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Breast cancer accounts for up to 10% of the newly diagnosed cancer cases worldwide, making it the most
common cancer found in women. The use of superparamagnetic iron oxide nanoparticles (SPIONs) has
been beneficial in the advancement of contrast agents and magnetic hyperthermia (MH) for the
diagnosis and treatment of cancers. To achieve delivery of SPIONs to cancer cells, surface
functionalization with specific ligands are required. Riboflavin carrier protein (RCP) has been identified as
an alternative target for breast cancer cells. Here, we report a novel riboflavin (Rf)-based ligand that
provides SPIONs with enhanced colloidal stability and high uptake potential in breast cancer cells. This is
achieved by synthesizing an Rf-citrate ligand. The ligand was tested in a multicore SPION system, and

affinity to RCP was assessed by isothermal titration calorimetry which showed a specific, entropy-driven
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Accepted 1st March 2022 binding. MRI and MH responses of the coated Rf-SPIONs were tested to evaluate the suitability of this

system as a theranostic platform. Finally, interaction of the Rf-SPIONs with breast cancer cells was
DOI: 10.1039/d2na00015f evaluated by in vitro cellular uptake in MCF-7 breast cancer cells. The overall characterization of the Rf-

rsc.li/nanoscale-advances SPIONs highlighted the excellent performance of this platform for theranostic applications in breast cancer.
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Introduction

Breast cancer is the most common cancer in women,
accounting for up to 10% of the newly diagnosed cancer cases
worldwide. According to the World Health Organization (WHO),
2.3 million women were diagnosed with breast cancer, and 0.7
million died globally in 2020." To increase the survival rate,
early diagnosis of the cancer is crucial. The WHO recommends
mammography screening once every 2 years; however, its low
accuracy and sensitivity strongly compromise the early detec-
tion of small tumours, especially in young women.> In this
regard, magnetic resonance imaging (MRI) emerges as an
alternative diagnosis technique with higher resolution.?
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In the last decade, nanotechnology has been instrumental in
the advancement of contrast agents used in diagnosis,* specif-
ically for MRI where superparamagnetic iron oxide nano-
particles (SPIONs) have been extensively studied and exploited
as contrast agents.” SPIONs generate hypointense contrast in
MRI imaging at the areas where they accumulate, and thus
provide higher sensitivity in locating the cancerous regions,
which helps in the detection of cancer at early stages.

Following diagnosis, surgery is the most effective treatment
for breast cancer. Nonetheless, recurrence is prone to occur
depending on each cancer subtype.® With the high recurrence
rate, adjuvant and neo-adjuvant treatments are required for
effective therapy. These include, but are not limited to chemo-
therapy, hormonal therapy and radiation therapy. However,
most of the said treatments are disruptive and can cause severe
side effects.” Recently, magnetic hyperthermia (MH) therapy
has become an interesting alternative adjuvant treatment for
cancers. By utilizing SPIONS, local heating can be induced by an
external oscillating magnetic field, thus, promoting cell
apoptosis with minimal, if any, side effects.®

Accordingly, use of SPIONs makes an excellent platform for
both diagnosis and therapy. To be efficiently utilized, the
amount of SPIONs used must be minimal to comply with the
safety limit. Therefore, SPIONs must possess a high magnetic
response and be able to efficiently accumulate in the cancer
regions. To achieve the first requirement, SPIONs must have

© 2022 The Author(s). Published by the Royal Society of Chemistry
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appropriate sizes and high crystallinity, those characteristics
being strongly dependent on the synthesis method. Advanced
approaches involving the decomposition of iron complexes at
high temperatures provide a higher quality of SPIONs, but in
a rather small amount. In contrast, conventional co-precipita-
tion methods provide a large amount of nanoparticles (NPs) but
with an average quality in terms of crystallinity or the magnetic
response.”' The use of SPIONs in nanomedicine requires large-
scale production with high quality of SPIONs. Our efforts aim to
improve the quality of SPIONs produced by this approach to
fulfill the requirement for biomedical applications and demand
of future use in vivo and pre-clinical tests.

Regardless of the synthetic approach, saturation magneti-
zation (M) values close to the bulk counterpart are highly
desired. To improve the magnetic response of SPIONS, struc-
tural factors such as the tuning composition or shape have been
explored." Recently, interparticle interaction has been pointed
out as another strategy to improve the magnetic response of
SPIONSs. This can be enhanced by particle assembly or by the
formation of multicore structures.*?

