
magnetic properties (Arruebo et al., 2007). The other important
properties of magnetic particles for medical applications are their
low toxicity and biocompatibility (Ito et al., 2005). In addition, the
controllable sizes and targeting ability to the desired site by an
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external magnetic field are the main advantages (Gao et al., 2009;
Wahajuddin, 2012).

Magnetic nanoparticles can be readily modified with various
biocompatible coatings and loaded with drugs (Nune et al., 2009).
The drugs, nucleic acids, and proteins can be bound either to the
outer shell or inside the cavities of the polymer, such as
Polyamidoamine (PAMAM) dendrimer, dextran, PEG, PLGA, PHB,
and chitosan. The polymeric shells need to have active functional
groups in order to bond with biomolecules (Arias et al., 2001;
Khodadust et al., 2013).

In order to modify the magnetic nanoparticles, PAMAM
dendrimers are excellent candidates due to good special three-
dimensional structure, biocompatibility, multivalent surface, and
internal cavities. PAMAM magnetic nanoparticles have both
targetable and stimuli-responsive drug-delivery characteristics
which can release drug at the target sites (Svenson and Tomalia,
2005; Jain et al., 2010; Taghavi Pourianazar et al., 2014). Masking
the cationic charge of dendrimers and converting them into
biocompatible and less toxic dendrimers by surface engineering is
a rewarding strategy (Gillies and Fréchet, 2005; Pryor et al., 2014;
Yang et al., 2012). PEGylation, acetylation, peptide, and carbohy-
drate conjugation or introducing anionic charge such as half-
generation dendrimers are among the methods used to neutralize
the charge of PAMAM dendrimers (Hong et al., 2004; Taghavi
Pourianazar et al., 2014). PAMAM coated magnetic nanoparticles
are considered to deliver Gemcitabine to the target site in a
controlled manner without affecting the normal cells.

Gemcitabine (20, 20-diflurodeoxycytidine) is an analogue of
deoxycytidine which is structurally different, by its fluorine
exchange on position 20 of furanose ring. It is a potent nucleoside
analogue inhibiting DNA synthesis (Cappella et al., 2001; Alexande
and Greene, 2005; Mini et al., 2006). Gemcitabine is used as
anticancer drug against several solid tumors, including pancreatic,
lung, ovarian, colon, bladder, and breast cancers (Martín-Banderas
et al., 2013). Gemcitabine with a small molecular weight is a highly
hydrophilic drug, with a short plasma half-life. Therefore, it is often
administered at toxic high doses in clinical applications (Hodge
et al., 2011). Furthermore, due to its hydrophilic nature, it cannot
traverse cell membranes by passive diffusion and, therefore enters
via nucleoside transporters that may lead to drug resistance. In
addition, the use of Gemcitabine is limited by its side-effects, such
as toxicity to normal cells and anemia (Liu et al., 2014; Ferrazzi and
Stievano, 2014). Many approaches have been attempted to improve
the in vivo stability and efficacy of Gemcitabine and to reduce its
toxicity by loading/conjugated Gemcitabine to nanoparticle
systems and to overcome drug-resistance mechanisms (Maksi-
menko et al., 2013). Bio-conjugation to a polymeric carrier
provides an attractive strategy to deliver Gemcitabine to the
tumor tissue by protecting it from degradation in plasma. In line
with this approach, several lipidic conjugate (Brusa et al., 2007),
squalenoyl derivatives (Couvreur et al., 2006), and PEGylated
conjugates of Gemcitabine (Bekkara-Aounallah et al., 2008) have
been prepared and explored for enhanced anticancer properties.
However, some of these systems were limited by poor solubility,
uptake by the reticuloendothelial system (RES) or lower Gemci-
tabine payload (Chitkara et al., 2013).

