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ABSTRACT
In this study, MNPs were synthesized, coated with biocompatible polyethylene glycol (PEG) and
conjugated with folic acid. Crystal and chemical structures, shape, size and magnetic properties of
synthesized nanoparticles were characterized. Agglomeration tendency of naked nanoparticles were
prevented by oleic acid addition during the synthesis. All synthesized MNPs have been found to exhibit
superparamagnetic behavior at 23�C and 37�C. Cytotoxic effects of MNPs were investigated on
Doxorubicin, Zoledronic acid and Paclitaxel resistant MCF-7 breast cancer cell lines. The synthesized
nanoparticles have been found to be suitable for drug targeting in terms of size, shape, magnetic and
cytotoxic properties.
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Introduction

General structure of magnetic nanoparticles (MNPs) is composed
of an inner magnetic core which is usually a magnetite (Fe3O4) or
maghemite (Fe2O3) and outer polymeric shell. Magnetic nano-
particles can be targeted to tumor site in the presence of a mag-
netic field. The polymeric shell renders MNPs biocompatible,
prevents their agglomeration and functions as drug reservoir.[1]

Different types of polymers and molecules are used for covering
surfaces of naked magnetic nanoparticles to stabilize them and
for further biological applications. Starch, dextran, polyethylene
glycol, fatty acids, polyvinyl alcohol, polyacrylic acid, poly lacti-
des, poly-hydroxybutyrate, gelatin and chitosan are some of the
examples of widely used coating material with different pur-
poses.[2–5] PEG is one of the frequently used synthetic polymers
to cover MNPs. It gives MNPs a hydrophilic surface and mini-
mizes their agglomeration. Thus, PEG coating enhances the cir-
culation time of MNPs by reducing their phagocyctosis by
macrophages.[6] According to the aim of the use, unique targeting
agents can be tailored to surface of MNPs. Transferrin, lactoferin,
elastin, albumin, Tat peptide, RGD peptide and folic acid are
remarkable targeting ligands which are able to target cell surface
receptors.[2] Folic acid receptors (FR) are found to be overex-
pressed on different types of cancer cells such as ovarian, brain,
kidney, lung, head and neck, breast and colorectal cancers.[7]Nor-
mal cells do not express FR or it locates on apical surface of polar-
ized epithelia where drugs cannot reach.[8]Besides, while only
reduced folate can be transported in healthy cells, cancer cells are
able to transport folate conjugates by FR via receptor mediated
endocytosis. In this process, after folic acid ligand of targeting

agents binds to FR on cell surface, they are internalized into an
endosome. The release of the cargo in nanoparticles becomes eas-
ier as pH value decreases in the endosome resulting in entry of
drug into cytoplasm. By this mechanism, folic acid covered nano-
particles can overcome drug resistance caused by P-glycoprotein
efflux pumps.[9]Folate ligands are not expensive, toxic or immu-
nogenic. Also they can be easily attached to drug carriers and
bind to FR with high affinity. They keep their stable form in stor-
age and in circulation for long time.[7]These natural characteris-
tics of folic acid and folic acid receptors on cancer cells make
them very efficient agents for drug targeting, immunotherapy
and tumor imaging.[8]Since cancer cells overexpress FR, folic acid
conjugated agents are primarily taken up into cancer cells, and
they can prevent the severe side effects of free drugs and, in addi-
tion they may overcome the drug resistance problem.

The aim of this study is synthesis, and characterization of
folic acid conjugated, PEG coated magnetic nanoparticles and
to indicate their potential as anti-cancer drug targeting system.
Here, drug targeting would be by physical effects due to mag-
netic properties, and by chemical effects due to folic acid conju-
gation. These nanoparticles may bypass the drug resistance
mechanisms which develop during chemotherapy.