To achieve effective delivery of SPIONs to cancer cells,
surface functionalization with specific ligands is required.
Ligands designed to target particular cancer cells involve
biomolecules, human antibodies or peptides which are stable
only in aqueous solutions.” As such, the suitable synthetic
routes are limited to those in which SPIONs are produced in
water or by organic phase synthesis following a ligand
exchange.

For the particular case of breast cancer, HER2 *** and folate
receptors'® have been often targeted due to their over-expres-
sion, by exploiting folic acid, cell-targeting peptides,'” or anti-
EGFR monoclonal antibodies.’®'® However, targeting breast
cancer cells is challenging due to the difference in receptor
expression among diverging cellular subtypes.® For this reason,
discovering new strategies to broaden the selection for a specific
treatment, in response to the cancer characteristics of indi-
vidual patients, is in high demand for breast cancer types with
a high risk of relapse.

Riboflavin carrier protein (RCP) has been identified as an
alternative target for breast cancer cells.”* The serum RCP
level is elevated in prostate and breast cancer patients with
localized overexpression in cancer tissues.””** To make use of
the overexpression, riboflavin (Rf) derivatives have been studied
as drug delivery ligands by exploiting the binding function of
RCP toward the vitamin. For instance, Bareford et al. modified
polymers with Rf and achieved enhanced cellular uptake in
MCF-7 breast cancer cells.” Similarly, Beztsinna and co-workers
reported Rf-functionalized liposomes with specific delivery to
PC3 prostate cancer cells.”® Also recently, our group demon-
strated the enhanced delivery of poly(lactic-co-glycolic) acid NPs
coated with a Rf-chitosan layer in MDA-MB-231 breast cancer
cells.””

Rf has been also successfully implemented on SPIONS, using
its derivatives (flavin mononucleotide and flavin adenine
dinucleotide).?*** Both systems showed enhanced -cellular
uptake in prostate cancer cells, and thus emerged as a definitive
ligand towards breast cancer.*® However, both systems showed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stability issues and required additional stabilizing agents.**
Also, the exploitation of Rf derivative ligands for SPIONs is
challenging due to the lack of reactive functional groups and
high polarity.

Addressing the above-mentioned challenges, this work
reports a novel Rf-based ligand that provides SPIONs with
enhanced colloidal stability and enhanced efficiency toward
interaction with breast cancer cells. This is achieved by
synthesizing a Rf-citrate conjugate. The ligand was tested in
a multicore SPION system, synthesized through a co-precipita-
tion method. Affinity to RCP was assessed by isothermal titra-
tion calorimetry which showed a specific, entropy-driven
binding. MRI and MH responses of the coated SPIONs were
assessed to evaluate the suitability of this system as a thera-
nostic platform. Finally, interaction with breast cancer was
evaluated by in vitro cellular uptake assays with MCF-7 cells. The
overall characterization of the Rf-SPIONs highlighted the
excellent performance of this platform for theranostic applica-
tions in breast cancer.

Experimental

Materials

Ferrous chloride tetrahydrate (FeCl,-4H,0, =99%), ferric
chloride hexahydrate (FeCl;-6H,0, 97%), neutral red (=90%),
potassium hexacyanoferrate, riboflavin and human serum
albumin (HSA, =96%) were purchased from Sigma-Aldrich.
Ammonia solution (NH,OH, 25%) and tri-sodium citrate dihy-
drate (99%) were obtained from Merck. Hydrochloric acid was
obtained from Riedel-de Haen. Citric acid was purchased from
Vidhyasom Co. Ltd. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT, 98%) was obtained from Pan-
Reac AppliChem. Dimethyl sulfoxide (DMSO) was obtained
from Fisher Scientific. Sodium chloride (99.9%), potassium
chloride (99.8%), di-sodium hydrogen phosphate dihydrate
(99.5%), and potassium dihydrogen phosphate (99.8%) were
obtained from VWR Chemicals. All chemicals were used as
received without further purification. All aqueous solutions
were prepared using Milli-Q water (MQ-water) obtained from
a Plus water purification system (Millipore, Milford, MA, USA).

MCF-7 cells (HTB22) were purchased from ATCC. All cell
culture supplies, including: Dulbecco's Modified Eagle's
Medium (DMEM), fetal bovine serum (FBS), penicillin/strepto-
mycin solution and trypsin-EDTA solution were obtained from
Gibco, UK.