In this study, with the aim of improving bioavailability,
increasing Gemcitabine payload, and other biopharmaceutical
features of Gemcitabine, different half generations (G4.5, G5.5,
G6.5 and G7.5) of PAMAM dendrimer-coated magnetic nano-
particles (DcMNPs) were synthesized and characterized to develop
an efficient drug delivery system for cancer treatment. G5.5
DcMNP was selected as the optimum generation which can load
the highest amount of the Gemcitabine.
2. Materials and method

2.1. Materials

Iron (II) chloride tetrahydrate (FeCl2�4H2O), iron (III) chloride
hexahydrate (FeCl3�6H2O), 3-aminopropyl trimethoxysilane
(APTS) [NH2 (CH2)3-Si-(OCH3)3], ethanol, methanol, methyl acry-
late, ethylene di amine, phosphate buffer saline (PBS), dimethyl-
sulfoxide (DMSO) and Gemcitabine hydrochloride were purchased
from Sigma-Aldrich (U.S.A). Trypsin-EDTA, gentamycin sulphate,
trypan blue and XTT cell proliferation kit were obtained from
Biological Industries, Israel Beit Haemek Ltd. (Israel). XTT cell
proliferation assay was measured at UV spectrophotometer 96
well plate reader (Multiskan GO, Thermo Scientific). MCF-7 cells
were provided by SAP Institute (Ankara, Turkey) and SKBR-3 was
provided by Assoc. Prof. Dr. Rengul Atalay, Middle East Technical
University. The cells were grown in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum, 1%
L-glutamine, 1% gentamicin (Biological Industries, Israel) and
maintained at 37 �C in a humidified air atmosphere with 5%
CO2. Mechanical stirrer (Heidolf RZR 2021, Germany) was used in
the nanoparticle synthesis. UV spectrophotometer (Multiskan GO,
Thermo Scientific) was used for measuring the absorbance of the
supernatants. The Transmission Electron Microscopy (FEI Tecnai
G2 Spirit BioTwin), X-Ray Photoelectron spectroscopy (Rigaku
Ultima-IV) and Zeta-Potential (Malvern Nano ZS90) measurements
were carried in METU Central Laboratory. FT-IR analysis was
carried out at Associate Prof. Dr. Bora Mavis’s laboratory in
Hacettepe University, Mechanical Engineering Department.

2.2. Preparation and surface coating of MNPs

Bare magnetic nanoparticles were synthesized by co-precipi-
tation methods and were coated by APTS as described by Gupta &
Gupta (Gupta and Gupta, 2005). Surface coating of MNPs by
PAMAM dendrimer was achieved by divergent method. A two-step
series synthesis should be repeated to obtain a PAMAM dendrimer.
The first step involves the addition of methylacrylate methanol
solution (20%, v/v) to G0 DcMNPs, and mixing at room temperature
for 7 h by ultrasonic water bath or mechanical stirrer (Gao et al.,
2005; Khodadust et al., 2013; Taghavi Pourianazar et al., 2014). The
first step produces a half generation.

The half generation DcMNPs obtained were separated by
magnetic decantation and washed with methanol. In the second
step ethylenediamine-methanol solution (50%, v/v) was added and
the suspension was mixed for additional 3 h for completing the full
generation. The stepwise growth of dendrimers was repeated until
the desired number of generations was achieved (Yang et al., 2012;
Khodadust et al., 2013). For achieving anionic carboxyl end groups,
the synthesis was ended after methylacrylate addition at the
desired half generation (Fig. 1).

2.3. Gemcitabine loading on different half-generations of DcMNPs

During the incubation period there was no energy input to the
reaction so the conjugation of drug to the nanoparticles was
supposed to occur as result of an electrostatic interaction rather
than covalent bonding. Various amounts of Gemcitabine in
methanol solution were incubated with G4.5, G5.5, G6.5, and
G7.5 DcMNPs (2.5 mg/ml) for 24 h at room temperature. After the
incubation period, Gemcitabine-conjugated DcMNPs were sepa-
rated by magnetic field and conjugation efficiency was quantified
by measuring the absorbance of the supernatant at 269 nm by a UV
spectrophotometer. The percentage of Gemcitabine conjugated
was calculated with the help of a standard curve with known
concentration of Gemcitabine (Eq. (1)) and converted to mM



Fig. 1. Generation 5.5 PAMAM dendrimer magnetic nanoparticle with carboxyl end
group.

Fig. 2. Conjugation efficiencies of Gemcitabine for different half-generations
DcMNPs (2.5 mg/ml). The data are represented as the mean � SEM (n = 5), stars
show statistical difference between G5.5 and G4.5, G6.5 and G7.5 at different
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(Parsian et al., 2016). The conjugation of Gemcitabine to DcMNPs
was confirmed by FTIR, XPS and Z-potential analyses.

