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ABSTRACT

In this study, magnetic nanoparticles (MNPs) were synthesized via co-precipitation method. To enhance
the biocompatibility and colloidal stability of the synthesized nanoparticles, they were modified with
carboxyl functionalized PEG via dopamine (DPA) linker. Both modified and unmodified Fe3;04 nano-
particles exhibited super paramagnetic behavior (particle size below 20 nm). The saturation magneti-
zation (Ms) of PEGdiacid-modified Fes04 was 45 emu/g, which was less than the unmodified Fes0,4 na-
noparticles (70 emu/g). This difference indicated that PEGdiacid polymer was immobilized on the surface
of Fe304 nanoparticles successfully. To evaluate the efficiency of the resulting nanoparticles as contrast
agents for magnetic resonance imaging (MRI), different concentration of MNPs and different value of
echo time TE were investigated. The results showed that by increasing the concentration of the nano-
particles, transverse relaxation time (T,) decreased, which subsequently resulted in MR signal en-
hancement. T,-weighted MR images of the different concentration of MNPs in different value of echo
time TE indicated that MR signal intensity increased with increase in TE value up to 66 and then re-
mained constant. The cytotoxicity effect of the modified and unmodified nanoparticles was evaluated in
three different concentrations (12, 60 and 312 mg1~!) on MDA-MB-231 cancer cells for 24 and 48 h. In
both tested time (24 and 48 h) for all three samples, the modified nanoparticles had long life time than
unmodified nanoparticles. Cellular uptake of modified MNPs was 80% and reduced to 9% by the un-
modified MNPs.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

medical conditions in medicine [3,4]. One of the disadvantages of
MRI is the low resolution and quality of the resulted image. An

Diseases, especially cancers are currently the most important
problem of humanity. Breast cancer is one of the most common
types. The determination of breast cancer at early stage could be
the key to successful treatment. Despite the availability and pre-
valence of mammography imaging, there is still additional benefit
to be gained from the additional screening methodologies. Re-
garding the fact that the tumors have very small size at the initial
stage, recent researchers have found that Magnetic Resonance
Imaging (MRI) can detect some small breast lesions sometimes
missed by mammography. It can also help to detect breast cancer
in women with breast implants and in younger women who tend
to have dense breast tissue [1,2]. MRI is the most bighting safe
diagnostic technique used in the diagnosis and treatment of
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alternative solution to this problem is the use of efficient contrast
agent. Contrast agent could be of paramagnetic or super para-
magnetic material such as iron oxides [4].

However, it has been recognized that the iron oxide nano-
particles could be good successor for their normal size counterpart
[5-8]. Fe304 nanoparticles have been tested vigorously for various
biomedical applications in view of their chemical stability and
environmentally friendly, with good storage and operation stabi-
lity [9]. Moreover, the use of iron oxide nanoparticles can also be
more effective in the treatment of breast cancer. Their suscept-
ibility to being operated under a magnetic field, provides them as
controllable tools for magnetically tagging of biomolecules or cells,
which result in highly efficient bioseparation, drug delivery, bio-
sensing, magnetic fluid hyperthermia, and magnetic resonance
imaging contrast enhancement [9]. Several studies have been
carried out on the application of nanoparticles especially Fes04
nanoparticles in biomedicine. For instance, Kim et al. [10] reported
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that the monodisperse Fes04 nanoparticles could be conjugated to
a breast cancer-targeting antibody, Herceptin, via 2,3-dimecapto-
succinic acid and sulfosuccinimidyl-4-(N-maleimidomethyl) cy-
clohexane-1 carboxylate (sulfo-SMCC) and utilized as magnetic
probes for breast cancer cell imaging applications [10-12].

The low solubility of iron oxide nanoparticle in aqueous solu-
tion and their destabilization due to the absorption of plasma
proteins are perhaps the most significant constraints for their
different applications. Magnetic nanoparticles agglomerates when
exposed to physiology environment this could be attributed to
increase in their surface area by severe interaction with plasma
proteins. In these situations, the particles are removed from the
blood circulation system and lose their function quickly. Moreover,
nanoparticle based diagnostics and therapeutics have generally
been tackled by the agglomeration of nanoparticles. One of the
simplest and most effective remedies for this problem is the
coating of nanoparticles with water solvable polymer such as PEG
or Carboxylated polyethylenimine (PEI-COOH) [3,13,14].

