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Abstract

Background The aim of this study was to produce ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles
(NPs) conjugated to the FROP-1 peptide for targeted magnetic resonance imaging (MRI) of breast cancer cell lines
and to evaluate its application as a specific and targeted T1-weighted MR imaging contrast agent in vitro. Sodium
citrate-stabilized Fe;O, NPs were conjugated with the FROP-1 peptide by 1-ethyl-3-(3-dimethylaminopropyl) carbide
diamide hydrochloride (EDC) to form a novel Fe;0,@FROP-1 specific target contrast agent. The specificity and
targeting of Fe;0,@FROP-1 to bind FROP-1 receptors were investigated in vitro by cellular uptake and cellular MR
imaging.

Results In this study, the synthesis of water-soluble ultrasmall Fe;O, NPs was performed by the co-precipitation
method. XRD, TEM, and VSM analyses showed the formation of the Fe;O, NPs with an average size of about
3.78+0.2 nm. FT-IR spectroscopy approved the conjugation of the FROP-1 peptide with the Fe;O, NPs. The
synthesized Fe;0,@FROP-1 NPs showed good biocompatibility, and the high r1 relaxivity and r2/r1, respectively,
were 2.608 mM~'S™" and 1.18. The biocompatibility of the Fe;0, and Fe;0,@FROP-1 NPs on the MCF-7, SKBR-3,
MDA-MB-231, and MCF-10 cell lines was determined using cytotoxicity analysis. The specific targeting effect on the
cells was verified by in vitro cellular uptake and cell MR imaging.

Conclusion It was found that the contrast intensity of the Fe;0,@FROP-1 nanoprobe increases as Fe concentration
increases. Cellular uptake of the Fe;O, and Fe;0,@FROP-1 NPs was quantified using ICP-MS. The synthesized NPs had
better imaging performance than Dotarem (gadoterate meglumine). The findings showed that Fe;0,@FROP-1 NPs
have potential utility as a specific and targeted T1-weighted contrast agent in breast cancer MR imaging.
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Background

Accurate and early detection of breast cancer is a very
important and vital category. Although current diag-
nostic methods do not directly prevent metastasis and
mortality, they play a crucial role in early detection and
facilitating timely and effective treatment planning,
which can improve patient outcomes. Have targeted
agents been effective in creating a specific diagnostic
method? To what extent have diagnostic imaging tech-
niques been successful in diagnosing breast cancer early
and accurately? These are some of the questions that are
often asked in the field of diagnosis and improvement of
its methods. Early and accurate diagnosis of cancer plays
an important role in choosing the appropriate treatment
as well as successful treatment and prevents metastasis
and death.

Despite the recent significant advances in the diag-
nosis and targeted treatment of breast cancer, this dis-
ease is still known as the second most common cancer
in the world, with a high risk of metastasis and mortal-
ity among women [1, 2]. The inherent heterogeneity of
breast tumors makes accurate and early diagnosis and
prognosis, as well as choosing the appropriate treatment
method, challenging [3, 4].

Nowadays, MRI is known as one of the most power-
ful and widely used non-invasive imaging methods due
to the production of images with high spatial resolution
and the ability to access 3D tomographic information

from soft tissues, including tumors [5, 6]. However, the
relatively low inherent sensitivity of this technique lim-
its accurate and non-invasive tumor detection. Currently,
in most MRI examinations, contrast agents are used to
increase sensitivity and improve image contrast. In gen-
eral, MRI contrast agents are classified into T1-weighted
(T1w) and T2-weighted (T2w) depending on their size
or distribution in the body, magnetic properties, and
the effect they have on image contrast [7, 8]. Contrast
agents T1 and T2 improve image contrast by reducing
longitudinal (T1) and transverse (T2) relaxation times,
respectively [9]. T2 contrast agents have a high intrinsic
sensitivity, which creates a long-range and heterogeneous
magnetic field. Duo to the heterogeneous magnetic field
caused by paramagnetic or diamagnetic materials, the
signal intensity decreases and distorts the background
image. This phenomenon is known as the MRI “blooming
effect’, or the intrinsic dark signal of T2w, which causes
signal loss and background image distortion, making pre-
cise localization of the contrast agent challenging [10, 11].
In MRI blooming effect, the size of an object measured
in the MR image is larger than its real size. Due to the
blooming effect as well as the presence of other hypoin-
tense areas arising from metal deposits, calcification, and
bleeding, the exact position of T2 contrast agents can-
not be easily identified [12]. In contrast, the use of the
enhanced T1 contrast improves imaging, distinguishes
between different tissues, and avoids the blooming effect,
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making them a preferred choice for clinical applications
[13]. Gadolinium-based contrast agents (GBCAs) are
commonly used as T1 contrast agents for clinical cancer
imaging [11]. On the other hand, they cause lethal neph-
rogenic systemic fibrosis and accumulation in the brain
[13], which has been warned about by the Food and Drug
Administration (FDA) [12, 14].

