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Abstract

Background: As a radiosensitizing agent in magnetic resonance imaging (MRI), gado-
linium is disadvantageous in that it confers a rather high toxicity and low longitudinal
comfort time (r,). We hypothesized that gadolinium when combined with gold-coated
iron oxide nanoparticles (NPs), might deliver better radiosensitization in MRI-based
cancer theranostics. After being synthesized ligand/receptor RGD@Fe;0,-Au/Gd
nanoparticles, they were characterized via some methods, such as visible-ultraviolet
spectroscopy (UV-VIS), Fourier transform infrared spectroscopy (FTIR), dynamic light
scattering (DLS), and transmission electron microscope (TEM). Using relaxometry, the
parameters of contrast change in T;-weighted MRI and the rate of radiation sensitivity
on cancerous (MCF-7, SK-BR-3 and MDA-MB-231 (and reference (MCF-10a) breast cell
lines were investigated.

Results: The presence of ultra-small iron oxide, gold, gadolinium, and RGD peptide

as components of the RGD@Fe;0,-Au/Gd nanocomplex was confirmed by UV-visible,
FTIR, EDX and XRD tests. With a size ranging from 4.124 nm (DLS) to 15 nm (TEM), these
NPs exhibited a surface charge of —=45.7 mV and a magnetic saturation of 3 emu/g. The
concentrations of iron, gadolinium and gold samples in the nanocomplex were 1000,
1171 and 400 parts per million (ppm), respectively. In the relaxometry test, the rates

of r,/r, and r; NPs were 1.56 and 23.5 mM~" s~ The dose increase factor for targeted
(RGD@Fe;0,-Au/Gd) and non-targeted (Fe;0,-Au/Gd) NPs at 6 MV and 2 Gy was 89.1
and 59.1, respectively.

Conclusion: Owing to an enhanced signal-to-noise ratio (SNR), as confirmed by
the MRI of RGD receptor-expressing MDA-MB-231 cells, RGD@Fe;0,-Au/Gd NPs
were found to confer higher radiosensitization and an overall better performance as
a novel radiosensitizer for MRI-based breast cancer theranostics than Fe;0,-Au/Gd
nanocomplex.

Keywords: Ultra-small iron oxide magnetic NPs, Positive contrast, T1-weighted MRI,
Radiation therapy, Theranostics, Breast cancer
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Background

Despite all recent advances in the diagnosis and treatment of breast cancer, it is still a
leading cause of mortality in women throughout the world (Siegel et al. 2015). Over the
last decade, there have been many improvements in the use of nanomaterials for the
diagnosis and treatment of cancer, known collectively as cancer theranostics, which is
the combination of therapeutic and diagnostic agents on a single platform (Yoo et al.
2011). This is because early diagnosis is of utmost importance to the overall efficiency
of treatment (Lu et al. 2016), and in the case of malignancies, it is often made based on
MRI findings. The contrast enhancement in MRI is much stronger than other imaging
methods due to differences in proton density, and longitudinal (T1) and transverse (T2)
relaxation times. Currently, most of the contrast agents used in the clinic are derived
from the paramagnetic chelates of lanthanide metals such as gadolinium. Although gad-
olinium chelates are widely used, they are toxic compounds with a relatively low half-life
in circulation and less-than-optimal traceability, which has led them to be augmented or
even replaced with a host of different nanoparticles for enhancement purposes (Mendi-
chovszky et al. 2008; Shen et al. 2017).

USPIOs (ultra-small paramagnetic iron oxide) are among these are among these con-
trast agents, which have recently been subject to many investigations (Ramalho et al.
2016; Shirvalilou et al. 2018). In the case of iron oxide NPs, it has been shown that as
the size decreases, these NPs change from super paramagnetic into paramagnetic state.
The characteristic of being superparamagnetic occurs when the nanoparticle is small
enough to belong to a single domain, and decreasing the particle size tends to increase
the domain size until the single domain particle (Lafta 2022). In this sense, a significant

reduction in size may result in the transition of these NPs from T2 contrast agents into
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their T1 counterparts (Fu et al. 2021). Positive contrast can be created by iron oxide NPs
with sizes below 5 nm. The factors that differentiate these NPs from other contrast mate-
rials are their low toxicity and high signal-to-noise ratio (SNR) and super-small size with
markedly low r; values. Thus, they can be combined with gadolinium oxide or gado-
linium NPs to overcome the issues being faced with gadolinium alone. USPIOs nano-
complexes have the potential to be used as a T1-weighted MRI contrast agents (Ling
et al. 2015; Zeng et al. 2015). Gold NPs (AuNPs) are one such type of nanoparticles that
can be used to enhance the radiosensitizing effect of gadolinium (Ghaghada et al. 2009;
Rajaee et al. 2020), since they are less likely to be trapped in the liver, excreted by the
kidneys (Brissette et al. 2006) and absorbed by the endothelial cells lining the vasculature
(Gaumet et al. 2008).