Experimentals

Materials

Iron (II) chloride tetrahydrate (FeCl2.4H2O), iron (III) chloride
hexahydrate (FeCl3.6H2O), oleic Acid, polyethylene monoo-
leate, folic acid, dicyclohexyl carbodiimide (DCC) and
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dimethylsulfoxide (DMSO) were purchased from Sigma-
Aldrich (U.S.A). Ammonium hydroxide solution (NH4OH)
was obtained from Merck (Germany). Dimethylsulfoxide (cell
culture grade) was obtained from Applichem (Germany).
MCF-7 monolayer type human epithelial breast adenocarci-
noma cell line was provided from Food and Mouth Diseases
Institute (Ankara). 1 mM Doxorubicin, 400 nM paclitaxel and
8 mM zoledronic acid resistant cell lines, namely; MCF-7/Dox,
MCF-7/Pac and MCF-7/Zol were previously developed from
MCF-7 (MCF-7/S) in our laboratory by continuous application
of drugs (Demirel et al. 2007). RPMI 1640 medium ((1x), 2.0 g/
l NaHCO3 stable glutamine), fetal bovine serum (tested for
mycoplasma) were obtained from Biochrom Ag. (Germany).
Trypsin-EDTA solution (0.25% Trypsin&EDTA), gentamycin
sulphate (50 mg/ml as base), tryphan blue solution (0.5%), cell
proliferation kit (XTT assay) were obtained from Biological
Industries, Kibbutz Beit Haemek (Israel).

Preparation of magnetic nanoparticles

Magnetic iron oxide (Fe3O4) nanoparticles were synthesized for
comparison purpose by the coprecipitation of Fe (II) and Fe
(III) salts at 1:2 ratio in 150 ml deionized water within a five-
necked glass balloon.[10–11]Glass balloon is placed on a heating
mantle and stirred by a glass rod of mechanical stirrer, which is
inserted into the middle neck of the balloon. It is vigorously
stirred in the presence of nitrogen (N2) gas at 90

0C. The nitro-
gen gas prevents oxidation. Ammonium hydroxide (NH4OH)
is added to the system dropwise. The process ends by washing
with deionized H2O until the solution pH is 9.0. For the optimi-
zation of synthesis step, three different synthesis experiments
were performed. In two of them, 25 ml and 35 ml ammonium
hydroxide were used. Speed of perilstaltic pump was adjusted
to 0.2. Those nanoparticles were named as N-MNP-1 and
N-MNP-2 respectively. In the third experimental setup, 25 ml
ammonium hydroxide was added in to system in a shorter time
and yield of the sample was labeled as N-MNP-3.

Preparation of oleic acid coated magnetic nanoparticles

Oleic acid was used as surfactant to prevent agglomeration.
Oleic acid coated MNPs were synthesized in two different
methods. In the first method, after MNP were synthesized and
washed, oleic acid was added on MNP solution and stirred for
1 hour by mechanical stirrer.[12] Particles were washed 3 times
with ethanol to get rid of excess amount of oleic acid and
labeled as OA-MNP-1. In second way, oleic acid was directly
added into synthesis system. After black precipitate was
obtained, temperature was decreased to 80�C and oleic acid
was added into system. Stirring was continued for 24 hours.[11]

Sample was labeled as OA-MNP-2.

Functionalization of magnetic nanoparticles
with polyethylene glycol

PEG coated MNPs were prepared by two different methods.
PEG-MNP-1 nanoparticles were synthesized by mixing OA-
MNP-1 with PEG monooleate in aqueous environment for
24 hr. In second method, after the synthesis of oleic acid coated

MNP, the temperature of the system was decreased to room
temperature, and the aqueous solution of PEG monooleate was
added to system and the stirring was continued for an addi-
tional 24 h at room temperature. PEG coated MNPs obtained
by this method was labeled as PEG-MNP-2. In the synthesis of
PEG-MNP-3, after washing OA-MNP-2 with ethanol, they
were mixed with aqueous solution of PEG monooleate for
24 hr.

Modification of magnetic nanoparticles with folic acid

Folic acid needs the activation of its carboxyl group with
dicyclohexyl carbodiimide (DCC) to conjugate to surface
polymer.[13]Folic acid and DCC with 1:1 ratio were added in
dimethyl sulfoxide (DMSO) and stirred for 2 h. PEG-MNP-2
sample was added into system and continuously stirred for
either 2 h or 24 h under a nitrogen atmosphere. After washing
of the nanoparticles with dH2O, they were freeze-dried for one
night. The sample stirred for 2 hr or 24 h labeled as FA-MNP-1
and FA-MNP-2, respectively.

Cell proliferation assay with XTT reagent

The cytotoxic effect of synthesized MNPs on both drug sensi-
tive and drug resistant MCF-7 cells were performed by XTT
Cell Proliferation Assay. Drug resistant MCF-7 cell lines are
MCF-7/Dox (1000 nM Doxorubicine resistant), MCF-7/Pac
(400 nM Paclitaxel resistant) and MCF-7/Zol (8mM Zoledronic
Acid resistant). Cells were seeded to 96-well microliter plates
(Greiner) at a concentration of 5.0 £ 104 cells/well and incu-
bated for 72 h in medium containing horizontal dilutions of
drugs. In each plate assay was performed with a column of
blank medium control and a cell control columns. Then, XTT
reagent (XTT Cell Proliferation Assay, Isreal) was added and
soluble product was measured at 500 nm with a Spectromax
340 96-well plate reader (Molecular Devices, USA).