USPIO NPs with high magnetic strength, safety, and
good biocompatibility [15], have emerged as promising
T1 contrast agents. Unlike conventional SPIONS, they do
not affect the magnetic homogeneity or the background
and also provide the possibility to determine the exact
position of the contrast agent [16]. The optimal con-
trast agent T1 is the contrast agent in which rl is large
and the ratio r2/r1 is small, while in the optimal contrast
agent T2, the value of r2 must be much larger than the
value of rl1 [9]. However, these contrast agents are non-
specific and cannot distinguish tumor invasiveness or
produce effective, detectable contrast in small tumors
and micrometastases. To address this challenge, targeted
molecular imaging strategies have emerged as a promis-
ing approach. Peptides become target molecules due to
their high specificity, high binding affinity, very small
size, low toxicity, and acceptable stability [14, 17]. In
2007, the FROP-1 peptide was identified through a phage
display system by Zitzmann et al. [18]. The 12-amino acid
peptide FROP-1 [19] was labeled with > and '*'T and
evaluated for targeting, stability, and ability to bind to dif-
ferent types of cancer cell lines. The results showed that
the highest uptake of the labeled peptide was related to
the MCEF-7 breast cancer cell and the thyroid cancer cell
FRO82-2 [18, 20]. Despite its promising tumor-targeting
ability, FROP-1 has not been investigated for MRI con-
trast enhancement, leaving a gap in the development of
targeted molecular imaging approaches.

Although various MRI contrast agents have been inves-
tigated, the conjugation of USPIOs with a tumor-specific
peptide like FROP-1 for targeted T1-weighted imaging
remains unexplored. This study aims to develop a tar-
geted T1 MRI contrast agent by conjugating FROP-1
peptide to USPIO NPs, synthesized by using the co-
precipitation method and stabilized with sodium citrate.
This conjugation is expected to enhance selective tumor
targeting by improving nanoparticle uptake at breast can-
cer cell surface receptors. Unlike conventional GBCAs,
which pose risks of toxicity and brain accumulation, or
untargeted USPIOs with limited specificity, our approach
offers improved specificity, contrast enhancement, and
safety. To evaluate the efficacy of this targeted contrast
agent, we characterize the synthesized Fe;O, and Fe;O,@
FROP-1 NPs, assessing their magnetic performance,
relaxivity, specific absorption, cytotoxicity, as well as
T1w image signal intensity in breast cancer cells. In other
words, targeted delivery of USPIO NPs conjugated to
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the FROP-1 peptide in vitro as a T1w contrast agent can
increase the sensitivity and specificity of MR imaging by
facilitating their accumulation in breast cancer cell lines.

Materials and methods

Materials

Ferric  chloride (FeCly6H,0), ferrous chloride
(FeCl,-4H,0), sodium hydroxide, sodium citrate, ethyl-
ene diaminetetraacetic acid (EDTA), hydrochloric acid,
and dimethylsulfoxide (DMSO) were purchased from
Kelong Chemical Co. (Chengdu, China, AR). Pluronic
F127 (F127) was purchased from Sigma-Aldrich (Shang-
hai, China). 1-Ethyl-3-[3-(dimethylamino) propyl] car-
bodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and 2-(N-morpholino) ethanesulfonic acid were
purchased from Aladdin (Shanghai, China). A 12-amino-
acid FROP-1 peptide (Glu'-Asp®-Tyr3-Glu*-Leu®-Met®-
Asp’-Leu®-Leu’-Ala'-Tyr'!-Leu'?) (M.W. 1485.7 Da) was
purchased from HUICHEM (Shanghai Huirui Chemi-
cal Technology) Co., Ltd. (Shanghai, China). Dulbecco’s
Modified Eagle’s Medium (DMEM) were purchased from
GIBCO (Invitrogen, Germany). Trypsin-ethylenediami-
netetraacetic acid (EDTA) and penicillin—streptomycin
solution was purchased from Sigma-Aldrich Corp. (St
Louis, MO, USA). The MCF-7, SKBR-3, MDA-MB-231
(human breast cancer), and MCF-10 (normal) cells were
purchased from the Pasteur Institute of Iran (Tehran,
Iran) and cultured separately.