While the passive leakage of NPs, as a result of the enhanced permeation and retention
(EPR) effect, through vessels supplying the tumors is widely used in cancer theranostics
(Fang et al. 2011), it is not as reliable since NPs can become trapped within the retic-
uloendothelial system (Leserman et al. 1980). Conjugation of NPs with tumor-specific
ligands in an effort known as active targeting is, thus, a more reliable technique (Kam-
aly et al. 2012), through NPs can be better concentrated at the tumor microenviron-
ment. Several peptides expressed at the surface of tumor cells can be targeted for active
delivery of NPs (Lv et al. 2012). Integrins (Hynes 2002), including avf3, are frequently
expressed by tumor cells and exploited by targeting strategies (Schottelius et al. 2009).
Peptides with RGD sequences are highly dependent on avfp3 integrin (Pasqualini et al.
1997), hence, the incorporation of RGD peptides as coating agents into the structure of
cancer-targeting nanocomplexes (Xie et al. 2008). The avp3 receptor is overexpressed at
the levels of cancer cells such as MDA-MB-231 (Kamaly et al. 2012), while being more
tightly regulated in non-cancerous breast cells like MCF-7 (Zako et al. 2009).

This study aimed to evaluate the effect of RGD@Fe;0,-Au/Gd nanocomplex (NP)
on targeted radiotherapy and T1-weighted MRI of human breast cancer cells in vitro.
Spherical RGD@Fe;O,-Au/Gd NPs with a size of about 15 nm were synthesized and
characterized. Using relaxometry, the parameters of contrast change in T1-weighted
MRI such as SNR and the amount of radiation sensitivity on cancerous (MCF-7, SK-BR-3
and MDA-MB-231 (and reference (MCF-10a) breast cell lines were investigated.

Results and discussion
Characterization of RGD@Fe;0,-Au/Gd
Figure 1 is a schematic illustration of RGD@Fe;O,-Au/Gd NPs synthesis. Physical prop-
erties of US-Fe, gadolinium-dextran-coated USPIO (Fe-Gd), Fe;O,-Au/Gd and RGD@
Fe;O,-Au/Gd NPs were determined using DLS, Zeta sizer, FTIR, VSM, XRD, ICP-OES
and UV/visible. The shape and size of the NPs were examined by TEM (Figs. 2 and 3).
The results regarding the size and surface charge of NPs are reported in Table 1. Accord-
ing to the results, the optimal size for iron oxide NPs as T1 contrast agents is less than
5 nm. Based on the literature, a decrease in the size of iron oxide NPs to less than 5 nm
is most likely to prompt their transition from T2 to T1 contrast medium (Chang et al.
2022; Li et al. 2022; Li et al. 2019; Wei et al. 2017).

Accordingly, we synthesized our NPs to be of a size that would correspond to this
hypothesis, which we later found to hold (see Fig. 2A-C). The size of US-Fe NPs was
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Fig. 1 The synthesis of RGD@Fe;0,-Au/Gd NPs
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Fig.2 TEM images and size distibution histogrsms of US-Fe (A), Fe-Gd (B) and Fe;0,~Au/Gd (C)

about 5 nm and the size of RGD@Fe;O,-Au/Gd NPs was about 15 nm (Fig. 2A—C), this
size of NPs was desirable to achieve the purpose of our study. The morphology of NPs,
as shown in TEM images (Fig. 2A-C), was spherical. Figure 3A shows the Zeta potential
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Fig. 3 A Zeta potential of US-Fe, Fe-Gd, Fe;0,-Au/Gd and RGD@Fe;0,-Au/Gd; B VSM of US-Fe, Fe-Gd and
Fe;0,-Au/Gd; C XRD patterns of US-Fe, Fe-Gd, and Fe;0,-Au/Gd; D UV-visible spectrea of US-Fe, Au, Fe-Gd,
Fe;0,-Au/Gd and RGD@Fe;0,-Au/Gd; E FTIR of US-Fe, Fe-Gd, Fe;0,-Au/Gd and RGD@Fe;0,-Au/Gd

Table 1 Characterization of synthesized NPs

Sample TEM diameter (nm) DLS (nm) Zeta (mv)
US-Fe 378 11.8 —30
Fe-Gd 13.86 4356 —41
Fe;0,-Au/Gd 15 1152 — 444
RGD@Fe;0,-Au/Gd NA 1244 — 457

Table 2 The hysteresis loops of US-Fe, Fe-Gd and Fe;0,-Au/Gd (applied magnetic field ranges from
-15,000 to 15,000)

Number Sample Magnetization
(emu/qg)

1 US-Fe 1.8

2 Fe-Gd 3

3 Fe;0,-Au/Gd 1.1

of US-Fe, Fe-Gd, Fe;0,-Au/Gd, and RGD@Fe;0,-Au/Gd; also their values are listed in
Table 1. Figure 3B shows the lobes’ hysteresis of US-Fe, Fe-Gd and Fe;O,-Au/Gd meas-
ured by VSM. According to Fig. 3B, NPs, especially Fe;O,-Au-Gd NPs, have strong
paramagnetic properties. As shown in Fig. 2B, nanoparticle Fe-Gd has a magnetization
of 3.21, nanoparticle US-Fe has a magnetization of 1.87, and nanoparticle Fe;O,-Au/
Gd has a magnetization of 1.31, that simultaneous coating of nanoparticles with gold
and gadolinium decreased the magnetization of nanoparticles (Table 2). Abdul Mohsen
et al. reported that Ni, ;Ba, oFe,O, magnetic nanoparticles prepared by NaOH was more
super paramagnetic compared to samples synthesized with NH,OH, depending on the
particle size and aspect ratio, showed higher magnetic saturation and lower coercivity

Page 5 of 20
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(Abdel-Mohsen et al. 2022). Figure 3C shows the X-ray diffraction patterns of US-IO,
Fe-Gd, and Fe;0,-Au/Gd NPs. According to Fig. 3C, as the size of the NPs increases, the
width of the reflection curves increases, which corresponds to Scherer’s formula. The
intensity of the scattered radiation depends on the material, number, and distribution of
atoms in the sample plates. There were peaks at angles of 32, 39, and 45 that indicated
the presence of iron oxide, gold, and gadolinium, respectively. After the formation of
the nanocomplex, the peak of Fe;O, in RGD@Fe;O,-Au/Gd was the same as the XRD
of Fe;O,. The data confirm the successful synthesis of the Fe;0,-Gd-Au nanocomplex
without changing the magnetic phase. Peak intensities increase when they are in higher
concentrations (Zhu-Liang et al. 2016).