Loading efficiency %ð Þ ¼ Calculated drug concentration
Theoretical drug concentration

� 100 ð1Þ

2.4. Release of Gemcitabine from DcMNPs

The release of Gemcitabine from DcMNPs was studied in
acetate buffers at pH 4.2 and 5.2 for 24 h. The amount of released
Gemcitabine was determined by measuring the absorbance of the
release media at 269 nm using the standard curve constructed with
known concentrations of Gemcitabine.

2.5. Stability of Gemcitabine conjugated on DcMNPs

The stability of DcMNPs loaded with the highest amounts of
Gemcitabine was studied in PBS (pH 7.2) up to 6 weeks at 37 �C. The
amount of Gemcitabine released from nanoparticles in PBS buffer
was determined at defined incubation periods by measuring the
absorbance of PBS buffer at 269 nm.

2.6. Magnetic field induction

In order to examine the magnetic properties of the particles, a
specific slide with 3 wells connected by a canal was designed by
Assist. Prof. Dr. Ender YILDIRIM (Cankaya University Department of
Mechanical Engineering). MCF-7 (2 � 104 cells/slide) cells were
seeded to the slide and incubated for 12 h. The medium was then
removed and DcMNPs dispersed in medium was injected to the
canal. The magnetic field was just applied under the middle well of
the slide. The slide was incubated 4 h with magnetic field in the
incubator. After incubation period the medium with DcMNPs were
removed and washed with phosphate buffered saline (PBS) for
complete removal of DcMNPs from cells. MCF-7 cells inside the
middle well of the slide were visualized by the light microscope.

2.7. Cellular uptake of DcMNPs

DcMNPs were diluted in medium containing 10% FBS at the
2.5 mg/ml concentration and incubated for 5 h at 37 �C. After the
incubation, media with DcMNPs were removed and cells were
washed with PBS for complete removal of DcMNPs. Fresh media
were then added to continue further viability and internalization
studies. Cellular uptake of DcMNPs was detected by Prussian blue
staining method (Taghavi Pourianazar and Gunduz, 2016).
Nanoparticle treated and untreated MCF-7 cells were visualized
under the microscopy (Fluorescence Microscope System DM6000,
Leica).

2.8. Cell proliferation assay

Cytotoxicity of bare and Gemcitabine conjugated DcMNPs was
determined using XTT cell proliferation assay kit. SKBR and MCF-7
(6 � 103cells/well) cells were seeded to 96 well plates and
incubated in a carbon dioxide incubator at 37 �C. The viability of
cells that were exposed to free DcMNPs, free Gemcitabine and
Gemcitabine conjugated DcMNPs for 72 h at 37 �C was determined
using XTT assay according to the manufacturer’s instructions. From
the cell viabilities IC50 values were determined. The viability of the
untreated control cells was taken as 100%.

3. Results

3.1. Gemcitabine loading efficiency of DcMNPs

Dendrimer coated MNPs (G4–G7) were fully characterized and
reported by our group previously. These dendrimeric nanoparticles
were shown to have superparamagnetic properties by Vibrating
sample magnetometer analyses (VSM) at 25 and 37 �C. The average
diameter of the bare MNPs was found as 55 �15 nm by Dynamic
light scattering analysis (DLS) (Khodadust et al., 2013).

In our initial attempts, loading of Gemcitabine on full
generation PAMAM dendrimers (G4 and G7) could not be achieved.
This was probably due to the amine end groups, which might have
prevented the conjugation of cationic Gemcitabine. Changing the
solvents such as methanol, PBS, and water didn’t improve the
loading of the drug. Then, half-generations of PAMAM dendrimers
(G4.5–G7.5) with free carboxyl groups were synthesized, charac-
terized and successfully loaded with Gemcitabine.

Conjugation efficiencies of different half generations (G4.5,
G5.5, G6.5, and G7.5) of DcMNPs were determined at different drug
concentrations (25, 50, 75 mM/ml in methanol). The highest
conjugation efficiency among half generations was observed for
G5.5 DcMNPs (Fig. 2). The drug conjugation efficiencies of G5.5
DcMNPs were found as 14, 20 and 24 mM for initial drug
concentrations (25, 50, 75 mM/ml) of Gemcitabine, respectively.
The highest drug conjugation was found as 24 mM (32%)
Gemcitabine (Fig. 2), for G5.5 DcMNPs at 75 mM/ml initial drug
concentration.