Based on the aforementioned reasons and as a part of this
study's ongoing research program, research design and synthesis
of functionalized magnetic nanoparticles was conducted and their
application in diagnosis and treatment were investigated [15-17].
In this study, the synthesis of monodisperse magnetite nano-
particles coated with water soluble polymers (Fe304-DPA-PEG-
COOH) for the diagnosis of breast cancer using MRI method (Fig. 1)
was reported.

2. Experimental
2.1. Solvents and reagents

All reagents were used without further purification. However,
all reagents and solvents were purchased from Merck (Germany)

and Sigma-Aldrich Company.

2.2. Synthesis of magnetite nanoparticle (Fe30,4)

MNPs were prepared through co-precipitation process. First, an
aqueous solution of Fe>* :Fe? "with a molar ratio equal to 2:1 was
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prepared by dissolving 2 mmol (0.54 g) FeCls-6H,0 and 1 mmol
(0.19 gr) of FeCl,-4H,0 in 100 ml deionized and deoxygenated
water. Then this solution was ultrasonicated for about 30 mins
under argon atmosphere. Thereafter, aqueous solution of NaOH
(1.2 M) was added slowly to the solution and sonicated for extra
30 min. Finally, MNPs were magnetically separated and freeze
dried to remove the solvent after 4 times washing with deionized
water and ethanol (1:1).

2.3. Synthesis of PEG (2000) diacid (HOOC-PEG-COOH)

Briefly, 5 and 2.5 g PEG and succinic anhydride, respectively
were dissolved in 25 ml dry toluene for up to one night at 70 °C.
Then, the yielded PEG (2000) diacid was precipitated with hexane
and dried using oven.

2.4. Coating Fe304 with HOOC-PEG-COOH via DPA linker (Fes04-
DPA-PEG-COOH)

PEG (2000) diacid (300 mg) was dissolved in a solution of
CHCI5 (15 mL), DMF (10 mL) containing NHS/DCC, dopamine hy-
drochloride (10.27 mg), and anhydrous Na,CO3; (100 mg). The so-
lution was mechanically stirred at room temperature for 2 h. The
solution of NPs was slowly added and followed by sonication for
15 mins under N,. After 24 h, the modified NPs were precipitated
by adding hexane. The resulting NPs were separated by magnet
and dried under N,. Finally, NPs were dissolved in deionized water
and dialyzed using 12 kDa bag for 24 h in water.

3. Results and discussion

Fe;0,4-DPA-PEG-COOH nanoparticles were synthesized accord-
ing to the synthetic route as shown in Fig. 1(a). In this study, PEG
was used owing to its nontoxic nature and its ability to form a
robust coating layer around nanoparticles, which provides a bio-
compatible and protective surface to keep nanoparticles from ag-
gregating in physiologic environment and prohibition-specific
uptake by reticular-endothelial system (RES) [9,18-22]. On the
other hand, it has been proved that the DPA moiety has high

Fig. 1. Schematic synthesis of Fe;0,-DPA-PEG-COOH nanoparticles, (a) Fe;04 synthesis via co-precipitation method (1), Synthesis of PEG diacid (2), and immbolization of
PEG diacid on Fe;04 nanoparticles via DPA linker (3), (b) Visual image of nanoparticles in water, (c) Separation from solution using an external magnetic field, (d) Size
distribution of nanoparticles in the absence of ultrasonic, (e) and also in the presence of ultrasonic and (f) Zeta potential value for the coated nanoparticles.
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affinity for iron oxide shell of magnetic nanoparticles. A spectro-
scopic study by Rajh et al. [23] suggested that bidentate enediol
ligands, such as DPA, convert the under-coordinated Fe surface
sites back to a bulk-like lattice structure with an octahedral geo-
metry for oxygen-coordinated iron, which may result in tight
binding of DPA to iron oxide. The prepared Fe;04-DPA-PEG-COOH
nanoparticles were fully characterized. Fig. 1(b) shows the visual
image of nanoparticles in water and (c) its separation from solu-
tion using an external magnetic field.

3.1. Experimental X-ray diffraction analysis data

Determination of nanoparticles size was done by X-ray dif-
fraction (XRD) which is presented in Fig. 2(a). XRD has a good
potential for the analysis of nanostructures, because the diffraction
patterns yield information about the building materials (sizes of
crystallites, microstrain of a lattice, dis-location structures, etc.).
There are numerous methods to analysis the X-ray diffraction line
profiles. The most widely applied methods are the Scherrer, Wil-
liamson-Hall, and Warren-Aver-bach methods [24].