Purification of RCP

To isolate RCP, homogenized chicken egg white was saturated
with Rf (final Rf concentration of circa 8 pM). NaCl was then
added to the solution to get the final concentration of 20% w/v,
and the solution was stirred for 30 min. An equal volume of 5%
phenol solution in water was added to induce protein precipi-
tation. The precipitated proteins were removed by vacuum
filtration, and the final solution was dialyzed twice against MQ-
water (24 h each) followed by 24 h against 50 mM Tris-HCI pH
7.5 buffer. The solution was loaded to a DEAE-sepharose
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column and eluted with 200 mM NaCl solution in 50 mM Tris-
HCI pH 7.5 buffer. RCP-Rf complexes were collected and dia-
lyzed twice against 6 mM HCI solution (24 h each) to remove the
bounded Rf and next against 50 mM Tris-HCI pH 7.5 buffer (12
h). Finally, the obtained apoprotein was concentrated by using
a stirred cell concentrator and stored at —80 °C. Purity of the
protein was determined by performing SDS-PAGE and its
concentration was measured by a Micro BCA protein assay
(ThermoFisher Scientific, USA).

Synthesis and characterization of Rf-citrate

For the synthesis of Rf-citrate, 3.0 g (8.0 mmol) of Rf and 1.7 g
(8.8 mmol) of citric acid were dissolved in 30 mL of liquified
phenol. The solution was then heated up to the reflux temper-
ature (140 °C) and kept at that temperature for 4 h before
cooling down to room temperature. Products were precipitated
by adding the reaction mixture to 200 mL of diethyl ether and
collected by vacuum filtration; the obtained orange precipitates
were dried under reduced pressure.

The formation of Rf-citrate was analyzed by high-resolution
mass spectrometry (Bruker Micro TOF spectrometer, US) and
high-pressure liquid chromatography (HPLC, Waters 2695,
Waters Corporation, US) on a reverse phase C;g column (150
mm X 4.6 mm, Acclaim™ 120, ThermoFisher Scientific, US)
using a methanol : water (40 : 60) mobile phase and a fluores-
cence detector (excitation wavelength, 450 nm; emission wave-
length, 510 nm).**

Synthesis of SPIONs

SPIONs were synthesized by following a reported co-precipita-
tion method with minor modifications." Briefly, 0.75 g of
FeCl,-4H,0 (3.8 mmol) and 2.5 g of FeCl;-6H,0 (9.2 mmol)
were dissolved in 100 mL of MQ-water. The mixture was heated
up to 80 °C with vigorous magnetic stirring under a N, atmo-
sphere. Next, 5 mL of 25% ammonia solution (67 mmol) were
added dropwise to the solution which rapidly turned black in
color. After 30 min at 80 °C, the solution was cooled down to
room temperature, and SPIONs were collected by magnetic
separation. Then, 15 mL of fresh MQ-water was added to the
precipitate and vortexed until the SPIONs resuspend back in the
solution. The NPs were then collected by magnetic separation.
This procedure was repeated at least twice. The final precipitate
was dispersed in 100 mL MQ-water (circa 10 mg mL ™).

Synthesis of citrate-coated SPIONs (C-SPIONSs)

The synthesis of C-SPIONs was done following a method re-
ported by Nigam et al.® Briefly, 3.7 g of FeCl,-4H,0 (18.7 mmol)
and 0.87 g of FeCl;-6H,0 (4.4 mmol) were dissolved in 40 mL of
MQ-water under vigorous stirring. The solution was then heated
up to 70 °C under a nitrogen gas flow and kept at this temper-
ature. After 30 min, 10 mL of 25% NH,OH solution (134 mmol)
were added, and the reaction was maintained at this tempera-
ture for another 30 minutes. Finally, 2 mL of a tri-sodium citrate
dihydrate solution (0.75 g mL™") were added, and the temper-
ature was increased up to 90 °C. After 1 h at this temperature,
the solution was cooled down to room temperature, and NPs
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were washed and collected using the same procedure as
described above. The resulting NPs were dispersed in 100 mL of
fresh MQ-water (10 mg mL™") and stored for further use.