Synthesis of the Fe;0, and Fe;0,@FROP-1 NPs

The synthesis of uniform and ultrasmall Fe;O, NPs was
carried out a room temperature using a magnetic stir-
rer. First, a citrate salt solution was prepared. For this
purpose, citrate salt (1.152 g, 6 mmol) by using mag-
netic stirring was dissolved in about 100 ml of deion-
ized water. Then FeCl, (0.65 g, 4 mmol) and FeSO,.7H,O
(0.56 g, 2 mmol) were added to the solution of citric
acid and stirred with a magnetic stirrer at room tem-
perature. Afterward, 3 ml of 25% ammonia solution was
added under vigorous stirring. The prepared mixture was
stirred for 1 h at 80 °C. Furthermore, the products could
be purified by dialyzing them in deionized water for 5
times, during which the unreacted and residual ions were
removed from the colloids. Finally, the ultrasmall Fe;O,
NPs were synthesized.

Preparation of Fe;0,@FROP-1 NPs

For every 1 ml of the ultrasmall Fe;O, NPs with a con-
centration of 3000 ppm, 0.5 mg of the peptide was added.
Afterward, 1 ml of the ultrasmall Fe;O, NPs synthesized
in the previous step with a concentration of 3000 ppm,
about 0.001 molecules of EDC, on the magnetic stirrer
were added and stirred for 2 h at room temperature. The
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final product was dialyzed 3 times in deionized water.
This was done in the refrigerator.

Characterization techniques

Before using Fe;O, and Fe;O,@FROP-1 NPs, their physi-
cochemical properties were first evaluated by using dif-
ferent methods. At first, zeta potential and the effective
diameters of NPs were measured by dynamic light scat-
tering (DLS, Nano-flex, Germany). The morphology and
size of the NPs were investigated by using transmission
electron microscopy (TEM, Zeiss LEO 906, Germany)
with a 120 kV accelerating voltage. To do this first, a small
drop of the NP suspension diluted by deionized water
was poured onto a carbon-coated grid, to evaporate and
dry the liquid at room temperature and air temperature.
Then, the network was monitored by TEM. In order to
determine the type of bonding of peptide molecules at
the nanoparticle surface, a Fourier transform infrared
(FTIR) spectrometer. (FTIR, Spectrum two Perkin Elmer,
US). The iron content in different tissue samples were
quantified by an inductively coupled plasma-mass spec-
trometer (ICP-MS, ELAN 6100 DRC-e, US). The struc-
ture of the synthesized NPs and the phases in the powder
sample was determined by X-ray diffraction (XRD, Phil-
ips PW1730, UK) patterns. Measurements were collected
with a Cu-Ka radiation source and A=1.540598 °A in
the 20 angle range with steps of 0.05° and 1 s/step. (Phil-
ips PW1730, UK). The structural analysis of elements in
the sample and dispersive energy were investigated by
energy-dispersive X-ray spectroscopy (EDX, FESEM-
MIRA 1I, Czech Republic). The magnetic properties of
pure Fe;O, NPs were determined by a vibrating sample
magnetometer (VSM, LBKFB, Lakeshore 7407, Iran) at
room temperature.

Relaxivity measurements

In order to understand the MR efficiency and the relax-
ation rate of the Fe;O, NPs, in vitro, we used two clinical
3T MRI scanner systems (Magnetom Prisma, Siemens,
Germany). Therefore, a series of aqueous solutions of
the Fe;O, NPs at different Fe concentrations in 1.5 mL
Eppendorf tubes were prepared. The spin-echo (SE) pulse
sequence was used for the T1-weighted relaxation time,
and the value of r1 was calculated. The imaging param-
eters of the T1-weighted were as follows: Multiple Rep-
etition Time (TR) =100, 300, 600, 1200, 1800, 3000, 5000
ms, Echo Time (TE) =12 ms, Number of Experiments =7,
Rare Factor=2, Number of Repetitions=1, Number of
Averages=1, Flip Angle=180, Matrix=256x256. The
T2-weighted relaxation time was also performed using a
multi-echo (ME) pulse sequence, and the value of r2 was
calculated. The imaging parameters of the T2-weighted
were also selected as follows: Repetition Time
(TR) =2000 ms, Multiple Echo Time (TE) =12, 24, 36, 48,
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60, 72, 84, 96, 108, 120, 132, 144, 156, 168 ms, Number of
Repetitions = 1, Number of Averages =1, Flip Angle =180,
Matrix =256 x 256, average = 10. The data was handled by
Image ] and MATLAB analyzed and obtained the T1 and
T2 relaxation times for each sample. Then, the relaxivity
values of rl and r2 were calculated from the slope of the
linear curve of inverse relaxation time (1/T1 and 1/T2)
vs. the Fe concentration (mM).