The diffraction patterns of the initial Fe nanopowder and re-
ference are shown in Fig. 2(a). In comparison of the diffraction
patterns of synthesized nanoparticles with diffraction patterns of
the reference, the types of iron oxide sample could be recognized.
Based on the analogy of the reference peaks, Fes04 and Fe,O3
could be found with maximum intensity values that are related to
(311) planes. The second and third peaks (in view of intensity) in
the diffraction pattern of materials have been located in different
place. In the case of magnetite (Fe30,4), the second and third peaks
were in (440) and (220) planes respectively, is contrary those of
hematite (Fe;O3). In comparison of the diffraction pattern of the
synthesized nanoparticles with reference patterns,the type of
prepared iron oxide particles was found to be Fe;0,.

The calculation of the size of synthesized nanoparticle was
carried out using Scherrer method (Eq. (1)).

Cors

K
" Bcosb, 1))

where A is the radiation wavelength, B is the physical width of the
reflection (in 26), 6, is the diffraction angle of the maximum line,
and K is a constant close to unity (K~ 0.9, if the half-width of a
peak is taken, and K~ 1 for the integral width) [24].

The calculations result using the Scherrer equation showed that
the particle size was 10 nm.

3.2. Size distributions of nanoparticles

The size of the nanoparticles and their distribution is highly
relevant to their method of synthesis. For instance, in the re-
nowned co-precipitation method, the size distribution of nano-
particles is not homogeneous and as such, can affect the applica-
tion of nanoparticles. However, co-precipitation method as the
most used or popular method for the synthesis of nanoparticles is
yet to be reported. One of the crucial parameters in co-precipita-
tion method is the pH setting along particle formation, in which
higher pH values leads to the formation of very small size of
particle. In this study, pH=12.8 was used along with reaction
during synthesis. The particle size distribution curve is shown in
Fig. 1(d). According to particle size distribution curve, the average
diameter of nanoparticles is 24 nm.

Ultrasonic was used to obtain the homogeneous particle. This
technique will provide very uniform and narrow particle size
distributions with good efficiency. The particle size distribution
curve in the presence of ultrasonic waves is shown in Fig. 1(e). It
can be concluded that the average particle size is 16 nm, which
confirm the ultrasonic's clue effect.

3.3. Zeta potential analysis

For more consideration, zeta potential was measured. Zeta
potential analysis is a technique that is used to obtain more
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Fig. 2. (a) X-ray diffraction and (b) thermogravimetric analysis of Fe;04,-DPA-PEG-COOH nanoparticle.
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information about the colloidal stability through the determina-
tion of surface charge. Nanoparticles with zeta potential values
greater than +25 mV or less than —25 mV typically have high
rating of stability. In this study, in order to determine the surface
charge of a coated nanoparticles, zeta potential was measured as
shown in Fig. 1(f). As expected, nanoparticles had a negative sur-
face charge (—27.69 mV to —35.13 mV), which could be attributed
to the presence of end carboxyl groups of the polymer on the
nanoparticle surface. There was a close agreement between the

obtained results of this study and results previously reported by
Wei et al. [25].

3.4. Thermogravimetric analysis (TGA)

For more characterization of the obtained nanoparticles, ther-
mogravimetric analysis was performed on PEGdiacid-grafted
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Fe;0,4 nanoparticles. Fig. 2(b) shows that the weight loss in the
timeframe of 100-200 °C was due to the desorption of water
molecules from the surface, which was estimated to be about 5%. It
can be concluded that the polymer inhibit water withdrawal. In
the timeframe of 200-600 °C, weight loss was occurred different
rates this could be attributed to the removal and desorption of
immobilized polymeric matrix along with dopamine. About 22%

was estimated as weight loss of PEGdiacid-grafted FesO, nano-
particle [26].

3.5. FI-IR analysis

Fig. 3(a) shows the FT-IR spectra of pure Fe304 nanoparticle. As
it is shown in Fig. 3(a), absorption peak at 567 cm~ ! belongs to the
stretching vibration mode of Fe-O bonds in Fe304. The FT-IR
spectrum of dopamine hydrochloride is shown in Fig. 3(b).
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Fig. 3. FT-IR spectra of (a) pure Fe304 nanoparticles, (b) Dopamine hydrochloride, (c) PEGdiacid, (d) Fes04-DPA-PEG-COOH nanoparticles.
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After the carboxylation of PEG, in the polymer chain, all OH
group were replaced by COOH. To assess the PEGdiacid, the
polymer was participated using hexane and dried in an oven. The
spectrum of PEGdiacid is shown in Fig. 3(c). The absorption peaks
of 1725 cm™' was associated with acidic C=0, indicating that the
carboxylation of PEG had been done successfully.