Synthesis of Rf-functionalized SPIONs (Rf-SPIONs)

To obtain Rf-SPIONs, 50 mg each of Rf-citrate and SPIONs were
mixed in 40 mL of MQ-water and stirred under a N, atmosphere
for 90 min at 90 °C. The reaction was then cooled down, and
NPs were collected by centrifugation at 12 000 rpm for 15 min.
The NPs were dispersed in 15 mL of fresh MQ-water, and the
separation process was carried out at least three times to
remove excess ligand molecules. The final NPs were dispersed
in 10 mL of MQ-water (circa 5 mg mL~") and stored for further
characterization.

Characterization of SPIONs

SPIONs were first characterized by X-ray diffraction; 2¢ scans
were collected from 10° to 80° using a Cu-K, radiation source
operating at 40 kv/15 mA and equipped with a Ni-Kj filter (Aeris
benchtop X-ray diffractometer, Malvern Panalytical, UK). The
sample was prepared by placing powdered SPIONs in a zero-
diffraction sample holder.

Hydrodynamic diameter (Dy;) and zeta potential values of the
SPIONs were measured using a Zetasizer Nano ZS90 (Malvern
Panalytical, UK). For both measurements, samples were diluted
in MQ-water to a concentration of approximately 0.05 mg SPION
per mL. Measurements were performed in individual tripli-
cates, and the results are reported as mean values.

Thermogravimetric analysis was carried out by recording
mass changes of the samples loaded into a platinum pan upon
heating at a rate of 10 °C min~ ", under a N, atmosphere to avoid
oxidation.

Magnetic properties of the SPIONs were studied using
a superconducting quantum interference device (SQUID,
MPMS5XL magnetometer, Quantum Design, CA, USA). The
samples were prepared by dropping a dispersion of particles into
a SQUID capsule, pre-filled with cotton wool. The amount of the
samples added was between 0.2 and 0.5 mg SPION. Hysteresis
loops at 10 and 300 K under a maximum field of +40 kOe were
measured. Zero-field and field cooled magnetization curves were
recorded from 5-275 K under a constant magnetic field of 50 Oe.
Magnetization values were normalized by SPION mass, deter-
mined by a previously reported UV-vis quantification method.*

Morphology of the SPIONs was studied using transmission
electron microscopy (TEM, JEOL JEM-1210) and cryogenic TEM
(cryo-TEM, JEOL JEM-2011). Crystal orientation of the SPION
clusters was analysed by high-resolution TEM (HRTEM, FEI Tec-
nai G2 F20 S-TWIN). The samples were prepared by dropping and
drying a diluted dispersion of the SPION dispersion on copper
grids. For cryo-TEM, the samples were diluted to a concentration
of 0.05 mg SPION per mL and blotted for 1 s after dropping, and
then rapidly quenched in liquid ethane and transferred to a TEM
microscope while temperature was kept at —175 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Isothermal titration calorimetry (ITC)

The binding affinity of RCP with the SPIONs was measured
using the ITC technique (MicroCal PEAQ-ITC, Malvern Pan-
alytical, UK). Experiments were performed in distilled water
using the following parameters: 25 °C, 264 rpm, 500 s between
injections, and 30 injections (10 pL each). Briefly, 2 mL of
a solution containing the proteins (12.5 uM) was added to the
sample cell. After equilibration, 1 mL of an aqueous dispersion
of SPIONs (30 mM) was injected into the cell, using the
described settings.

Magnetic resonance imaging (MRI)

Longitudinal (7y) and transversal (7,) relaxation times were
measured by using a Bruker Biospec 7T MRI scanner. SPIONs
were diluted in MQ-water to different concentrations ranging
from 0.08-0.45 mM of Fe. Relaxivity values were calculated from
the slope of linear fitting of either T, " or T, " plotted against
the corresponded Fe concentration.

Calorimetric measurements of the specific absorption rate

The heating performances of the samples were characterized by
using a commercially available magnetic nano-heating device
(D5 Series, CoilSet CAL2, nanoscale Biomagnetics). The specific
absorption rate (SAR) values were measured on 1 + 0.1 mg
SPION per mL~ " solutions (100 L) exposed to an alternating
magnetic field of different amplitudes (8-24 kA m™*) and
frequencies (163, 491 and 763 kHz). All measurements were
performed under quasi-adiabatic conditions, and the SAR
values were calculated according to the following equation:

Cd X my dTr

SAR (W gi. ') = —

1)
where C, is the specific heat capacity of water (Cq = 4.185] g~ *
Kii), myq is the dispersion medium mass, m is the mass of iron,
and d7/dt is the initial slope of the temperature versus time
curve. To calculate d7/d¢, data points collected within the first
60 s were linearly fitted. Each SAR value was calculated by the
average d7/d¢ of at least three independent
measurements.

values

In vitro cytotoxicity test

MCF-7 cells were cultured in DMEM and supplemented with
10% FBS and 1% penicillin/streptomycin. Cells were main-
tained at 37 °C with 5% CO, in a humidified incubator.
Subculture was done at 80% confluency using 0.25% trypsin-
EDTA, and the media were changed every four days.