On the other hand, based on the results of UV-visible spectra, RGD@Fe;0,-Au/
Gd and Fe;O,-Au/Gd exhibited maximal absorption in the range of 550 nm (Qiu et al.
2009). This data indicated the presence of small gold particles on the iron oxide core,
while US-Fe and Fe-Gd had no absorption peak in this area (Fig. 3D). Once the Fe;O,
magnetic NPs were coated with Au dots, an absorption peak at 550 nm was observed,
all the same. The formation of RGD@Fe;0,-Au/Gd NPs was also confirmed by FTIR
measurements. As shown in Fig. 3E, the peaks of 3367, 2926, and 1557 cm ™! correspond
to the O—H bond of dextran and water, the CH, bond of dextran and the carbonyl bond
of aldehyde dextran group, respectively. The peaks of 3310, 2962, and 1557 cm™! belong
to the O—H bond of carboxymethyl dextran and water, asymmetric carboxyl group car-
bonyl, and symmetric carboxyl group carbonyl, respectively (Xu et al. 2016). The peak
at 557 cm™! corresponds to the Fe—O bond. 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 NPs appeared at 1611 cm ™!, The shift is due to the complexation
with the magnetite NPs. These results were consistent with the findings of Nigam et al.
(Nigam et al. 2011). The peak at 1540 cm™! corresponds to the strong primary bond of
an amine (N-H). The amide bond was created by the bond between amines and carboxyl
groups, that peaked at 1606 cm™!, which has also been reported by Zhang et al. (Zhang
et al. 2014). The peak at 1630 cm ™! is associated with the presence of amide bonds. The
peak at 550 cm ™! corresponds to the Fe—O bond of iron oxide NPs. There was an over-
lap between the binding of the peptide to the previous amide groups and appeared at
1630 cm ™. Similar results have been reported by Bandekar (Bandekar 1992).

Relaxation rates and MRI performances of RGD@Fe;0,-Au/Gd

There were three different complexes with different ratios of iron and gadolinium (with
the molar ratio of gadolinium to iron being equal to 0.5, 1, and 2). Due to the close
responses of different concentrations of NPs and considering the toxicity of gadolinium,
the complex with a ratio of 0.5 was selected as the optimal concentration (Fig. 4). The
findings regarding the parameters ry, r,, and r,/r; are reported in Table 3. USPIO NPs
have low values of r;, which can be enhanced once the NPs are combined with gadolin-
ium oxide or gadolinium particles. Gd*>* is the most well-known T1-weighted contrast
agent for clinical use. However, the main challenge in the clinical application of gadolin-
ium is its toxicity. Therefore, significant efforts have been made to reduce the toxicity of
gadolinium based on nanomaterial platforms (Ramalho et al. 2016). Based on the results



Amraee et al. Cancer Nanotechnology (2023) 14:61 Page 7 of 20

0 0.025 0.05 0.1 0.2 0.5 TmM

s0000

40 000000
30 000000
0 000000
-~ N N N NN,
- M N N N N N
ms

Fig. 4 MRIimages relaxation of Fe;0, Au/Gd@RGD in different TRs (from 100 to 5000) and concentrations of
0.025,0.05,0.1,0.2,0.5,and 1 mM and water as a control group

Table 3 Relaxometry of clinical Dotarem, US-Fe, Fe-Gd and Fe;0,-Au/Gd in Tesla field 3

Number Sample r, [mM~"s7"] (Fe) r2[mM~"s7'] (Fe) r,/r
1 DOTAREM 3.129 3.98 1.29
2 US-Fe 0.265 0.737 2.781
3 Gd/Fe=1/2 42.63 59.93 1405
4 Fe,0,-Au/Gd 235 3638 156

obtained in the present study, r; of iron oxide NPs was increased (0.265 vs 23.5) by add-
ing gadolinium to the complex. The large number of Fe*™ and Gd*" ions with unpaired
electrons on the surface of the NPs causes high r; relaxivities. Iron NPs show lower T2
relaxation compared to larger ones because of low magnetic torque. The r,/r; ratio is an
important factor for estimating the performance of T1 contrast agents. The r,/r; ratios
of US-Fe, Fe-Gd and Fe;O,-Au/Gd were 2.781, 1.405, and 1.56, respectively (Table 3).
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According to previous studies, if the rate of ry/r; of the contrast agent is less than 5, it is
then categorized as a T1-weighted contrast agent. This ratio, however, has recently been
reduced to 2 (Demirer et al. 2015). This indicates that our nanocomplex can technically
be regarded as a positive contrast agent. MR images of Fe;O,-Gd/Au at different con-
centrations are shown in Fig. 3, based on which tubes containing higher concentrations
of Fe;O,-Gd/Au appear brighter in T1-weighted images. With the addition of gold to
the nanocomposite, the relaxation rates, r; and r,, decreased. Decreased comfort might
have been due to reduced magnetic saturation, loss of interaction, and reduced exchange
interaction with water nuclei. Our results concerning the addition of gold to iron oxide
and the reduction of r; and r, are consistent with the findings of Brennan et al. (2020).
They found that the larger the size of the gold NPs, the greater the reduction in the
above-mentioned parameters (Brennan et al. 2020). Ultimately, we managed to develop
a nanocomplex with a higher r; and r,/r; ratio close and comparable to commercially
available contrast agents, including gadolinium-based contrast agents (Table 3).