The IR spectrum of the coated Fes04 nanoparticle (Fig. 3(d))
had absorption peaks of 1560 cm™! being relevant to the stretching
vibration of acidic C=0. These results confirmed the presence of
acidic group on the coated nanoparticles. In comparison with the
IR spectrum of PEGdiacid, in this wavelength, broadening could be
observed, which may be due to the presence of dopamine aro-
matic ring. Moreover, the absorbent peak centered at 1105 and
2925 cm~'can be attributed to the C-0-C bond and asymmetric
stretching of CH bond, respectively. These results completely in
line with the results obtained by Wei et al. [25]. Also, there was an
adsorption band at 1427 cm™!, which corresponds to the bending
vibrations of CH, group. Therefore, these FT-IR spectra demon-
strated that carboxylated polyethylene glycol (PEG-COOH) was
successfully grafted onto the Fes04 nanoparticles surface.

3.6. Analysis of magnetic properties

Iron oxide nanoparticles have diversity of size and structure,
leading to variation of magnetic properties. In this study, the
coating process occurred in more than one step: first, the magnetic
properties of the synthesized nanoparticle were measured in order
to be sure of the super paramagnetic properties of the pure Fes0,4
nanaoparticles. It was found that the saturation magnetizations
(Ms) of the coated nanoparticles were more than the pure ones.
Fig. 4 shows the magnetization curves of the pure Fe3s04 nanao-
particles. As shown in Fig. 4, the pure Fe304 nanaoparticles have
super paramagnetic properties.

It is worthy of note that the use of a non-magnetic material for
coating may cause mitigation in the magnetic properties of na-
noparticles. The reduction of magnetic properties of nanoparticles
in the presence of polyvinyl alcohol or starch as a coating agent
has been reported previously by Voit et al. [26]. Sun et al. [27] also
reported that the magnetic properties were mitigated at 90 to
15 emu/g when the coating material was amorphous silica. As
shown in Fig. 4, the saturation magnetization (Ms) is 45 emu/g for
PEGdiacid-modified Fe304, which is less than the pure Fes0,4 na-
noparticles (70 emu/g). This difference indicates that PEGdia-
cidpolymer was successfully immobilized on the surface of Fe304
nanoparticles.

3.7. Magnetic nanoparticles as contrast agents for MRI

Since the superparamagnetic Fe3O0, nanoparticles induce de-
crease in transverse relaxation time T, leading to an increase in
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contrast of the MRI images, the influence of PEG-grafted MNPs was
investigated in terms of MR signal-enhancing property.

In order to evaluate the role of magnetic nanoparticles as a
contrast agent, MRI imaging was carried out in defined protocol
and in different concentration of nanoparticles. Fig. 3 show that
the MR signal intensity is different for the different concentrations
of MNPs. As shown in Fig. 5(a), it can be concluded that increase in
the concentration of nanoparticles result in a decrease in trans-
verse relaxation time T,, thus leading to MR signal enhancement.

For a systematic evaluation of the T,-weighted MRI images, the
experiment was carried for different values of TE. Fig. 5(b) shows
the Tr-weighted MRI images for the different concentrations of
MNPs in different values of echo time TE. This figure indicates that
MR signal intensity increases with increase in TE value up to 66
and then remains constant.

As it is well known, the efficiency of the MRI contrast agent is
measured via the frequency dependence of the transverse r, and
longitudinal r; relaxivities defined by:

R = (—l/(T,-|dia) + 1/(E|meas))/ci =1,2

where C is the concentration of the magnetic center in mmol/L or
mg/ml, 1/Tjldia is the relaxation rate of the nuclei in the diamag-
netic host and 1/Tjmeas is the relaxation rate measured in the
presence of the CA [3,28].The relaxation rates 1/T2 as a function of
the iron molar concentration for the PEGdiacid-coated MNPs are
shown in Fig. 6. As seen in the figure, the r, value of the PEGdiacid-
grafted MNPs is 171.15mM~! s~ which is larger than that re-
ported by Endorem [29]. In this study, the high value of r; is at-
tributed to the high saturation magnetizations value. In consider-
ing the sufficient reduction in T,, it can be said that MNPs
have significant potential to cause a negative contrast in MRI
imaging.