3.2. Characterization of PAMAM magnetic nanoparticles (DcMNPs)

Full (G5) and half generations (G4.5, G5.5, G6.5, G7.5) of
DcMNPs, and Gemcitabine conjugated DcMNPs were characterized
by TEM, zeta potential, FTIR and XPS analyses. The highest drug
concentrations of Gemcitabine (**** for p < 0.0001).



Fig. 3. TEM images and size distribution histograms of G5DcMNPs (A) G5.5 DcMNPs (B) and Gemcitabine conjugated G5.5 DcMNPs (C).
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conjugation concentration was found for G5.5 DcMNPs (24 mM)
and this generation of DcMNPs was used for all experiments.

3.3. TEM analysis

TEM images of G5DcMNPs and G5.5 DcMNPs are shown in
Fig. 3(A and B). There were no significant differences between the
full and half generations of dendrimeric nanoparticles in terms of
sizes and shapes. The average diameters of G5DcMNPs and G5.5
DcMNPs were around 10–12 nm and 11–13 nm, respectively. TEM
images of Gemcitabine conjugated G5.5DcMNPs (Fig. 3C) showed
almost spherical morphology and uniform size distribution. The
particle size of DcMNPs did not change after conjugation with
Gemcitabine.

3.4. Zeta (z) potential analysis

The zeta potential values of DcMNPs were measured at pH 7.2.
Full generation DcMNPs were positively charged with a surface
potential greater than +19 mV due to the presence of protonated
amine groups of dendrimer on the surface of particles. On the other
hand, G5.5 DcMNPs had negative zeta potential (�10 mV) due to
Fig. 4. FT-IR spectra of the G5 DcMNPs, G5.5 DcMN
the presence of terminal carboxyl groups in aqueous solution. The
zeta potential of Gemcitabine conjugated G5.5 DcMNPs was also
negative (�4.85 mV). These results supported our hypothesis that
Gemcitabine conjugation was achieved on the surface of the
nanoparticles with negatively charged carboxylic groups.

3.5. Fourier transform-infrared spectroscopy (FT-IR)

Coating of DcMNPs with a PAMAM dendrimer layer of G5 and
G5.5 was validated by FT-IR. Significant difference was observed at
1650–1750 cm�1 and 2800–3000 cm�1 in the FTIR spectra of
G5DcMNPs and G5.5DcMNPs (Fig. 4). The COOH bonds on G5.5
DcMNP can be seen at 1730 cm�1. Vibration of CO��NH�� bonds for
G5 DcMNP was observed at 1450, 1490, 1530, and 1620 cm�1. The
bands after 3000 cm�1 that mostly belong to N��H bonds were not
observed as expected for G5.5 DcMNPs. FTIR spectra of Gemci-
tabine revealed high intensity broad bands at approximately
2932 cm�1 (CH2), 1689–1835 cm�1 (C¼O), and 1616 cm�1 (NH2)
(Yalcin et al., 2014). These peaks were observed in the spectrum of
Gemcitabine loaded DcMNPs. When the FTIR spectra of G5.5 and
Gem-G5.5 DcMNPs were compared a difference in the peaks
between 1680–1800 cm�1 and 2800–3200 cm�1 was observed.
Ps, and Gemcitabine conjugated G5.5 DcMNPs.



Fig. 5. XPS scanning spectra of G5.5 DcMNPs, and Gemcitabine conjugated G5.5 DcMNPs.
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These peaks belong to CO��NH bonds. The peak at 3200–
3400 cm�1 shows stretching vibration of OH, and the band at
3320 cm�1 was assigned to stretching vibration of NH group.

3.6. X-ray photoelectron (XPS) analyses

XPS was used to examine the shell structure of the synthesized
product because core electron lines of ferrous and ferric ions can
both be detectable and distinguishable in XPS. Fig. 5 shows
representative XPS spectra of the G5.5 DcMNPs and Gemcitabine
conjugated G5.5 DcMNPs. The N1s band of DcMNPs at 400 eV was
assigned to amino groups (��NH2). There was an increase in the
contents of oxygen (O1s) from 33.9% to 35.6%, and nitrogen (N1s)
from 8.2% to 10.2% in Gemcitabine conjugated DcMNPs (Fig. 5). The
specific spectrum analysis of Gemcitabine conjugated DcMNPs
showed the fluorine atom found in the structure of Gemcitabine. It
was observed in XPS between 650 and 700 eV binding energy and
under 4000 c/s (not seen in this Fig. 5). These results demonstrated
that Gemcitabine was conjugated successfully to G5.5 PAMAM
dendrimeric magnetic nanoparticles.