In vitro experiments

MTT assay

Four cell lines (MDA-MB-231, MCF-7, MCF-10a and SKBR-3) were treated with differ-
ent concentrations of NPs for 24 h, the biocompatibility of the latter was then assessed
by MTT assay. The results showed that at concentrations below 2 mM cell survival was
significantly diminished (Fig. 5).
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Fig. 5 MTT assay results of MCF-7. A SK-BR-3, B MCF-10a, C and MDA-MB-231. D Cell lines which were
treated with Fe;0,Au/Gd@RGD and Fe;0,AuGd at a different concentration (0-2 Mm). (*significant difference
with the control group, **significant difference of NPs with and without peptide at a specific concentration
P-value < 0.05)
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Toxicity was higher in cell groups treated with peptide-bound NPs than in groups
treated with peptide-free NPs. This is due to the internalization of NPs by binding to
the o p4 integrin receptor. Only in the MDA-MB-231 cell line and at a concentration of
2 mM there was a significant difference between the groups treated with RGD@Fe;O,-
Gd/Au and Fe;0,-Gd/Au NPs. This is due to the high expression of the avf33 receptor
on the MDA-MB-231 cell line compared to the three cell lines MCF-7, MCF-10a, and
SKBR-3 cell (Liu et al. 2008). The toxicity of NPs was very low in the MCF-10a cell line
as a control group. NPs toxicity increases in tumor cells because of the insufficient speci-
ficity of the tumor cells (Neshastehriz et al. 2018). According to the obtained data and
previous articles, the concentration of 0.05 mM was chosen as the appropriate concen-
tration for the upcoming experiments.

MR imaging incubation time

The incubation times of the NPs were 3, 6, 12 and 24 h for MR imaging. The signal inten-
sity was measured in similar groups with different incubation times, but since there was
no significant difference between among different incubation times (P >0.05), the study
was proceeded with 24-h incubation.

In vitro MR imaging

T1-weighted MR images were taken from MDA-MB-231, MCF-7, MCF-10a and SKBR-3
cells treated with RGD@Fe;0,-Gd/Au and Fe;O,-Gd/Au. Different cell lines were exam-
ined to obtain the SNR in the T1-weighted MRI (TE =12 ms, TR=600 ms). By calculat-
ing SNR and ASNR, the uptake of NPs was measured in different cell lines (Fig. 6). In
this study, SNR and ASNR were obtained with the formulas mentioned in the previous
section.

Four groups of healthy cell line MCEF-10a, positive integrin MDA-MB-231, a 33 mean
expression and negative integrin MCF-7 were located in this study. The uptake of NPs
was investigated in different cell groups (0, 100,000, 500,000, 2,500,000 and 5,000,000
cells) for each cell line by calculating ASNR. The values of ASNR in MDA-MB-231,
SK-BR-3, MCEF-7, and MCF-10a cell lines treated with RGD@Fe;0,-Gd/Au NPs were
163.8+1.1, 111+£2.2, 61.21£1.1, and 32.05£1.3, respectively. Also, these values in
MDA-MB-231, SK-BR-3, MCEF-7, and MCEF-10a cell lines treated with Fe;O,-Gd/Au NPs
were equal to 138.59+1.3,93.486+£1.1,52.4+ 1.2, and 27.24+2.2, respectively (Fig. 6).
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Fig. 6 SNR (A) and ASNR (B) in MRl images with weight T1 with TE= 12 and TR=600 ms and different cell
groups (from 0 to 550,000 cells) of MCF-7, MCF-10a, SK-BR-3 and MDA-MB-231 cell lines, which were treated
with Fe;0,-Au/Gd@RGD and Fe304-Au/Gd at a concentration of 0.5 mM and incubation time of 24 h
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Finally, T1-weighted MR imaging showed that the present nanocomplex performed
better than commercially available contrast materials (Dotarem) in terms of signal
enhancement. During the "improved retention and permeability” phenomenon, NPs
might accidentally leak through the blood vessels that feed the tumors. The expected
therapeutic results cannot be fully achieved using the passive method because NPs may
be eliminated by the reticuloendothelial system. There have been a great many attempts
to exploit targeted delivery systems, in which NPs are augmented with certain antibod-
ies or peptides to target their corresponding receptors on cancer cells. The high specific-
ity and dependence of peptides make them suitable for the active targeting of tumors.
Integrins are the main target of the peptide-coated NPs. Integrins are cell-surface pro-
teins that bind cells to the extracellular matrix and provide a signal pathway for commu-
nication between the cell and the matrix. a5 integrin is the most used targeting peptide
for diagnostic and therapeutic purposes. The o, 35 integrin receptor is expressed on the
surface of cancer cells and angiogenic endothelial cells (Liu et al. 2008). This receptor
can be identified by the presence of an RGD peptide. The results of the present study
showed that the MDA-MB-231 cell line had the highest difference between the uptake of
peptides-bound and peptide-free NPs, while the reference MCF-10a cell line exhibited
the least difference. Our study indicated that the expression of a5- and av-integrin het-
erodimers was increased in invasive breast cancer cell lines (MDA-MB-231) compared
to less-invasive breast cancer cell lines such as SK-BR-3. In invasive breast cancer cell
lines with high a5 receptor expression, NPs often enter the cell through active tar-
geting. The expression of this receptor was very low in MCF-7 and MCF-10a cell lines
because the differences in SNR were not significant in the group treated with targeted
and non-targeted NPs (P <0.05). The results of this study regarding active targeting of
RGD peptides in cancer cell lines were consistent with previous studies (Wu et al. 2017).
Finally, T1-weighted MR imaging of breast cancer cells confirmed that our nanocomplex
did perform better than the already existing commercial contrast materials (Dotarem) in

terms signal enhancement.