Light microscopy observation of MNP treated cells

To investigate and observe the response of cells to nanoparticles
in in vitro conditions, MCF-7/S cells were seeded in 6 well plate
(25,000 cell/well) and incubated with 500 mg/ml of N-MNP-1,
PEG-MNP-2 and FA-MNP-1. After 48 hr of incubation, cells
were observed under light microscopy and images were taken.

Statistical analysis

All data representative of three independent experiments, each
run in triplicates and expressed as mean standart error of
means (SEM). One-way ANOVA, two-way ANOVA, Tukey
and Bonferroni post tests were carried out.

Results and discussion

Transmission electron microscopy (TEM) of MNPs

Shapes and sizes of naked, oleic acid, PEG coated and folic acid
functionalized nanoparticles were analyzed by TEM. In Fig. 1,
TEM images of N-MNP-1, N-MNP-2 and N-MNP-3, samples
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are shown. Sizes of naked magnetic nanoparticles seemed to be
approximately between 10 to 60 nm.

When images of N-MNP-1 and N-MNP-2 samples were
compared, particle sizes were found to be similar. TEM image of
N-MNP-3 sample exhibited more spherical nanoparticles with
similar morphologies compared to N-MNP-1 and N-MNP-2
particles. The yield is high in co-precipitation method; however,
synthesized particles usually have broad size distribution between
10–50 nm.[2] In this method, during synthesis pH is important
and has a role on particle size and morphology.[1]During synthe-
sis of N-MNP-1 and N-MNP-2 samples, addition of ammonium
hydroxide solution to system took 3 to 4 hours by a peristaltic
pump. Within this time period, pH of the system was continu-
ously increased and led to precipitation reaction at different pH
values. Increase in pH during the reaction may lead to synthesis
of particles with irregular morphologies and broad size distribu-
tion. On the other hand, during the synthesis of N-MNP-3 par-
ticles, ammonium hydroxide solution was given into system in
15 minutes at a higher speed. Hence, pH value of the system
increased and fixed in a shorter time. This may cause the reaction
to take place in a narrower pH range which probably resulted in
narrower size distribution and similar morphologies.

Figure 2a displays TEM images of OA-MNP-1. Size distribu-
tion of OA-MNP-1 was found to be between 10–60 nm. Fig. 2b
displays TEM images of OA-MNP-2 where sizes of MNPs were
found approximately between 10–15 nm. When Fig. 2a and 2b
are examined, it is observed that particles of OA-MNP-1 sample
were tend to agglomerate more compared to OA-MNP-2 par-
ticles. This could be explained by interaction of oleic acid with
the surface of nanoparticles. MNPs have Fe-OH hydroxyl groups
on their surfaces. Oleic acid interacts with the surface of naked
MNP by its –COOH carboxyl group.[14]When oleic acid was

added during synthesis, pH of the system was basic since there
was still ammonium hydroxide in the system. Interaction
between Fe-OH hydroxyl groups of naked MNP and –COOH
carboxyl group of oleic acid is easier at high pHs. When oleic
acid was added after synthesis, naked MNPs were washed before
oleic acid addition until pH 8. After washing, oleic acid and
MNPs were mixed at room temperature. Both low pH and higher
temperature (80 �C) could affect the interaction of oleic acid with
the surfaces of naked MNP. Poor coating of oleic acid layer in
OA-MNP-1 sample may result in higher agglomeration. Mean-
while, shapes of OA-MNP-2 nanoparticles are more regular com-
pared to OA-MNP-1 nanoparticles. The naked MNPs which
were used in OA-MNP-1 synthesis were belonging to N-MNP-2
samples which have irregular shapes and broad size distribution.
In the literature similar results have been reported. Yan et al. syn-
thesized oleic acid coated Fe3O4 nanoparticles and added oleic
acid after synthesis of particles.[12] In their study agglomeration
tendency of oleic acid coated nanoparticles was observed. On the
other hand, Liu et al. prepared oleic acid coated nanoparticles by
addition of oleic acid to system during the synthesis. Their oleic
acid coated Fe3O4 particles seemed to prevent agglomeration.[10]