3.7. Release profiles of Gemcitabine from G5.5 PAMAM DcMNPs

Gemcitabine release studies were performed in acetate buffer
at pH 4.2 and 5.2 for 24 h and the amount of released drug was
determined spectrophotometrically using the calibration curves
constructed with known concentrations of Gemcitabine in acetate
buffer prepared at the given pH (Fig. 6). At pH 4.2, the drug was
released entirely, while at pH 5.2 nearly 75% of the drug was
released within the first 15 h.
Fig. 6. Gemcitabine release profiles of DcMNPs in acetate buffer at pH 4.2 and 5.2.
The data are represented as the mean � SEM (n = 3).
3.8. Stability of Gemcitabine conjugated G5.5 PAMAM DcMNPs

The stability of Gemcitabine loaded nanoparticles was evaluat-
ed up to 6 weeks in PBS (pH 7.2) at 37 �C, which mimics the
physiological conditions in blood stream (Fig. 7). Only 6% drug
release occurred from Gemcitabine loaded nanoparticles during 6
weeks, which would provide an advantage in drug delivery
applications.

3.9. Targetability characteristics of DcMNPs by magnetic field

In order to examine the targetability of nanoparticles, the cells
were cultured in the wells of a specifically designed slide and
incubated for 12 h. A magnet was placed under the middle well of
the slide to study the magnetic property of the particles. DcMNPs
were shifted to the middle well right away and accumulated as
seen in the light microscope image. When the slide was removed
away from the magnetic field, DcMNPs have dispersed in the
medium again (Fig. 8).

3.10. Cellular uptake of DcMNPs

The next step was done to demonstrate the uptake magnetic
nanoparticles by cancer cells. G5.5 DcMNPs, dispersed in the
medium were internalized by the cells (Fig. 9). The blue colored
DsMNPs are those that were taken up by the cells during 5 h of
incubation and the color of the cells appeared darker than the
control cells. The color of nuclear membrane appeared significant-
ly became darker than in the control cells. This implies the
accumulation of DcMNPs around the nucleus during the incuba-
tion period. The agglomerates formed after the staining of DcMNPs
Fig. 7. Stability of Gemcitabine conjugated G5.5 DcMNPs in PBS buffer (pH 7.2). The
data are represented as the mean � SEM (n = 3).



Fig. 8. Targetability characteristics of DcMNPs by the magnetic field. A: step by step application of DcMNPs to the MCF-7 cells seeded in slide. B: light microscopy image of
MCF-7 cells and accumulation of MNPs in the middle well of the slide.

Fig. 9. The bright field microscope images of (A) untreated control MCF-7 cells, and (B) Prussian Blue stained G5.5 DcMNPs treated MCF-7 cells. The blue color indicates
DcMNPs and the pink color indicates MCF-7 cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were observed as adhered on the cells even after the harsh washing
of MCF-7 cells.

3.11. In vitro cytotoxicity studies of G5.5 PAMAM DcMNPs

Cytotoxicities of G5.5 DcMNPs, free Gemcitabine and Gemci-
tabine conjugated G5.5 DcMNPs were investigated by XTT cell
proliferation assay using SKBR-3 and MCF-7 breast cancer cell
lines. Survival rates of cells incubated with G5.5 DcMNPs indicated
that there was no significant cytotoxic effect of the free
nanoparticles (not loaded with Gemcitabine) on SKBR-3 and
MCF-7 cells up to 1.67 mg/ml and 0.83 mg/ml concentrations,
respectively (Fig. 10).

Fig. 11 demonstrates the dose dependent anti-proliferative
effect of Gemcitabine loaded G5.5 DcMNPs on SKBR-3 and MCF-7
cell lines. In MCF-7 cells, IC50 values of Gemcitabine and
Gemcitabine conjugated nanoparticles were found as 3.9 mM
and 1.1 mM, respectively. IC50 values of Gemcitabine and Gemci-
tabine conjugated nanoparticles were found to be about 6.5 mM
and 1.2 mM for SKBR-3 cells, respectively. Results showed that



Fig. 10. Dose dependent cytotoxicity of G5.5 DcMNPs on MCF-7 and SKBR-3 cell lines. The data are represented as the mean � SEM (n = 3).