In vitro study

Cell culture

MCF-7, SKBR-3, MDA-MB-231 (human breast cancer
adenocarcinoma), and MCF-10 (normal) cell lines were
purchased from the Pasteur Institute of Iran (Tehran,
Iran). The cell lines were cultured according to insti-
tutional guidelines with permission received from the
Ethics Committee of Iran University of Medical Sci-
ences (IUMS), in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Biowest, France) and supplemented with 10%
fetal bovine serum (FBS) (GIBCO, New York, NY, USA)
and 1% penicillin-streptomycin (Sigma-Aldrich, St.
Louis, MO, USA). The cell lines were incubated in anin-
cubator at 37 °C with 5% CO, and saturation of moisture.

Cytotoxicity assay
The cell cytotoxicity of the Fe;O, and Fe;O,@FROP-1
NPs was evaluated in MCF-7, SKBR-3, MDA-MB-231,
and MCEF-10 cell lines by using the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
MCEF-7, SKBR-3, MDA- MB-231, and MCF-10 cell lines
were seeded into 96-well culture plates with a density of
1x10* per well, and incubated in DMEM medium con-
taining 10% FBS and 1% penicillin/streptomycin (pen/
strep) under 5% CO, at 37 °C for 24 h. Then, the medium
was replaced with a fresh medium containing the Fe;O,
and Fe;0,@FROP-1 NPs at different Fe concentrations
(0 ~ 100 p/mL NPs) in each well in 96-well plates. After
24 h, 20 pL of MTT (5 mg/mL in PBS) was added to the
wells, and the cells were incubated for another 4 h under
regular culture conditions. Afterward, the medium was
carefully removed, and DMSO (200 pL) was added to
each well to dissolve the formed formazan crystals. The
absorbance at 570 and 630 nm in each well was measured
with an ELISA reader (DANA-3200, Iran). The survival
rate percentage of cells was calculated using the following
Eq. (1):

Absorbance of treated group

11 Viabilit =
Cell Viability (%) Absorbance of control group

x 100 (1)

Cellular uptake of the Fe;0, and Fe;0 ,@FROP-1 NPs

The specific cellular uptake in vitro studies of the Fe;O,
and Fe;O,@FROP-1 NPs by the MCF-7 cell line were
first assessed by using an ICP-MS analysis. The MCF-7
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cell line at a density of 3x10° cells/well was seeded in
6-well plates and grown to 80% confluency. After that,
the medium was replaced with the medium containing
the Fe;O, and Fe;O,@FROP-1 NPs with a Fe concentra-
tion of 0.5 mM. After incubation for 24 h, the wells were
emptied and the cells were washed with PBS 2-3 times
to remove any free NPs attached to the cell membrane.
Then, the cells were trypsinized and centrifuged, and
finally, the ICP-MS analysis was used to quantify the
uptake of the Fe;O, and Fe;O,@FROP-1 NPs by cell lines.

Determination of specific binding

The saturation (blocking) method can be used to deter-
mine the effect of peptides attached to NPs. Using the
saturation method, the selectivity of the peptide to the
receptor can be investigated by blocking cell surface
receptors with the free peptide. For this purpose, the
MCE-7 cell line was first cultured. After reaching the
appropriate cell density, to block cell surface receptors,
the first 50 times the concentration of the peptide in
Fe;O,@FROP-1 NPs (0.5 mg/ml) of the free peptide were
diluted in 3 ml of complete culture media. The cells were
then incubated for 1 h with free peptide. After 1 h, the
cells were washed twice with PBS solution. The cells were
then treated with Fe;O,@FROP-1 NPs at a concentra-
tion of 0.5 mM [Fe] and incubated for 24 h. 24 h after cell
treatment, the cells were washed twice with PBS solution,
trypsinized, and collected after centrifugation. The cell
lines were immobilized in 1.5 mL tubes with 1% agarose.