Polyethylene glycol coated nanoparticles were synthesized
by three different methods and labeled as PEG-MNP-1, PEG-
MNP-2 and PEG-MNP-3. During preparation of PEG-MNP-1
nanoparticles, PEG was not added into system during synthesis.
Firstly, naked MNPs were synthesized and washed. After they
were coated with oleic acid, PEG coating step was performed.
PEG-MNP-2 nanoparticles were synthesized by in situ addition
of both oleic acid and PEG during synthesis. PEG-MNP-3
nanoparticles were coated with PEG after washing of oleic acid
coated MNP which were synthesized by in situ addition of oleic
acid. TEM image of PEG-MNP-2 are given in Fig. 3. PEG-

Figure 1. TEM images of N-MNP-1(a), N-MNP-2(b) and N-MNP-3(c).
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MNP-1 samples tend to agglomerate and their morphology was
irregular with a broad size distribution (data not shown). In
Fig. 3, shape and morphology of PEG-MNP-2 nanoparticles
are seen more regular and spherical. Their size distribution
seemed to be narrower. Their sizes were found to be around
10 nm according to TEM examination. PEG-MNP-2 nanopar-
ticles did not make clusters as much as naked MNP. They
seemed agglomerate less compared to PEG-MNP-1 nanopar-
ticles. PEG-MNP-3 nanoparticles were spherical in shape and
sized between approximately 10 to 40 nm. Agglomeration of
nanoparticles seemed to be prevented better compared to
naked nanoparticles (data not shown).

Folic acid can be used as targeting agent in biomedical appli-
cations of cancer therapies.[15] In this study, magnetic nanopar-
ticles were functionalized with folic acid after covering with
PEG. During folic acid functionalization, reaction time was one
of the parameters. Conjugation of folic acid to surface of PEG
coated MNP was performed either for 2 hr or for 24 hr and the
yields were labeled as FA-MNP-1 and FA-MNP-2, respectively.
TEM images of FA-MNP-1 and FA-MNP-2 samples are given
in Fig. 4 and 5. Shape and morphology of FA-MNP-1 and FA-
MNP-2 nanoparticles were similar. The sizes were between 10–
40 nm approximately. They exhibited some degree of
agglomeration.

Figure 2. TEM images of OA-MNP-1(a), OA-MNP-2(b).

Figure 3. TEM images of PEG-MNP-2.
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X-ray diffraction (XRD)

Naked MNP, oleic acid coated MNP and PEG coated MNP
were analyzed with XRD to identify their crystal structure.
Fig. 6 shows XRD patterns of N-MNP-1, N-MNP-2 and N-
MNP-3. XRD patterns of all synthesized naked MNP were
examined by comparing to peaks of standard magnetite in
JCPDS file (PDF no: 01-071-6337).

Standard Fe3O4 gives major peaks at 30.22, 35.60, 43.27,
53.68, 57.23, 62.85 2u (degrees) which are corresponding to
specific diffractive plane indexes (220), (311), (400), (422),
(511), (440), respectively. N-MNP-1, N-MNP-2 and N-MNP-3
nanoparticles had exactly same peaks with standard magnetite
which indicates that all synthesized naked nanoparticle samples

had cubic spinal structure.[16]N-MNP-3 sample even exhibited
minor peaks of standard Fe3O4 with corresponding plane
indexes (111), (222), (620), (533), (444), (642) and (731) at
18.37, 35.60, 71.31, 74.36, 79.36, 87.21, 90.13 2u (degrees),
respectively. Besides, no additional peaks were observed indi-
cating that there were not any impurities in the samples. These
results are in parallel with the literature.[17–18]During the coat-
ing steps, both oleic acid and PEG were added into system dur-
ing synthesis without any washing. XRD analysis of OA-MNP-
2 and PEG-MNP-2 were also done to investigate whether this
influenced the crystal structure of core nanoparticles (Fig. 7).

In Fig. 7, XRD patterns of PEG-MNP-2 and OA-MNP-2 were
compared to N-MNP-3. Major diffraction peaks with corre-
sponding plane indexes (220), (311), (400), (422), (511), (440)
and minor peaks with (111), (620), (533), (642), (731) plane
indexes of core magnetite were also observed in PEG-MNP- 2
and OA-MNP-2 samples which identify that those samples kept
their cubic spinal structure after the coating process.

Fourier transform infrared (FTIR) spectroscopy

Naked MNP, oleic acid coated MNP, PEG coated MNP and
folic acid functionalized MNP were characterized with FTIR
spectroscopy. FTIR spectrum of N-MNP-3 is given in Fig. 8.