Fig. 11. IC50 values of (A) Gemcitabine, (B) Gemcitabine conjugated DcMNPs on SKBR-3 cells and (C) Gemcitabine, (D) Gemcitabine conjugated DcMNPs on MCF-7 cells
determined using XTT cell proliferation assay. The data are represented the mean � SEM (n = 3).
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Gemcitabine loaded DcMNPs were nearly 3.6 and 5.5 fold more
toxic compared to free Gemcitabine on MCF-7 and SKBR-3 cells,
respectively. These results showed that Gemcitabine loaded on
DcMNPs were more effective on both breast cancer cell lines.

4. Discussion

Current chemotherapeutic regimens suffer from nonspecific
toxicities and drug resistance problems which limit their
therapeutic potential. An alternative to overcome these limitations
is developing multifunctional nanoparticles, on which the
anticancer drugs could be attached. These nanoparticles could
target the tumor cells either by decorating the surface of the
nanocarriers with different targeting ligands or using a magnetic
core. Some specific molecules are added to the nanocarrier systems
to target the receptors and proteins on cancer cells. In a study, it
was shown that HER2-Gem-Chitosan-nanoparticles displayed
higher cytotoxicity in PANC-1 and MiaPaca-2 cells as compared
to free Gemcitabine (Arya et al., 2011). Another targeted
formulation which is composed of arginine-glycine-aspartic acid
conjugated Bovine Serum Albumin (BSA) NPs with Gemcitabine
showed higher cytotoxicity and significantly higher cellular uptake
in BxPC-3 cells as compared to free Gemcitabine (Ji et al., 2012). In
targeted delivery of Gemcitabine, EGFR-specific monoclonal
antibody conjugated to the surface of PLGA-polyethylene glycol
NPs resulted in significantly greater cytotoxicity in MiaPaCa-2 cells
(Aggarwal et al., 2013).

The targeted drug delivery system possessing a magnetic core
has received specific attention due to the simplicity, ease of
synthesis, and ability to tailor the properties for specific purposes.
These nanoparticles carrying the anticancer agent can be targeted
to the tumor site, and accumulated in cancer cells by the help of an
implanted permanent magnet or an externally applied field (Gao
et al., 2009). Previously, magnetic nanoparticles covered with
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various polymers were designed. Viota et al. developed composite
nanoparticles consisting of a core of magnetite nanoparticles,
coated with successive layers of high molecular weight poly
(acrylic acid) and chitosan, and a final layer of folic acid. It was
designed as a drug vehicle capable of delivering the anti-tumor
drug Gemcitabine (Viota et al., 2013).

In another study, Mu et al. designed a small and stable
nanocarrier to increase Gemcitabine’s circulation time and
overcome the blood–brain barrier for glioblastoma multiform
therapy. The nanocarrier is made of iron oxide-based NPs
immobilized with Gemcitabine, chlorotoxin, and hyaluronic acid.
The nanoparticles were loaded with Gemcitabine and then,
glioblastoma targeting peptide, chlorotoxin, was attached. The
results indicated the potential of the nanoparticles to improve the
in vivo performance of Gemcitabine (Mu et al., 2016).

In the previous studies of our laboratory, the synthesis and
characterization of PAMAM coated magnetic nanoparticles
(DcMNPs) were described as drug delivery vehicles (Khodadust
et al., 2013). These DcMNPs contain internal magnetic cores and
exterior polyamidoamine polymer with cationic amine end
groups. Electrostatic interaction can occur between the PAMAM
dendrimeric end groups of the nanoparticles and the drugs (Garg
et al., 2011). Hydrolysable and biodegradable bonding of drug and
surface groups of the dendrimers provide the opportunity for drug
release control (Jain et al., 2010; Garg et al., 2011; Pan, 2005).
However, these amine terminated nanoparticles have some
disadvantages. One of the most prevalent drawbacks of cationic
PAMAM dendrimers is their cytotoxicity due to the interaction
with cellular membranes which can result in cell lysis (Pryor et al.,
2014; Svenson, 2009). This can be overcome by modifying the
dendrimer end groups with anionic or neutral moieties. Function-
alization of PAMAM dendrimers with polyethylene glycol (PEG)
increases the circulation time of the nanoparticle by lowering its
hepatic capture and cytotoxicity (El-Sayed et al., 2002; Bildstein
et al., 2011).