T1-weighted MR imaging of the Fe;0, and Fe;0 ,@FROP-1
NPs

The in vitro T1-weighted MRI performance was com-
pared by using the prepared Fe;O, and Fe;O,@FROP-1
NPs on the breast cancer cell lines; MCF-7, SKBR-3,
MDA-MB-231, and MCEF-10. MR images of the cell lines
were obtained on an MRI scanner (3 Tesla). MCF-7,
SKBR-3, MDA-MB-231, and MCEF-10 cell lines were cul-
tured in 6-well plates at a density of 1 x 10° cells/mL. MR
images of the cell lines were collected after incubation
with the Fe;O, and Fe;O,@FROP-1 NPs in the Fe con-
centration range (5, 10, 25, 50, and 100 pg/mL) for 24 h
at 37 °C. After that, the cell lines were then washed twice
with PBS, detached with trypsin, and then were centri-
fuged (5 min-1200 rpm). The acquired cell lines were
resuspended in 0.2 mL agar gel solution (1%) in 1.5 mL
Eppendorf tubes. The samples were prepared in 5 groups
for the Fe;O, and Fe;O,@FROP-1 NPs. After prepar-
ing each group, we put it in a cold-water bath to seal the
agar gel solution, and then it was transferred to the 4 °C
refrigerator. Then, the MR images of the cell lines were
taken. The imaging parameters were selected in such a
way that it is possible to achieve the appropriate SNR and
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resolution. The SNR and ASNR values were calculated by
the following Eqs. (2) and (3), respectively:

Signal Intensity (mean)

SNR =
Standard Deviation (noise) @
Signal Intensity (mean)
— Signal Intensity (noise) (3)

ASNR = x 100

Standard Deviation (noise)

The T1-weighted MR images of the cell lines were
acquired by using a conventional spin-echo sequence
under the following parameters: echo time (TE)=14
ms, repetition time (TR) =800 ms, flip angle=120°, slice
thickness=0.7 mm, number of excitations (NEX)=8,
average = 10.

Statistical analysis

All experiments were performed with three replica-
tions. Descriptive statistics of the studied variables were
reported as the mean value*standard deviation (SD).
Statistical significance was tested using an unpaired, two-
tailed Student’s t-test, assuming equal variance. Value
of *(p<0.05), **(p<0.01), and ***(p<0.001) were consid-
ered to be statistically significant. Statistical differences
for multiple groups were determined using a one-way
ANOVA, and individual groups were compared using
Student’s t-tests. A p-value <0.05 was considered statisti-
cally significant.

Results

Synthesis and characterization of the Fe;0, and Fe;0,@
FROP-1 NPs

Herein, first the Fe;O, and Fe;O,@FROP-1 NPs were
synthesized by the co-precipitation method. The hydro-
dynamic size of the Fe;O, and Fe;O,@FROP-1 NPs was
measured to be 11.8 nm (Fig. 1a). The zeta potential was
investigated and compared before and after binding of
FROP-1 peptide to Fe;O, NPs. The zeta potential of the
NPs was —40.28 +4.80 mV before binding to the peptide
and —-30+3 after binding to the peptide, indicating the
high stability of the NPs (Fig. 1b).

In order to investigate the morphology and size of
NPs, TEM images were prepared, which are shown in
Fig. 1c. The Fe;O, NPs have a spherical or quasi-spher-
ical shape with a relatively uniform size distribution.
The mean diameters of the Fe;O, NPs were measured
at 3.78+0.2 nm. FTIR spectrometer was used to deter-
mine the type of bonding of peptide molecules at the
NP surface by using the attenuated total reflectance
(ATR) method from 4000 to 400 cm™!. As shown in
Fig. 1d, the presence of the Fe;O, nuclei is character-
ized by strong tensile adsorption at 579 cm™, which is
related to Fe-O bonding. The presence of a peak in the
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Fig. 2 (a) XRD; (b) EDX and; (c) magnetization curves of Fe;O,NPs

region of 557 cm™! in the resulting spectrum confirms

the presence of magnetite NPs. The peak of the carbonyl
citrate group appeared above 1700 cm™!, while the peak
of the carbonyl citrate group attached to the surface of
the magnetite NP appeared at 1611 cm™!. This indicates
displacement due to interaction and complex formation
with magnetite NPs. Binding of the amine of the FROP-1
peptide to the carboxyl group on the NP surface results
in the formation of an amide group that appears at 1605
cm™ [21].