Figure 4. TEM image of FA-MNP-1.

Figure 5. TEM image of FA-MNP-2.

Figure 6. XRD patterns of N-MNP-1(a), N-MNP-2 (b) and N-MNP-3(c).

Figure 7. XRD patterns of N-MNP-3(a), OA-MNP-2(b), PEG-MNP-2 (c).
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The band with the wavelength 580 cm¡1 belongs to vibrations
of the Fe-O bond of magnetite indicating that synthesized N-
MNP-3 was magnetite.[12]

FTIR spectra of pure oleic acid and OA-MNP-1 were given in
Fig. 9. Pure oleic acid gave strong peaks at 2924 cm¡1 and
2854 cm¡1 belonging to asymmetric and symmetric CH2 stretch,
respectively. Peak at 3005 cm¡1 was attributed to C��H bond in
CDC��H. Vibration of CDO stretch exhibited an intense band
at 1710 cm¡1. Peaks at 1462 cm¡1 and 937 cm¡1 were derived
from the O–H in-plane and out-of-plane stretch, respectively.
The peak appeared at 1285 cm¡1 exhibited the presence of the
C-O stretch.[19–21] OA-MNP-1 sample exhibited broad band
around 3500 cm¡1 corresponding to surface –OH groups.
Asymmetric and symmetric CH2 stretching bands at 2924 cm¡1

and 2854 cm¡1 of pure oleic acid, shifted to 2922 cm¡1 and
2852 cm¡1 in OA-MNP-1 sample (Fig. 9). A similar shift was
also reported in the literature.[12, 22]This shift was attributed to
the adsorption of oleic acid onto surface of magnetite nanoparti-
cles.[20,21]The strong peak of CDO stretch at 1710 cm¡1 shifted
to 1636 cm¡1 and 1541 cm¡1.

FTIR spectrum of Polyethylene glycol monooleate, PEG-
MNP-1, PEG-MNP-2 and PEG-MNP-3 were given in Fig. 10.

Characteristic Fe-O band vibrations of Fe3O4 were observed at
578 cm¡1. Broad peak around 3500–3250 cm¡1 were due to
–OH groups.[11] Strong bands appeared at 2923 and 2852 cm¡1

were due to –CH2 stretching while broad band at 1465 cm¡1

belonged to bending vibrations of –CH2. At 1735 cm
¡1 stretch-

ing vibration of the CDO was observed.[23]Symmetric stretch-
ing of C-O-C at 1109 cm¡1 indicating the presence of PEG was
clearly seen in the spectra of PEG-MNP-2 and PEG-MNP-3
while a mild peak was observed in PEG-MNP-1. However,
peak at 945 cm¡1 derived from out of plane bending vibrations
of the C��H of PEG was observed only in the adsorption spec-
tra of PEG-MNP-2 and PEG-MNP-3.[13, 24] Peak of C-O-C at
1109 cm¡1 became very sharp in the spectra of PEG-MNP-3.
Additionally, the peak at 1348 cm¡1 derived from asymmetric
stretching of C-O-C belonging to the spectra of PEG was also
observed in PEG-MNP-3.

Figure 11 shows FTIR spectra of pure folic acid, FA-
MNP-1 and FA-MNP-2. Both, FA-MNP-1 and FA-MNP-2
samples revealed parallel peak patterns with pure folic acid.
Vibration of NH stretching at 3329 cm¡1 was seen in both
FA-MNP-1 and FA-MNP-2 spectrum, indicating the

Figure 8. FTIR spectrum of N-MNP-3.

Figure 9. FTIR spectra of pure oleic acid (a) and OA-MNP-1(b).

Figure 10. FTIR spectra of Polyethylene glycol monooleate (a), PEG-MNP-1 (b),
PEG-MNP-2 (c) and PEG-MNP-3 (d).

Figure 11. FTIR spectra of pure folic acid (a), FA-MNP-1(b) and FA-MNP-2(c).
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presence of folic acid. The peak seen at 3386 cm¡1 was due
to the presence of terminal OH group in PEG[24].Peaks of
CH2 group, seen at 2954, 2924 and 2850 cm¡1 were corre-
sponded to oleic acid and PEG in both samples. The band
at 1696 cm¡1 was derived from CDO stretching of folic
acid and PEG. The intense peak at 1626 cm¡1 was the char-
acteristic band of folic acid, shifted from 1639 cm¡1, corre-
sponding to vibration of CDO. Peaks at 1607 and
1448 cm¡1 were corresponded to NH2 bending vibration
and phenyl ring of folic acid. Peak at 1088 cm¡1 indicated
C-O-C ether stretching of PEG, while vibration band at 578
was derived from Fe-O stretching of Fe3O4[13,25].