Cells were seeded onto a 96-well plate with a cell density of 8
x 10° cells per well and incubated for 24 h. Three concentra-
tions of Rf-SPIONs (50, 100 and 200 pg mL~') dispersed in
DMEM were added to the cells (200 pL per well). After incuba-
tion (4, 12 and 24 h), the media were removed and cells were
rinsed with PBS and then 100 uL of MTT solution (0.5 mg mL ™"
in DMEM) was added and incubated for 3 h at 37 °C under a 5%
CO, atmosphere in a humidified incubator. After incubation,
the media were removed, and 100 pL of DMSO was added to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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each well. Cell viability was determined by measuring the
absorbance of the dissolved formazan at 540 nm using
a microplate reader (Tecan Spark 10 M).

Prussian blue staining

Cellular uptake of the SPIONs by MCF-7 cells was visualized by
Prussian blue staining. The cells were seeded and incubated for
24 h in a 24-well plate containing circular coverslips (0.5 mL, 2
x 10° cells per mL). The media were discarded and replaced
with fresh DMEM containing 200 pg mL ™" of either C-SPIONS or
Rf-SPIONS. After incubation for 24 h, the cells were rinsed once
with DMEM followed by thrice with PBS and fixed with 3.6%
formaldehyde. Finally, cells were immersed in an aqueous
solution containing 2% ferrocyanide and 2% HCI for staining of
iron, followed by counterstaining in 0.5% neutral red solution.
The coverslips were mounted on a glass slide and allowed to dry
overnight. The stained cells were observed under an optical
microscope (Nikon Eclipse T E2000-U).

Flow cytometry analysis

As described above, MCF-7 cells were first seeded onto a 6-well
plate (2.5 mL, 2 x 10° cells per mL). After incubation for 24 h,
the media were discarded and replaced with fresh DMEM
containing 200 pug mL ™" of either C-SPIONSs or Rf-SPIONs. After
24 h incubation, the cells were washed once with DMEM fol-
lowed by twice with PBS and trypsinized before fresh DMEM
was added. Then the cells were transferred to a microtube and
collected by centrifugation (5000 rpm, 5 min). The collected
cells were rinsed with ice-cold PBS followed by fixation with
3.6% formaldehyde on ice. After fixation, the cells were sepa-
rated by centrifugation and redispersed in PBS. Flow cytometry
was performed using an Attune NxT flow cytometer (Thermo-
Fisher Scientific, MA, USA) where a fixed number of 20 000
gated events were collected and analysed.

Results and discussion
Synthesis of Rf-citrate

The synthesis was done by a one-step esterification reaction
under refluxing conditions (Fig. 1A). The presence of the
conjugate in the crude product was determined by HPLC where
a minor peak was detected at a retention time of 1.8 min, along
with a peak at 5 min ascribed to Rf (Fig. 1B and C). The faster
elution time of Rf-citrate (1.8 against 5 min) indicates a higher
polarity of the conjugate compared to free Rf. This is expected,
considering the non-symmetrical structure of the conjugate. The
structure of Rf-citrate was confirmed by mass spectrometry
where a peak with an m/z value of 573.1444 was found, matching
the calculated value (calculated [M]": 550.1547; calculated [M +
Na]': 573.1445; Fig. 1D). It is worth mentioning that as observed
in Fig. 1C, the final product contains both the conjugated and
free Rf. Note that purification processes are challenging as both
molecules show high polarity. Therefore, the ligand was kept as
a crude product and used for the functionalization of SPIONs.
Here, Rf was designed to conjugate with citric acid to obtain
the ability to bind to SPIONs, as Rf alone does not contain

Nanoscale Adv., 2022, 4,1988-1998 | 1991
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Fig. 1 (A) Synthesis scheme of Rf-citrate. (B and C) HPLC chromato-
gram of Rf and the Rf-citrate crude product, respectively. (D) Mass
spectrum of the Rf-citrate crude product with a major peak at m/z =
573.1444.