The structure of the synthesized NPs and the phases
in the powder sample were determined by the X-ray dif-
fraction pattern. As shown by XRD patterns obtained
using (Fig. 2a). The peaks visible at the Bragg angles of

Energy (keV)

26~ 30.1°, 35.51°, 43.1°, 53.11°, 57.01°, and 62.56° respec-
tively represent the crystalline plates (220), (311), (400),
(422), (511), and (440) and according to JCPDS card no.
19-0629, Fe;O, iron oxide NPs have a complete crystal
structure and no impurity peak is observed in them. This
confirms the magnetic nature of Fe;O, NPs [22]. Besides,
the elements in the NPs were analyzed using EDX energy
diffraction spectroscopy. In the EDX spectrum of the NPs
in Fig. 2b, the peaks appearing at 0.60, 0.70, 6.41, and
7.06 kV (keV) correspond to the binding energies of O
and Fe, indicating the presence of iron in the NPs. The
magnetic properties of the Fe;O, NPs were investigated
by VSM analysis, and it shows the magnetization ‘M’ ver-
sus the applied field ‘H" (between -10 and +10 kO,) of
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the prepared Fe;O, NPs at room temperature. As shown
in Fig. 2c¢, the saturation magnet (Ms) of the Fe;O, NPs is
29 emu/g. The results indicate that Fe;O, with 29 emu/g
is one of the best options for biomedical applications.

Relaxivity measurements

In the present study, we synthesized Fe;O, in different
Fe concentrations and investigated the potential to use
them as T1w MRI contrast agents (Fig. 2). The T1lw MR
images of the Fe;O, in different Fe concentrations are
showed in Fig. 3a. Figure 3b, ¢ shows the plots of 1/T1
and 1/T2 as a function of Fe concentration. The slopes of
the 1/T1 and 1/T2 plots determine the longitudinal and
transverse relaxivities (rl and r2), respectively. There-
fore, the values of rl and r2 were calculated for Fe;O,
and Dotarem (gadoterate meglumine). As shown, the rl
values of the Fe;O, NPs and Dotarem were obtained to
be 2.608 and 3.036 mM's™!, respectively, and the r2/
rl ratios were 1.18 and 1.3 respectively. The low r2/rl
ratio values showed that the synthesized Fe;O, NPs had
strong T1-weighted relaxation properties, and could
be used as T1w contrast agents. Figure 3d, e shows that
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with an increasing Fe concentration in the samples, the
signal intensity increases. The results demonstrated that
synthesized NPs have better imaging performance than
Dotarem.

In vitro cytotoxicity assay

The cytotoxicity of the Fe;O, and Fe;O,@FROP-1 NPs,
was evaluated using MTT assay, and the cell survival rate
of the cell lines was determined. Herein, the toxicity of
the Fe;O, and Fe;O,@FROP-1 NPs on different MCF-7,
SKBR-3, MDA-MB-231, and MCEF-10 cell lines as well
as at different concentrations (0—2 mM) for 24 h was
investigated. Figure 4 compares the viability of treated
cell lines with the Fe;O, and Fe;O,@FROP-1 NPs after
24 h of post-treatment. Cell survival decreases with
the increasing concentration of NPs. Both of the Fe;O,
and Fe;O,@FROP-1 NPs showed little cytotoxicity. We
clearly observe that at the tested highest Fe concentration
(2 mM) used in this study, the cell lines treated with the
Fe;0, and Fe;O,@FROP-1 NPs show quite high survival,
about 70%. These results indicate that both the Fe;O, and
Fe;O,@FROP-1 NPs have good cytocompatibility in the
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Dotarem at different Fe concentrations in water and at 3T MR system
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concentrations (0/control, 0.05, 0.1,0.3, 0.5,

studied concentration range. This study showed that the
Fe;O, and Fe;O,@FROP-1 NPs had almost no toxicity at
concentrations less than 0.5 mM after incubation for 24 h
(about 99% and 91% viability, respectively; P<0.05, n=8).

The cellular uptake of the Fe;0, and Fe;0,@FROP-1 NPs

ICP-MS was used to assess the cellular uptake of the
Fe;0, and Fe;O,@FROP-1 NPs and also to measure the
Fe concentrations in the MCEF-7 cell line (Fig. 5a). For
this purpose, the MCEF-7 cell line was incubated with the
Fe;0, and Fe;O,@FROP-1 NPs, at a concentration of 0.5
mM for 24 h to compare the Fe concentration in the cell
lines after cellular uptake. The ICP-MS studies revealed
that the Fe uptake of Fe;O,@FROP-1 in the MCEF-7 cell
line was about 1.6 times greater than that of the Fe;O,
NPs. Fe;0,@FROP-1 NPs showed higher cellular uptake
than the Fe;O, NPs by the MCF-7 cell line. This was

1,and 2 mM) at 24 h at 37 °C (=8, p<0.05)

caused by the capability of the FROP-1 peptide conju-
gated Fe;O, NPs to bind to the MCEF-7 cell line, increas-
ing cellular internalization. This accumulation effect
could account for the higher concentration of Fe in the
MCE-7 cell line when the Fe;O, and Fe;O,@FROP-1 NPs
were internalized by the cells. These results indicate that
the FROP-1 peptide conjugated to the Fe;O, NPs has a
significant effect on cellular uptake efficiency.