In Fig. 12 different and similar peaks of OA-MNP-2, PEG-
MNP-2, FA-MNP-1 and FA-MNP-2 were given. All four
curves revealed the characteristic peaks of oleic acid around
2924 cm¡1, 2854 cm¡1 and 3005 cm¡1 belonging to CH2

stretching and C��H stretchings. Additionally, Fe-O stretching
of Fe3O4 was observed around 580 cm¡1 in the curves of all
samples. Important different peaks indicating the presence of
PEG or folic acid were indicated with arrow. Compared to OA-
MNP-2, additional peaks around 1109 and 945 cm¡1 were
observed in the curve of PEG-MNP-2, FA-MNP-1 and FA-
MNP-2 attributed to C-O-C stretching and bending of C��H
of PEG. In the adsorption spectrum of FA-MNP-1 and FA-
MNP-2, new peaks at 1696 cm¡1 and 1626 cm¡1 were derived
from mainly folic acid.

Vibrating sample magnetometer (VSM)

Magnetization characteristics of naked, OA coated, PEG coated
and FA functionalized MNPs were analyzed by VSM at room
temperature (23�C). Since the cell culture experiments were
carried out at body temperature, VSM analyses were also per-
formed at 37�C. Magnetization curves of N-MNP-3, OA-
MNP-2, PEG-MNP-2, FA-MNP-1 and FA-MNP-2 nanopar-
ticles exhibited very similar curves (Fig. 13). It could be stated
that they exhibited magnetic characteristics similar to superpar-
amagnetism. As compared to N-MNP-3, a general decrease has
been observed in saturation magnetization values of other
nanoparticles. This drop was attiributed to diamagnetic coating

materials on the surface of nanoparticles.[2, 25–27] Oleic acid is a
diamagnetic material. Thus, it decreases the Ms value of N-
MNP-3 from 66.89 (emu/g) to 57.87 (emu/g) at 23�C. A drop
of 13.5% in Ms was recorded. Liu et al. found the Ms values of
58 (emu/g) and 46 (emu/g) for the naked magnetite and oleic
acid coated magnetite nanoparticles at room temperature,
respectively. They calculated oleic acid layer mass percentage
from this data as 20%.

Magnetization behaviors of N-MNP-3, OA-MNP-2,
PEG-MNP-2, FA-MNP-1 and FA-MNP-2 were also exam-
ined at 37�C comparatively (Fig. 14). A general decrease
in Ms values was observed. They exhibited negligible coer-
civity and remanent magnetization. It could be concluded
that, N-MNP-3, OA-MNP-2, PEG-MNP-2, FA-MNP-1 and
FA-MNP-2 retain their superparamagnetic characteristics
at 37�C.

Superparamagnetic materials do not show any coercivity
in magnetization curve. Besides, their hysteresis loops show
similar pattern at different temperatures.[28] N-MNP-3
nanoparticles exhibited very similar magnetization curves at
23�C and 37 �C with the Ms values of 66.89 and 59.34
(emu/g), respectively. The slight decrease in Ms by increas-
ing temperature was also stated in the literature. Bean and
Jacops studied magnetization of iron nanoparticles which

Figure 12. FTIR spectra of OA-MNP-2(a), PEG-MNP-2(b), FA-MNP-1(c) and FA-MNP-
2(d).

Figure 13. Hysteresis loops of N-MNP-3, OA-MNP-2, PEG-MNP-2, FA- MNP-1 and
FA- MNP-2 at 23 �C.

Figure 14. Hysteresis loops of N-MNP-3, OA-MNP-2, PEG-MNP-2, FA-MNP-1 and
FA-MNP-2 at 37 �C.
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had similar pattern of superparamagnetic magnetization
curves at 77 K and 200 K with slightly lower magnetization
value at 200 K.[29] This drop of Ms value is explained by
the Langevin theory stating that while magnetization is pro-
portional to applied field, it decreases by elevated tempera-
tures.[30] Additionally, 66.89 (emu/g) Ms value of N-MNP-3
agrees with previous studies. Hai et al. found the saturation
magnetization as 60 (emu/g) for uncoated Fe3O4 nanopar-
ticles which were synthesized by co-precipitation
method.[31] Similar to N-MNP-3, each samples OA-MNP-2,
PEG-MNP-2, FA-MNP-1 and FA-MNP-2 exhibited similar
magnetization curves at 23�C and 37�C.