3.8. Evaluation of cytotoxicity of PEGdiacid-grafted MNPs

The cytotoxicity of nanoparticles can be regarded as one of the
important physicochemical properties [30]. Since the physico-
chemical properties of nanoparticle could be different depend on
their different types, it is expected to have variable toxic effects on
the cells. The toxic effect of nanoparticles can be reversible or
permanent, which may lead to death of cell [30,31]. There are
various tremendous tools for the measurement of cytotoxicity of
nanoparticles. In this study, the MTT assay was carried out in order
to evaluate the cytotoxic effect of the different concentrations of
nanoparticles. This method is simple, repeatable, and it can be
tailored for any assay without a radioisotopic requirement. The
measurement was done for three different concentrations of na-
noparticles (12, 60 and 312 mg 1~ ') at 24 and 48 h. Fig. 7 shows
the cytotoxicity curve relative to different concentrations of Fe304
nanoparticles at various iron concentrations with and without

-10000

10000

Fig. 4. Magnetization curves of (a) pure Fe;04 nanoparticles and (b) PEGdiacid-modified Fe;04 nanoparticles.
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the PEGdiacid-coated MNPs.

polymer grafting. As shown in Fig. 7, in both tested time
(24 and 48 h) for all three samples, nanoparticle with PEGdiacid
coating had a long life time than the pure Fes04 nanoparticles. For
instance, this study obtained relatively 20 and 55 of the survival
rate of cell after 24 h in 312 mg/L of the unmodified and polymer-
grafted nanoparticles, respectively. In the other word, PEGdiacid-
grafted Fe;04 nanoparticles were less toxic and more biocompa-
tible due to the increasing hydrodynamic size and decreasing
chemical reactivity. Moreover, this polymer coating could be useful
in the biocompatibility of nanoparticles by the prevention of ad-
ditional oxidation of magnetite and Fe ions leakage.

As shown in Fig. 8(a), in the case of unmodified Fes04
nanoparticles after 24 h, at highest concentration of Fe304

nanoparticles, toxicity was observed, but in lower concentration of
Fe, cell viability was up to 70%. However, in the interaction of cell
with PEGdiacid-grafted Fe304 nanoparticles, toxicity dramatically
dropped even in high concentration of Fe304 nanoparticles.The
cytotoxicity effect of nanoparticles on high concentration of Fe304
nanoparticles could is due to DNA damage, which has been de-
monstrated by Karlsson et al. [32].

As shown in Fig. 8(b), after 48 h, cell viability was mitigated so
that by exploiting the unmodified Fe;04 nanoparticles, cytotoxicity
effect would be intensive, resulting in death of cell except in very
low concentration of Fes04 nanoparticles. But PEGdiacid-grafted
Fe;0,4 nanoparticles showed completely different effects of cyto-
toxicity behavior on the cell. The results were so promising, since
toxicity was detectable only in the presence of the highest con-
centration of Fe304 nanoparticles.

3.9. Cell uptake

Breast cancer cells (MDA-MB-231) were obtained from the
Pasteur Institute of Iran. 5 x 10° cells were cultured in DMEM with
10% FBS at 37 °C and 5% CO, atmosphere. The MDA-MB-231 cells
were exposed to modified and unmodified MNPs. After 2 h, cells
were separated via centrifuge and digested in HNO3/HCl. The
Fe;04 nanoparticles concentrations within the cells were mea-
sured using the inductive coupled plasma — atomic emission
spectrometry (ICP-AES) analysis. The particle surface charge and
size showed significant impact on the uptake mechanisms. Cell
uptake of PEGdiacid-grafted Fes04, NPs was 80-85% compared to
unmodified NPs, which was 9-13%. Most unmodified NPs re-
mained in solution and only 9% of them penetrated to the cells.
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This may be attributed to serve agglomeration of the unmodified
nanoparticles.

4. Conclusions

In the present study, a method for immobilizing of the mac-
romolecule on the Fes04 nanoparticle surface was described. As
mentioned in earlier, co-precipitation method was used for the
synthesis of superparamagnetic Fe30, nanoparticles. However,
before the grafting of the desired polymer on the surface, car-
boxylation of PEG was carried out using NHS/DCC and thereafter,
the immobilization of PEGdiacid on the surface of MNPs was
performed using DPA. The obtained results showed that the sur-
face modification of Fe;04 nanoparticles by polymer chain was
more effective. The modified nanoparticles were super-
paramagnetic and completely stable and dispersible in water. The
evaluation of the results of the different tests, such as concentra-
tion of MNPs on T2, value of echo time TE, cytotoxicity effect and
cellular uptake on MDA-MB-231 breast cancer cells, showed that
PEGdiacid-grafted Fe;0, nanoparticles were the most effective
contrast agent in MRI. On the other hand, it can be concluded from
the calculated r, relaxivites that the PEGdiacid-grafted
FesO4nanoparticles could bea tremendous entrant as T, contrast
agent.
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