Determination of specific binding of the Fe;0,@FROP-1
NPs

The ability to bind the Fe;O,@FROP-1 NPs by satura-
tion test was demonstrated on MCEF-7 cells. As shown
in Fig. 5b MCE-7 cells blocked with free FROP-1 pep-
tide showed less signal intensity than the cells that were
unblocked.
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Targeted T1-weighted MR imaging of cell lines

To validate the MRI performance of the Fe;O, and
Fe;0,@FROP-1 NPs, different concentrations of samples
from 0 to 100 pg/mL were used to incubate the MCEF-7,
SKBR-3, MDA-MB-231, and MCF-10 cell lines for 24 h.
Then, the Tlw MR images of the Fe;O, and Fe;O,@
FROP-1 NPs were carried out at different Fe concentra-
tions at 3T, and the corresponding signal intensity value
of the cell lines was measured. As is clear from the T1lw
MR images (Fig. 6), the Fe;O, and Fe;O,@FROP-1 NPs
show increased MR signal intensity with the Fe concen-
tration. The contrast enhancement was obtained by using
Egs. (2) and (3). The changes in the signal intensity at
different concentrations of iron (0~100 pg/ml) were sig-
nificant. In other words, the MRI signal intensity of the
MCE-7 cell line treated with Fe;O, NPs decreased more
significantly than Fe;O,@FROP-1 NPs (p-value<0.05)
(Fig. 7). Based on the results, it can be stated that Fe,O,@
FROP-1 NPs as a targeted T1 contrast agent have a high
potential for the diagnosis of breast cancer in vitro.

Discussion

Breast cancer remains a major global health challenge,
with early and accurate detection playing a crucial role
in improving survival rates. The global pandemic of the
coronavirus in 2019 affected all medical infrastructure in

such a way that the World Health Organization (WHO)
announced in 2021 that breast cancer has for the first-
time surpassed lung cancer as the most common can-
cer in the world, highlighting the urgent need for early
and accurate diagnostic strategies [23—25]. Considering
the importance of early detection of breast cancer, the
use of targeted imaging methods such as MRI plays an
important role in the non-invasive diagnosis of tumors
in the early stages, as well as the selection of more effec-
tive treatment methods. MRI has become one of the
most powerful and widely used diagnostic tools due to
its high spatial resolution, non-use of ionizing radia-
tion, and non-invasiveness and can be a more suitable
alternative to mammography [26-28]. But the early and
accurate detection of breast cancer in MR imaging sys-
tems requires the development of contrast agents with
the ability to target the cancer cells so that, with specific
distribution, they can potentially provide effective detect-
able contrast in small tumors and micrometastases [17,
21]. Traditional GBCAs are widely used in MRI; however,
they present significant challenges, including potential
toxicity, nephrogenic systemic fibrosis, and gadolinium
deposition in the brain [11, 13, 14]. These limitations
highlight the need for safer, tumor-specific alternatives
with enhanced specificity and imaging accuracy. SPIONs
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NPs have emerged as promising MRI contrast agents, but
their predominant T2 effects often limit their application
in T1-weighted imaging.