suitable functional groups to facilitate the interaction. On the
other hand, citric acid has been widely reported as an excellent
stabilizing agent for metal oxide NPs.**** The citric molecules
bind tightly to the SPION via the formation of hydrogen bonds
with the amphoteric -OH groups on the surfaces,*® which were
formed when put in an aqueous medium due to the Lewis acid
nature of the Fe atoms.*” As such, the formulated Rf-citrate is
expected to bind to SPIONs through a similar interaction (this
point is further discussed in the sections below). Hence, while
the citric acid moiety provides colloidal stability, Rf ensures
enhanced interaction towards breast cancer cells.

Synthesis of Rf-coated SPIONs

The morphology of Rf-SPIONs was investigated by cryo-TEM.
The images revealed that Rf-SPIONs appeared as irregular-sha-
ped clusters, formed by small cores with sizes around 10 nm
(Fig. 2A and C). Dynamic light scattering (DLS) measurement
showed a Dy of 100 nm with narrow distribution (PdI < 0.2)
which indicated that the Rf-SPIONs formed stabilized clusters
when dispersed in aqueous media. The synthesized SPIONs also
showed good crystallinity as shown by narrow rings and peaks
in the SAED (inset of Fig. 2A) and XRD spectra (Fig. 2D).
Diffraction patterns confirmed the presence of a spinel struc-
ture likely ascribed to maghemite/magnetite iron oxide. The
crystalline size obtained by XRD was in good agreement with
the core size measured by TEM (8 nm compared to 10 nm, Table
1).

Clustering of SPIONS is usual for co-precipitation synthesis,
due to the rapid, uncontrollable seeding and growing of the
NPs. Such a size and degree of clustering can be partially tuned
by the concentration and addition process of the stabilizer,
which in this case can be compared to citric acid.**** Here, the
Rf-SPIONs were synthesized through a two-step process, which

1992 | Nanoscale Adv, 2022, 4, 1988-1998
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Fig. 2 (A) Cryo-TEM image of Rf-SPIONs showing clustered SPION
cores. The inset shows the SAED image, indexed to an inverse spinel
structure of iron oxide. (B) Hydrodynamic diameter distribution of Rf-
SPIONs in water. The inset shows the physical appearance of the
dispersion. (C) Histogram of core size distribution of Rf-SPIONs (n =
200), showing a mean size of 10 nm. (D) XRD pattern of Rf-SPIONs
compared to the standard profile of magnetite (JCPDS no. 00-001-
1111). (E) Field-dependent magnetization plots of Rf-SPIONS,
measured at 10 and 300 K. The inset shows magnetization curves at
the low field. (F) Zero-field and field cooled magnetization (ZFC/FC)
versus temperature curves recorded with an applied field of 50 Oe.

allowed the SPIONs to form clusters prior to introduction of Rf-
citrate, which then work as a stabilizer to separate the SPIONs
into smaller multicore structures.

Magnetic properties of Rf-SPIONs were evaluated by
measuring hysteresis loops at 10 and 300 K (Fig. 2E). At 10 K, Rf-
SPIONs showed a ferromagnetic response with a M; value of 72
emu g ' and a coercive field (H.) of 280 Oe, while at 300 K, the
NPs showed a near superparamagnetic behaviour (H. = 0) with
a M; value of 63 emu g~ (Fig. 2E). Zero-field and field cooled
magnetization measurement was performed to determine the
SPION blocking temperature (Tg) (Fig. 2F). Rf-SPIONs showed
high T with an estimated value of close to 300 K, despite the
core size of 10 nm. This high Ty is typically found in SPIONs
with sizes closer to 20 nm.*>*° This deviation results from dipole
interaction between magnetic cores inside the cluster.** Overall,
the M, value at 10 K for Rf-SPIONs was close to those reported
for the bulk maghemite or magnetite (83.5 emu g~ *),*> indi-
cating high quality SPIONs. The magnetic properties of C-
SPIONs were similar as shown in Fig. S2.}

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summarization of sizes and magnetic properties measured at 10 K of the SPIONs

Zeta-potential

XRD crystallite

Samples Dy (nm) PdI  (mV) TEM core size (nm)  core size (nm) M;(emug™) H.(Oe) M, (emug ') Ts(K)
Rf-SPIONs 100 0.1 —28£2 9.9 +2.3 8.1 £ 0.6 725 280 27 2 <300
C-SPIONs 100 0.2 —27 £ 10 7.6 £2.5 71+£1.2 68 £5 260 25 £2 210