Determination of radiotherapy efficiency on MDA-MB-231 cells by MTT method

In this study, we designed and synthesized the RGD@Fe;O,-Au/Gd nanocomplex and
investigated its properties as a radiosensitizer in treatment of breast cancer cell lines. To
assess the radiosensitizing effect of NPs, MDA-MB-231 cells were incubated with NP
concentrations of 0.02—1 mM/mL for 24 h, and then exposed to 2 Gy of 6 MV X-ray
radiation. Toxicity results were obtained for four treatment groups including control
group, NPs group, radiotherapy group, as well as radiotherapy and NPs (Fig. 7).

The survival rates in the groups receiving RGD@Fe;O,-Au/Gd and Fe;O,-Au/Gd and
simultaneous radiations were 46.49% and 55.21%, respectively, while the survival rate in
the individual radiation group was 87.9% (in concentration of 0.5 mL) (Fig. 7). According
to the results, the combination therapy group of NPs and radiotherapy had significantly
lower survival rates, indicating high radiosensitivity of RGD@Fe;0,-Au/Gd, as well as
a synergistic effect) 46.49% cell viability (in combination therapy. The DEF for targeted
and non-targeted NPs according to the formula in “Determination of SNR and ASNR
parameters” section was 1.89 and 1.59, respectively. The increase in dose factor might
have been due to the presence of gold and iron NPs. It can be stated that the difference
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Fig. 7 Changes in the survival rate of MDA-MB-231 cells in X-ray treatment of 6 MeV at the dose of 2 Gy
and a dose of 200 C/min in the presence Fe;0,-Au/Gd@RGD, Fe;0,-Au/Gd and absence of NPs (*significant
difference with the control group, **significant difference of NPs with and without peptide at a specific
concentration P-value <0.05)

DEF between RGD@Fe;O,-Au/Gd and Fe;O,-Au/Gd could be due to the specific func-
tion of RGD@Fe;0,-Au/Gd on MDA-MB-231 cells. So far, the mechanism of action of
SPION s as radiosensitizers in cancer therapy remains unexplored. Stefanie et al. inves-
tigated the formation of ROS in SPION-loaded MCEF-7 cells which had been exposed to
X-rays. They showed that citrate-coated SPIONs NPs in the presence of X-rays could
increase ROS generation by up to 240% (Klein et al. 2012). Gd-based NPs can be used
for enhancing radiation dose by inducing activation of the autophagy pathway, which
improves the effectiveness of radiotherapy, while reducing collateral damage (Li et al.
2021). Many studies have shown that radiosensitization with ultra-small gadolinium-
based NPs leads to complex damage in vitro (Lux et al. 2015). Dose factor analysis
showed that gold-coated iron oxide NPs have the potential to be used as radiosensitizers.
Gold NPs have been considered as radiosensitizers due to their high biocompatibility,
easy synthesis, functionalization, high density and atomic number (Neshastehriz et al.
2018). Wang et al. investigated thioglucose-AuNP as a radiosensitizer in the breast can-
cer cell line MDA-MB-231. Their results showed that the NPs could reduce cell survival
by increasing the sensitivity of cells to radiation (Wang et al. 2015). Our nanocomplex,
which was a combination of iron oxide, gold and gadolinium NPs, was also able to act as
a radiosensitizer and confirmed the findings of previous studies.

Flow cytometry results

Apoptosis and necrosis are two of the most common ways of stress-induced cell death
that may occur in response to X-rays. In the majority of cell deaths, the environment
causes inflammation and damage to nearby cells. Apoptosis is an actively planned death
that does not cause inflammation and damage to neighboring cells. The inflammatory
response of tissues and cells in necrosis leads to reduced efficiency and disruption of
treatment. An effective treatment is one which is able to induce apoptosis as the main
pathway in cell death. Therefore, in this study, Annexin-V FITC/PI staining kit was used
to evaluate the induction of cell death by therapeutic methods applied to evaluate the
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Fig. 8 A Apoptosis analysis to determine death modes of MDA-MB-231 cells after receiving radiotherapy,
Fe;0,-Au/Gd and Fe;0,-Au/Gd@RGD NPs alone and combination. B Proportion of apoptotic cell death for
MDA-MB-231 cells. Abbreviations: C (control), RT (radiotherapy at the dose of 2 Gy), NP 0.5 (Fe;0,-Au/Gd at
concentration of 0.5 mM), NP-RGD 0.5 (Fe;0,-Au/Gd@RGD at concentration of 0.5 mM)

effect of apoptosis on cells. The results were reported as a curve with FLI axes (Fig. 8).
Experiments related to the rate of apoptosis were performed on MDA-MB-231 cells. It
was already reported that the o 5 receptor is overexpressed on the surface of MDA-
MB-231 cancer cell line, rendering it a good choice for comparison between targeted
and non-targeted NPs (Pecheur et al. 2002). The rate of apoptosis was increased by
12.5% following treatment with RGD@Fe;O, Au/Gd and radiation (RT). However, treat-
ment with Fe;O,4-Au/Gd and RT only increased apoptosis by 4.52%. The rate of apop-
tosis in NPs with RGD@Fe;O,-Au/Gd and Fe;O, Au/Gd and RT alone was 4.52, 3.25,
and 2.73%, respectively (Fig. 8). The results show that the apoptotic pathway of cell
death is more dominant than necrosis. This is a hallmark of effective treatment because