In this study, binding of Gemcitabine to full generations (G4 and
G7) of PAMAM dendrimeric nanoparticles could not be achieved.
This could probably due to the amine end group of full generation,
which prevented the conjugation of Gemcitabine. Then, we
synthesized and characterized the half-generations of PAMAM
DcMNPs (G4.5 up to G7.5) with anionic carboxyl end groups which
came out to be much better Gemcitabine carriers.

Previously, Khodadust et al. (2013) reported bare G4DcMNPs as
severely cytotoxic at concentrations of higher than 250 mg/ml
(Khodadust et al., 2013). Our results demonstrated that the empty
half generation PAMAM dendrimeric nanoparticles have no
cytotoxicity on SKBR-3 and MCF-7 cell lines over 250 mg/ml
concentration. Survival rates of G5.5 DcMNPs indicated that there
was no significant cytotoxic effect of the nanoparticles on SKBR-3
and MCF-7 cells up to 1.67 mg/ml and 0.83 mg/ml concentrations,
respectively. Another disadvantage showed by different studies is
that the cationic nanoparticles can activate platelets and induce
platelet aggregation. However, nanoparticles can be engineered to
prevent platelet aggregation (Cejas et al., 2007). Dobrovolskaia
et al. used several formulations of PAMAM dendrimers, varying in
size and surface charge, and studied their effects on human
platelets in vitro. Their results showed that the cationic amine-
terminated PAMAM dendrimers (G4–G6) induce platelet aggrega-
tion in vitro. However, no aggregation was detected in platelet rich
plasma treated with the small cationic PAMAM (G3) and also the
anionic (carboxy-terminated) and neutral (hydroxy-terminated)
PAMAM dendrimers irrespective of particle size and generation
(Dobrovolskaia et al., 2012). Furthermore, the reported results by
Greish et al. showed coagulation toxicity in vivo in mice treated
with cationic but not anionic PAMAM dendrimers (Greish et al.,
2012). These results demonstrated that both surface charge and
particle size are important physicochemical properties which
determine the interaction of dendrimers with human platelets
(Dobrovolskaia et al., 2012; Greish et al., 2012).

TEM images showed no size difference between full and half-
generation PAMAM DcMNPs before and after drug conjugation.
The Zeta-potential results of G5.5 DcMNPs demonstrated the
negative charge of carboxyl terminated half generation dendrimers
and nearly neutral charge after conjugation by Gemcitabine. In our
study, changing the surface of the nanoparticles to the anionic
PAMAM dendrimers eliminated both disadvantages of the cationic
dendrimers. In other words, the anionic charged half generation
DcMNPs and neutral charged Gemcitabine conjugated G5.5
DcMNPs obtained in this study are not expected to cause lysis
of red blood cells and platelet aggregation (Dobrovolskaia et al.,
2012; Greish et al., 2012).

The best conjugation efficiency of Gemcitabine through
conjugation was obtained for G5.5 PAMAM dendrimers. The
optimum loading concentration was determined as 24 mM. It is
important to emphasize that we used a much lower dose (24 mM)
of Gemcitabine compared to other in vitro studies. In a study
performed by Khare et al., monomethoxy polyethylene glycol
amine-polylactide-co-glycolide (mPEG-PLGA) co-polymer was
utilized for passive targeting of Gemcitabine to tumor tissue.
Gemcitabine loaded mPEG-PLGA nanoparticles indicated drug
loading as 7.07 � 0.35 mg (Khare et al., 2016). The nanoparticles are
distributed homogeneously around a size of 200 nm (Khare et al.,
2016).

The drug resistance and short plasma half-life in humans and
mice (approximately 30 min) are the main obstacles for clinical use
of Gemcitabine (Chitkara et al., 2013; Bildstein et al., 2010; Mu
et al., 2016). Loading the Gemcitabine onto nanoparticles may help
to prevent these problems.