Cytotoxicity studies of magnetic nanoparticles

Cytotoxicities of naked nanoparticles, oleic acid coated nano-
particles, PEG coated nanoparticles and folic acid conjugated
nanoparticles were determined by using XTT assay kit. 10,000
MCF-7 cells/well were seeded to 96 well plates at 37�C. Both
drug sensitive and drug resistant (Doxorubicin, Paclitaxel,
Zoledronic acid) MCF-7 cells that were exposed to MNPs were
incubated for 72 h at 37�C. Cell proliferation profiles were
determined by considering control groups.

Cytotoxicity of naked MNP, oleic acid coated MNP, PEG
coated MNP and folic acid functionalized MNP on drug
sensitive MCF-7 cell line

To understand biocompatibility of naked magnetite nanopar-
ticles or whether they were toxic to MCF-7/S cells, XTT assay
was performed. MCF-7 cells incubated with different concen-
trations of naked magnetic nanoparticles (0 – 500 mg/ml) did
not exhibit a dramatic cell death. At 500 mg/ml, significant
drop in cell proliferation was observed. Maximum cell death
compared to untreated cells observed at 500 mg/ ml was 15%. It
could be concluded that N-MNP-3 nanoparticles did not
exhibit a significant toxic effect on MCF-7 cells after 72 hr incu-
bation between the concentration range of 0 – 250 mg/ml.
Hence, they can be used and fabricated in further studies. Cyto-
toxicity of oleic acid coated OA-MNP-2 nanoparticles was
determined with XTT assay. MCF-7/S breast cancer cells were
incubated with OA-MNP-2 in the concentration range of 0 –
500 mg/ ml for 72 hr at 37�C. OA-MNP-2 nanoparticles were
found to be biocompatible and not toxic to MCF-7 cells in the
concentration range of 0 – 125 mg/ml for 72 hr. A significant
decrease in the cell proliferation relative to untreated cells was
observed at the nanoparticle concentration of 250 and 500 mg/
ml. Cell proliferation at 250 and 500 mg/ml was 89 and 84%,
respectively. OA-MNP-2 could be used for in vitro studies with
the concentration of 0–125 mg/ml. Toxicity profile of PEG-
MNP-2 nanoparticles suggested that up to 500 mg/ml, signifi-
cant cell toxicity was not observed. Cell proliferation of 84%
was observed at 500 mg/ml. It could be concluded that PEG-
MNP-2 revealed toxicity on MCF-7 cells at 500 mg/ml concen-
tration compared to untreated control group. In the concentra-
tion range of 0 – 500 mg/ml, FA-MNP-1 nanoparticles did not
have significant toxic influence on MCF-7/S cells compared to
untreated cells (Fig. 15).

Cytotoxicity of folic acid functionalized MNP on drug
resistant cells

FA-MNP-1 nanoparticles have been also studied to learn their
toxicity profile on drug resistant MCF-7 breast cancer cell lines.
Fig. 16 demonstrates the cell proliferation profiles of MCF-7/
Dox, MCF-7/Pac and MCF-7/Zol cells.

FA-MNP-1 nanoparticles were found to not to have severe
toxic effects on MCF-7/Dox cells in the concentration range of
0 – 250 mg/ml. A significant decrease in the cell proliferation
relative to untreated cells was observed at the nanoparticle con-
centration of 500 mg/ml. Cell proliferation at 500 mg/ml was
91%. MCF-7/Pac cells incubated with FA-MNP-1 did not
exhibited a significant cell death in the concentration range of
0 – 250 mg/ml. Maximum cell death compared to untreated
cells was observed at 500.00 mg/ml and found as 9%. It could
be concluded that FA-MNP-1 nanoparticles did not revealed a
significant toxic effect on MCF-7/Pac cells after 72 hr incuba-
tion in the concentration range of 0 – 250 mg/ml. A significant

Figure 15. Cell proliferation profile of MCF-7/S breast cancer cells treated with a)N-
MNP-3, b) OA-MNP-2, c) PEG-MNP-2 and d) FA-MNP-1 for 72 hr. �p<0.05 com-
pared to same concentration of N-MNP-3 nanoparticle treated cells. Results were
given as Mean SEM. All experiments were carried out in triplicates.