So far, many studies have been conducted on the effect
of NPs size on the magnetic properties of MR contrast
agents. These studies show that in USPIO NPs (<5 nm),
as the size of the NPs decreases, their magnetic moment
decreases rapidly, and this can inhibit the T2 relaxation
effect while enhancing T1 relaxivity, making them more
suitable for T1-weighted MRI. Therefore, it seems that
the size of magnetic NPs has a decisive role in the relax-
ation time of protons and relaxivity parameters. Also,
due to the small size of these particles, they are not eas-
ily recognized by phagocytes, have a longer half-life, and
can be used as targeted delivery systems [29, 30]. In this
study USPIO NPs conjugated with the FROP-1 peptide
were used as targeted T1 contrast agents in MR imag-
ing in vitro. The USPIO NPs were synthesized using the
co-precipitation method. Then, sodium citrate-stabilized
Fe;O, NPs were conjugated with the FROP-1 peptide by
EDC and they were investigated using different charac-
terization techniques. The results of the characterization
techniques confirmed that the synthesized USPIO NPs
are almost spherical and 3.78 +0.2 nm in size. Our results
demonstrate that Fe;O,@FROP-1 NPs effectively func-
tion as a T1 contrast agent, as indicated by an r2/r1 ratio
of 1.18, which falls within the optimal range for T1 agents
(r2/r1<5). This is a significant advantage over traditional
SPION-based contrast agents, which typically exhibit
strong T2 effects. Moreover, the results of ICP-MS
analysis revealed a 1.6-fold increase in cellular uptake of

Fe;0,@FROP-1 NPs compared to non-targeted USPIOs
in MCEF-7 breast cancer cells, confirming their enhanced
targeting capability. This increased uptake correlates with
a significant improvement in T1-weighted MRI signal
intensity, demonstrating the potential of these nanopar-
ticles as effective tumor-targeted contrast agents.

The FROP-1 peptide, which consists of 12-amino-
acids with the sequence Glu-Asn-Tyr-Glu-Leu-Met-
Asp-Leu-Leu-Ala-Tyr-Leu, in 2007 by Zitzmann et al.
by using phage display system was identified to target
different types of cancer cell lines. This research dem-
onstrated that the FROP-1 peptide labeled with *'I and
127 radionuclides can specifically bind to MCF-7 breast
tumor cells both in vitro and in vivo [18]. In 2018, studies
on the specific binding ability of the FROP-1 peptide to
MCE-7 cells in vitro and in vivo were developed and con-
tinued. Ahmadpour et al. found that the FROP-1 peptide
labeled with *™Tc radionuclide with the highest uptake
of MCF-7 cells in breast cancer has the potential to be
used in early tumor diagnosis [19]. Previous studies have
successfully radiolabeled this peptide with 311, %I, and
9MTe for targeted imaging applications, demonstrating
its strong affinity for MCF-7 breast cancer cells in both
in vitro and in vivo studies. However, its potential as an
MRI contrast agent had not been explored before this
study. Given the importance of this issue, this peptide
could be a good choice as a targeted contrast agent for
targeting breast tumors in MRI imaging.

Our findings confirm that the studied NPs exhibit high
stability, good biocompatibility, and significant cellular
uptake in breast cancer cells.
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One of the parameters affecting MRI image quality is
the signal-to-noise ratio (SNR) [31]. T1w images of breast
cancer cell lines showed that the SNR of cells treated with
Fe;O,@FROP-1 NPs was significantly higher. Further-
more, the results of the saturation method indicate that
Fe;O,@FRIOP-1 NPs have the ability to specifically tar-
get cell surface receptors.

Given the biocompatibility, stability, and tumor-target-
ing properties of Fe;O,@FRIOP-1 NPs, they hold strong
potential for clinical translation as an alternative to con-
ventional contrast agents. Moreover, the ability to func-
tionalize these nanoparticles with additional ligands or
therapeutic agents opens avenues for multimodal imag-
ing and theranostic applications.

Conclusion

In summary, this study evaluated the performance
of Fe;O,@FROP-1 NPs as a novel targeted MRI con-
trast agent for in vitro imaging of breast cancer cells.

The obtained data confirmed that the synthesized the
Fe;O, NPs were almost spherical, with an average size of
3.78£0.2 nm. Furthermore, the cytotoxicity assay results
in the studied Fe concentration range showed good bio-
compatibility. The obtained longitudinal relaxivity (rl)
and r2/r1 ratio (1.18) indicate that these NPs have a high
potential as effective T1 contrast agents in diagnostic MR
imaging of breast cancer in vitro.

Their small size, high rl relaxivity, and tumor-target-
ing capability make them a promising alternative to tra-
ditional GBCAs and untargeted SPION-based contrast
agents.

Considering their promising in vitro performance, fur-
ther in vivo investigations are warranted to assess their
pharmacokinetics, biodistribution, and imaging effi-
cacy in preclinical models. Additionally, functionalizing
Fe;0,@FROP-1 NPs with other ligands or therapeutic
agents could expand their potential applications in mul-
timodal imaging and targeted therapy. These findings
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highlight the potential of Fe;O,@FROP-1 NPs as ther-
anostic multifunctional nanoplatforms for precision can-
cer diagnostics and treatment.
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