Gemcitabine is frequently associated with multidrug resistance
(MDR) phenotype. Resistance to chemotherapy has been generally
correlated to the presence of molecular pumps, in tumor cell
membranes that actively pump out drugs from cells (Chang, 2003;
Choi and Yu, 2013). Due to hydrophilicity, Gemcitabine could not
cross the plasma membrane passively. Therefore, it must be
transported into the cells by nucleoside transporters (NTs), such as
the human Equilibrative Nucleoside Transporters (hENT) or human
sodium gradient coupled nucleoside transporters (Mini et al.,
2006; Martín-Banderas et al., 2013; Hodge et al., 2011). It has been
reported that Gemcitabine resistance is related to the reduced level
of the hENT1 transporter (Alexander and Greene, 2005). Clinical
data demonstrated that patients with tumors along with a lowered
expression of hENT1 have a considerably lower survival rate
following Gemcitabine therapy compared to patients with tumors
that have a higher level of hENT1 (Bildstein et al., 2010; Lansakara
et al., 2012). Nanoparticles loaded with cancer drugs can efficiently
intrude into the tumor cells by endocytosis, forming endosomes
(Lunov et al., 2010; Park et al., 2010). This route of internalization
bypasses the transporters, and the drug resistance can be
prevented.

In a study performed by Zhang et al., the cellular uptake of
PAMAM-NH2 dendrimers by resistant breast cells were analyzed.
They detected the fluorescent intensity of FITC-labeled PAMAM in
MCF-7 and MCF-7-resistant cells, which included the fluorescence
from the cytoplasm and endosomes/lysosomes in each cell. It is
reported that the nonspecific binding was due to ionic interaction
and PAMAM dendrimers can bind with proteoglycans on the cell
membranes (Zhang et al., 2016). Our findings are also consistent
with these results emphasizing the electrostatic interactions as the
internalization route of PAMAM nanoparticles to the cells. The
negative domains of the cell membrane can interact with
Gemcitabine loaded DcMNPs by nonspecific electrostatic inter-
actions to facilitate their cellular uptake. In addition to surface
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charge, it was found that the cellular uptake was heavily
dependent on size (Kulkarni and Feng 2013). In this study, it is
shown that DcMNPs were successfully taken up by MCF-7 cells.

The control of drug release in the cells can be achieved
according to variations in pH. pH responsive drug carrier systems
can release the drug more efficiently in lower pH values. Tumor
tissue has an extracellular pH between 6.5 and 7.2, endosomes and
lysosomes have pH values between 4.5 and 6. Therefore pH
responsive drug carrier systems can either target the extracellular
tumor tissue or intracellular compartments (Pourjavadi and
Tehrani 2016). In this study, Gemcitabine release from DcMNPs
showed pH dependent release pattern. It was observed that
Gemcitabine release was higher at pH 4.2 than pH 5.2. As the pH
was lowered, the drug release increased. Nearly the whole drug
was released within first 15 h from the nanoparticles at pH 4.2.
Since the pH of tumor tissue and endosomes is acidic, the drug is
expected to be released in the targeted cancer cells. On the other
hand, the release of the drug was very slow at neutral pH. The
stability studies of Gemcitabine conjugated DcMNPs were carried
out in neutral PBS buffer (pH 7.2). The results indicated that only 6%
of Gemcitabine content was released after 6 weeks showing that
DcMNPs were quite stable in PBS (pH 7.2) at 37 �C. This is a
desirable property, which provides the stability of the drug in
blood and also an advantage for the storage of nanoparticles.

Gemcitabine conjugated DcMNPs obtained in this study were
found as nearly 6 and 3 fold more toxic on SKBR-3 and MCF-7 cells,
respectively, compared to free Gemcitabine. The lower IC50 values
of Gemcitabine conjugated DcMNPs in comparison to free
Gemcitabine may be due to a more efficient intracellular uptake
of DcMNPs through endocytosis.

5. Conclusion

The results of this study provide new insights to the
development of targeted drug delivery systems in cancer therapy.
In conclusion, Gemcitabine was effectively loaded on carboxyl-
terminated half-generations of PAMAM DcMNPs. These nano-
particles have suitable size distribution, desired surface charge,
high stability, and targeting properties. Besides, Gemcitabine
conjugated nanoparticles were more toxic on cancer cells
compared to free drug. Gemcitabine loaded DcMNPs may be a
good targeted drug delivery system for clinical applications due to
some advantages such as increasing the circulation life time of
Gemcitabine, enhancing effective concentration at the target site,
increasing the accessibility of the drug to tumor cells and
preventing drug resistance.
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