Figure 16. Cell proliferation profile of a)MCF-7/S, b)MCF-7/Dox, c)MCF-7/Pac and
d)MCF-7/Zol breast cancer cells treated with FA-MNP-1 for 72 hr. �p<0.05 and
��p< 0.01 compared to same concentration of Fe3O4

� nanoparticle treated cells.
Results were given as Mean SEM. All experiments were carried out in triplicates.
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decrease in the MCF-7/Zol cells proliferation relative to
untreated cells was observed at the nanoparticle concentrations
of 125, 250 and 500 mg/ml with cell proliferation values of
88%, 85 and 79%, respectively. In general, up to concentrations
of 31 and 16 mg/ml, Doxorubicin and Paclitaxel resistant cell
lines revealed significant increases in cell proliferation com-
pared to same concentration treated sensitive cells. Increase in
the cell proliferation was also reported in the literatur-
e.[32,33,34]The rise of cell proliferation in lower concentrations
may arise from the absorption of the endocytosed MNP in cell.
In the literature, the research of Li et al. indicated that folic acid
receptor expression was upregulated in the taxol resistant naso-
pharyngeal carcinoma cells compared to sensitive nasopharyn-
geal carcinoma cells.[35]Similarly, Gy€orffy et al. reported
upregulation of folic acid receptor expression in Doxorubicin
resistant breast cancer tumor cells compared to sensitive
ones.[36] If there is an upregulated folic acid receptor expression
in our resistant cell lines, this could lead to endocytosis of
higher amounts of FA-MNP-1 leading to higher absorption val-
ues for resistant cell lines compared to sensitive cells. However,
to confirm this, expressional analysis of folic acid receptor in
resistant and sensitive cell lines should be performed and cross-
checked with nanoparticle uptake studies. In the treatment of
higher concentrations of FA-MNP-1, significant decreases in
cell viability was observed. Increased levels of FA-MNP-1 endo-
cytosis could prevent cell proliferation.

FA-MNP-1 nanoparticles did not exhibit severe toxicity nei-
ther on sensitive nor on resistant cell lines up to 125 mg/ml.
Since folic acid conjugated nanoparticles are taken up into cell
by folic acid mediated endocytosis, they are also successful in
bypassing drug resistance derived from upregulation of efflux
pumps like MDR1, MRP1 and BCRP.[37]In previous researches,

it was demonstrated that the MCF-7/Dox, MCF-7/Pac and
MCF-7/Zol resistant cell lines used in this study overexpressed
BCRP, MRP1 and MDR1, significantly.[38]Thus, with the load-
ing of an appropriate drug cargo, it can be used as possible
drug delivery systems to resistant cell lines.

Light microscopy images

MCF-7/S cells treated with 500 mg/ml of N-MNP-1, PEG-
MNP-2 and FA-MNP-1 for 48 hr were examined under
light microscopy. The images of observations were given in
Fig. 17. MCF-7/S cells exposed nanoparticles seems to toler-
ate incubation with particles. Compared with the control,
MNP treated cells exhibited lesser proliferation. This obser-
vation was in agreement with XTT assay results. All the
images were taken after PBS washing step. Thus, it can be
argued that, MCF-7/S cells could take up both naked and
coated nanoparticles. Fig. 17 demonstrates that endocytosed
MNP had a tendency to accumulate around nucleus
inside the cell. Similar observations were reported in the
literature.[34, 38]

Conclusion

In this study, the synthesized magnetite nanoparticles were
found to have appropriate size, surface chemistry, magnetiza-
tion, non-toxic properties and biocompatibility which are suit-
able for biomedical applications. Folic acid conjugated PEG
covered magnetic nanoparticles were characterized in detail.
They have a potential to be used in biomedical studies such as
drug delivery, hyperthermia and MRI. Since those particles
have a hydrophobic layer covered with hydrophilic PEG

Figure 17. Light microscopy images of a) untreated control MCF-7/S cells, and MCF-7/S cells treated with 500 mg/ml of b) N-MNP-1, c) PEG-MNP-2 and d) FA-MNP-1 for
48 hr (400X magnification).
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corona, they have a proper design for delivery of lipohilic drugs.
Due to their magnetic core these MNPs can be targeted to
tumor site in an applied magnetic field. Besides, folic acid on
MNP surface could help to receptor mediated endocytosis of
nanoparticles and by this way drug resistance obstacle in che-
motherapy could be prevented. To illustrate these effects fur-
ther studies are needed.
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