Page 12 of 20
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apoptotic death is an actively planned death that prevents the release of intracellular
material and inflammation and damage to neighboring cells, while necrotic death is an
inactive and accidental death due to environmental disturbances that cause inflamma-
tion and damage to neighboring cells. The type and structure of NPs, concentration, cell
type, and incubation time are major factors affecting the process of apoptosis. Therefore,
NP-based radiotherapy, in addition to significantly increasing the mortality of MDA-
MB-231 cells, which is a photon-sensitizing property of NPs, also directs the path of cell
death to apoptotic death. The rates of apoptosis and necrosis were shown to be 54.9%
and 54.9%, respectively, by Mir Rahim et al., who measured the effect of RT on a KB
cell line upon being treated with Fe,O; NPs (Mirrahimi et al. 2019). The effect of 6 MV
radiation on a KB cell line in the presence of Fe;O, was measured by Safari et al. Their
results showed that combination therapy could cause apoptosis and necrosis 1.02 and
33 times, respectively (Safari et al. 2020). The data from our study were found to be con-
sistent with those of the previous studies (Almalik et al. 2017; Diagaradjane et al. 2008;
Neshastehriz et al. 2017).

ROS test

To increase the efficacy of radiation, iron oxide and gold NPs can be utilized to produce
ROS. Designing a treatment that can promote ROS production in a controlled man-
ner would be invaluable to cancer treatment programs (Song et al. 2019). Due to fast
cell proliferation and metabolism, cancer cells are more susceptible to oxidation than
normal cells, so the excess ROS stress can affect the relatively low oxidant capacity and
disrupt the redox homeostasis inside cancer cells, leading to toxicity. When iron oxide
NPs are internalized by cells, they proceed to stimulate the generation of ROS via one
of two pathways. The release of ion in the cytosol leads to the participation of iron ion
in the Haber—Weiss cycle or the surface of iron oxide NP, which can be a catalyst for the
Haber—Weiss cycle (Hauser et al. 2016). Misawa et al. found that gold NPs with smaller
diameters and larger surfaces lead to higher ROS production. This is probably due to
the effects of catalysts (Almalik et al. 2017). Other authors have reported higher levels
of ROS for smaller gold NPs (Neshastehriz et al. 2017). In addition to size, ROS may
also depend on the performance or surface coverage of NPs, as evidence from a report
suggests that hydrophobic coatings such as dextran, have higher levels of ROS (Diagar-
adjane et al. 2008). Our therapeutic results showed that MDA-MB-231 cells treated with
RGD@Fe;0,-Au/Gd and X-ray had the highest production of reactive oxygen species
and resulted in the death of MDA-MB-231 cell line (Fig. 9).

Conclusions

In summary, we synthesized RGD@Fe;O,-Au/Gd NPs as a targeted theranostic nano-
complex for enhanced T1-weighted MR imaging and radiosensitization of cancer cells
overexpressing o, p; receptors. The synthetized RGD@Fe;O0,-Au/Gd NPs possessed
good colloidal stability and biocompatibility, 2.8-fold improved ASNR in comparison
with Fe;O,-Au/Gd (163.8+£1.1 vs 59+1.3), and specific targeting of MDA-MB-231
breast cancer cells expressing o, 5 receptors. In experiments regarding the rate of apop-
tosis in MDA-MB-231 cells, RGD@Fe;0,-Au/Gd and RT increased the rate of apoptosis
in comparison with Fe;O,-Au/Gd and RT by 2.76-fold (12.5% vs 4.52%). In this study,
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Fig. 9 ROS test results in MDA-MB-231 cells for A blank group, B negative control group, C positive
control group, D Fe;0,-Au/Gd group, E RGD@Fe;0,-Au/Gd group, E radiotherapy group, G Fe;0,-Au/

Gd + radiotherapy group and H RGD@Fe;0,-Au/Gd + radiotherapy group. The dose of radiotherapy was 2 Gy
and the concentration of the NPs was 0.05 mM

we proposed a suitable method for the preparation of a theranostic nanocomplex with
higher r; and an r2/r1 ratio close and comparable to Dotarem, which increased the con-
trast of T1-weighted MRI more than the commercially available contrast agent or the
reported gadolinium-based contrast agents, all the while being capable of increasing the
effect of radiation therapy specifically on breast cancer cells. Therefore, this work con-
structed a novel theranostic nanocomplex RGD@Fe;O,-Au/Gd and provided a useful
strategy to enhance their MR imaging effect and therapeutic efficiency.

Methods

Synthesis and characterization of RGD@Fe;0,-Au/Gd

Synthesis of carboxylated dextran-coated gadolinium oxide NPs

Dextran (1 g) was dissolved in distilled water (3L) to synthesize gadolinium oxide with a
carboxylated dextran coating. Then 3 ml of caustic solution (8 M) was added to the mix-
ture, and the temperature of the mixture was raised to 60—65 °C by immersion in water
bath. Afterwards, bromostatic acid (0.4 g) was added and the reaction medium, which
became neutralized subsequently. The dextran was then precipitated with ethanol and
the resulting NPs were washed three times. Finally, NPs were dried in the oven at 60 °C
(Xu et al. 2016). In the next step, Gd (NO3); (1 mmol) was added to triethylene glycol
(20 ml) in a three-mouth flask and stirred magnetically at 40 °C until the starting mate-
rial dissolved in the solvent. Simultaneously, NaOH (3 mmol) was added to triethylene
glycol (10 ml) and the mixture was placed on a magnetic stirrer at 40 °C. The previous
mixture was added to NaOH solution and placed on stirrer at 80 °C for 2 h. Then we add
NaOH (0.168 g per 0.5 ml of distilled water) all at once. After, H,0, (3 ml) was added to
the reaction solution and sterilized for 2 h. Gd,O4 was cloudy due to the formation of
ultra-small (US) NPs. To cover the surface, carboxylated dextran (1 mM) was added to
the solution at 80 °C and sterilized for 12 h. During this process, unreacted precursors,
free ligands, and solvents were removed. The resulting NPs were washed with 40 ml of
distilled water three times.



Amraee et al. Cancer Nanotechnology (2023) 14:61 Page 15 of 20

Synthesis of Fe;0, NPs

Fe;O, (US-Fe) was prepared following Massart’s co-precipitation method (Massart
1981). First, citric acid (3 mmol) was added to deionized water (50 ml) on a magnetic
stirrer. Then FeCl; (2 mmol) and FeSO,.7H,0O (1 mmol) were added to the citric acid
solution. The products were washed five times in deionized water to remove unreacted
ions and remove the colloids from them.

Synthesis of small gold NPs

Aqueous solution (5 ml) of gold salt (10 mM) was mixed with aqueous solution (5 ml)
of BSA (50 mg/ml) and mixed at high speed for 2 min. Afterwards, sodium hydroxide
solution (1 mM) was added to the mixture and sterilized at 37 °C for 12 h (Zhang 2014).

Synthesis of the final complex

Carboxylated dextran-coated gadolinium oxide and Fe;O, were mixed. The carboxyl
groups were activated with the addition of the NHS and EDC. The complex was kept
acidic at room temperature for 6 to 7 h. BSA-coated gold NPs were added to mixture.
Finally, the synthesized product was washed three times.

Characterization

The morphology and size distribution of the synthesized NPs were determined using
a transmission electron microscope (TEM; LEO 906; Zeiss) at an acceleration volt-
age of 100 kV. The hydrodynamic diameter of NPs and surface charge (zeta potential)
were measured by dynamic light scattering (DLS; Malvern Zetasizer Nano ZS-90). The
absorption spectra of water-dispersed NPs were recorded using a UV-visible spectro-
photometer (UV-2600, Shimadzu, Japan). The synthesized NPs were studied for their
surface stabilization and structure via infrared spectrum of absorption (FTIR; AVA-
TAR-370; USA). For this purpose, NPs were kept at 4 °C for 30 days in order to evaluate
their stability and resizing. Furthermore, the super paramagnetic property and phases
of the synthesized material were investigated via value stream mapping (VSM; LBKFB;
Iran) and X-ray diffraction analysis (XRD; Philips pw1730; Netherlands), respectively.
ICP-OES (ICP; Perkin-Elmer DV 5300; USA) method was used to determine the con-
centrations of iron, gadolinium and gold in the nanocomplex.

Cell culture

The in vitro study was conducted on human normal and cancer breast cell lines which
were obtained from Pasteur Institute of Iran. MDA-MB-231, MCF-7, SKBR-3 (can-
cerous) and MCF-10a (reference) cell lines were cultured under controlled conditions
(37 °C, humidified environment, and 5% CO,). The cells were cultured as monolayer in
RPMI-1640 and DMEM cell culture media with L-glutamine and NaHCO,, 10% FBS,
penicillin (100 U/mL) and streptomycin (100 pg/mL). Cells were harvested after reach-
ing nearly 80% density with trypsin/EDTA 0.25% solution. ICP-OES was used to meas-
ure the amount of iron, gadolinium and gold (fg/cell) in the cells.
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MTT assay

To assess the cytotoxicity of NPs on cell lines, cells were seeded in 96-well plates with
10* cells per well and kept in an incubator over-night. After draining the contents of the
wells, 100 mL of culture medium and NPs with different concentrations were added to
each well and incubated for 24 h. After the incubation period, the media were removed
and 100 pL of MTT solution was added to each sample for 4 h. Then, the surface of the
wells was completely emptied, and washed again, after which they were filled with 100
uL of dimethyl sulfoxide (DMSO). The absorption of the optical color was determined
by the enzyme-linked immunosorbent assay (ELISA) reader at 570 and 600 nm. Finally,
the optimal concentration for diagnosis was determined using the cell survival percent-
age obtained by MTT assays.

MR imaging

Relaxometry was performed with a 3 Tesla clinical MRI machine (SIEMENS MAG-
NETOM Prisma). The imaging parameters were selected in a way to achieve the appro-
priate SNR and resolution. The region of interest (ROI) was defined after the MRI
images were obtained. Then, the intensity of the signals obtained from the desired
area was obtained for images related to different concentrations in different proto-
cols. In this study, by examining different concentrations, we obtained a relationship to
determine the amount of contrast increase in terms of concentration for the designed
nanocomplex.

The following steps were taken to determine relaxivity:

+ The desired nanocomplex was prepared with certain concentrations of iron within
2-mL microtubes in water.

+ The nanocomplex was concentrated by placing microtubes in a water phantom.

+ Imaging was performed using the spin-echo protocol.

+ 6 TR values (TR=100, 300, 600, 1200, 1800, 3000 ms) were adopted to determine
signal change in a T1 sample with TE=12 ms.

+ A TR of 3000 ms along with 8 echoes (TE=12, 24, 48, 72, 96, 120, 144, 168 ms) were
adopted to calculate signal intensity change in T2 samples.

+ At each concentration, signal intensity was visualized using RadiAnt Dicom viewer
software.

+ Signal intensity graphs were drawn based on different TRs for each concentration
using Origin Pro (the 1/T1 value for each concentration was calculated through loga-
rithmically fitting data).

« Signal intensity graphs were drawn in terms of different TEs for each concentration
using Origin Pro software. By fitting the data logarithmically, the 1/T2 value was cal-
culated for each concentration.

+ Using the values obtained from the above steps, the 1/T1 diagram was drawn
according to the concentration using Origin Pro software, and by linear fitting of the
obtained values, and we determined the slope of the diagram, which represents the
value of r;.
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« Using the values obtained from the above steps, the 1/T2 diagram was drawn accord-
ing to concentration using Origin Pro software, and by linear fitting of the obtained
values, and we determined the slope of the diagram, which represents the r, value.

Determination of SNR and ASNR parameters

Cellular uptake of nanocomplexes was assessed by in vitro imaging in the water phan-
tom. The cells were cultured in T75 flasks and incubated with RGD@Fe;0,-Au/Gd and
Fe;O,-Au/Gd NPs at a concentration of 0.5 mM for 24 h. The cells were washed with
PBS and counted. Five groups with density of 0, 100,000, 500,000, 2,500,000, 5,000,000
number of cells from MCF-7, MCF-10a, SKBR-3 and MDA-MB-231 cell lines were pre-
pared. They were fixed in 2% agar gel and placed in Eppendorf tubes. The control group
included cell-free agar gel. SNR and ASNR were obtained using Eqs. (1) and (2):

SI
SNR = mean ) (1)
SDyoise
SNRyost — SNR
ASNR = =% P % 100, @)

SNRpre

where SI mean was the average signal intensity in a sample of the contrast agent. SD
noise was the average standard deviation of the field. SNR post was SNR obtained by the
contrast agent. SNR pre was SNR obtained in water.

SNR was obtained from T1-weighted MR images and by calculating ASNR, the
uptakes of NPs by different cell lines were compared.

X-ray irradiation

To investigate the radiosensitivity of NPs, MDA-MB-231 cells treated with NPs were
exposed to 2 Gy of X-ray irradiation by Varian linear accelerator (6 MV, 200 cGy/min,
Varian Associates Inc., CA, USA). After irradiation, MTT and flow cytometry tests were
conducted to evaluate the treatment efficiency. In order to quantify the radiosensitiv-
ity of NPs, a dose enhancement factor (DEF) was defined that represented the ratio of
the dose deposited in the tumor or cells with NPs, divided by the dose deposited in the
tumor or cells without NPs.

Flow cytometry studies

The Annexin V/PI kit was used to evaluate the apoptotic death of MDA-MB-231 cells.
First, the culture medium was removed, and the cells were washed with PBS solution
(1 ml) and then trypsinized. The cells were centrifuged, the supernatant was removed,
and 500 pL of PBS was added to the cells, followed by the addition of 70% cold alcohol
(4.5 ml) to the samples, which were carefully pipetted. The stabilized cells were centri-
fuged for 6 m. The supernatant was drained and dissolved in 5 mL of PBS buffer. The
supernatant was drained after the cells were centrifuged again. Finally, 20 puL of Annexin-
V was dissolved in buffer (1 ml) and 20 pl of propidium iodide (PI) solution was added to
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it, and then 100 pl of the resulting solution was added to the prepared cells. After 15 min
of incubation at 15 to 25 °C, the cells were analyzed by flow cytometry.

Reactive oxygen species (ROS)

At first, MDA-MB-231 cells were cultured on 48-well plates. Three control groups were
required to perform ROS staining. Cells were treated with H,O, for positive control, and
stained cells were used for negative control. The control group that was neither treated
nor stained was considered as the blank group. The culture medium was removed after
being incubated for 24 h with NPs (0.5 mM). Then, the cells were washed twice with
PBS solution. The new medium was added to the cells and then the cells were irradiated
with X-ray (2 Gy) by Varian linear accelerators. Following the treatment, DCFH dye was
added to the wells after 24 h. Except for the blank group, 150 pL of DCFH dye was added
to all the wells and incubated. After an hour, H,0, was added and incubated for 20 min.
After washing twice, the 500 pL of medium was added to the wells. Finally, the photo-
graph was taken with a fluorescent microscope.

Statistical analysis

All experiments were performed in triplicate and the data are expressed as mean val-
ues £ SD (standard deviation). To evaluate the importance of experimental data using
SPSS software (version 16), one-way analysis of variance (ANOVA) followed by Tukey
test was used as a post hoc at 95% confidence level. P <0.05 was considered statistically
significant.

Abbreviations

MRI Magnetic resonance imaging

UV-VIS Visible—ultraviolet spectroscopy

FTIR Fourier transform infrared spectroscopy
DLS Dynamic light scattering

TEM Transmission electron microscope
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