At 300 K, conventional co-precipitation synthesis yields
SPIONs with M values below 60 emu g~ '.***** Nonetheless,
recent investigations reported M; values well close to 70-75 emu
g~ '. The origin of the high magnetic response is ascribed to
core-to-core interaction within the multicore structures.*
Indeed, multicore nanostructures showing high My values and
superparamagnetic behavior at room temperature have been
recently identified as outstanding candidates for biomedical
applications,*®* in particular, as theranostic platforms for MRI
and MH.* For SPIONs to be used in biomedicine, good
magnetic properties are required (e.g high M, or super-
paramagnetic behavior at room temperature).* Such properties
do strongly depend on the size and crystallinity of the SPIONS,
these also being strongly dependent on the synthetic proce-
dure.* For some particular applications such as MH, NPs' size
has to lie between the superparamagnetic and the ferromag-
netic regime at room temperature (e.g. 18 to 25 nm for
maghemite NPs*"). This results in the use of large particles,
which show poor colloidal stability due to particle aggrega-
tion.*> Hence, multicore nanostructures represent an advanced
solution to address this issue. Although the single multicore
structure shows a large magnetic moment under an applied
magnetic field due to the collective behavior, the small indi-
vidual core still shows superparamagnetic behavior at room
temperature (T < 300 K, Fig. 2F). Thus, when the field is
removed, the magnetization of each domain is reduced back to
zero (or close to zero) and so the one of the multicore clusters.
This results in reduction of the -cluster-to-cluster dipolar
magnetic interaction and reversing the multicore aggregation.
All in all, the procedure reported here provides a feasible route

Fig. 3 (A) HRTEM image of a cluster of Rf-SPIONs. (B—D) Fourier
transform of selected cores, indexed to the zone axes of the magnetite
crystals. (E-G) Filtered Fourier transform. Areas with similar crystallo-
graphic orientation are highlighted in the same colours. (H) Fourier
transform of the whole cluster. (I) Filtered Fourier transform of the
cluster.

© 2022 The Author(s). Published by the Royal Society of Chemistry

to produce colloidal solutions of multicore SPIONs on a large
scale (1 g of SPIONs per batch).

HRTEM was carried out to further investigate the structure of
the Rf-SPIONs (Fig. 3). Focusing on a multicore structure
(Fig. 3A), three different cores were analyzed, revealing distinct
zone axes corresponding to the [100], [211], and [110] families
(Fig. 3B-D). This suggests different orientations of the cores in
a cluster, confirming that crystalline continuity does not spread
across the entire structure. However, filtered Fourier transform
analysis allowed the identification of preferential orientation
between the adjacent cores as shown by the colored areas in
Fig. 3E-G. Indeed, sharing of the same zone axis was observed
between the adjoining cores, which could facilitate exchange
interaction resulting in a collective magnetic response leading
to a high Tp.*%*®

The presence of Rf ligands in Rf-SPIONs was confirmed by
fluorescence spectrometry (Fig. 4A). A fluorescence emission
peak at around 530 nm was observed for the Rf-SPIONs
matching that of free Rf, while C-SPIONs do not present fluo-
rescence. Thermogravimetric analysis was performed to eval-
uate the ligand amount on the SPIONs (Fig. 4B).** Compared to
non-coated SPIONs, a 13% weight loss was measured for Rf-
SPIONs. Extrapolating the presence of moisture from the
SPIONSs (6% weight loss), the amount of the ligand attached to
the SPIONs can be estimated to be circa 7% wt.

To evaluate colloidal stability, the evolution of the Dy by the
DLS technique was monitored for 7 days after dispersing the
samples in water. This method is a robust tool to determine the
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Fig. 4 (A) Fluorescence spectra (dex = 440 nm) of free Rf (yellow line),
C-SPIONS (red line) and Rf-SPIONs (blue line). (B) Thermogravimetric
curves of SPIONs (black line) and Rf-SPIONSs (blue line). (C) Rf-SPION
and (D) C-SPION DLS stability measurements.
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colloidal stability of the NPs in the liquid phase.>** The results
demonstrate that Dy of Rf-SPIONS remained constant at 100 nm
with no significant shifting or broadening of the distribution.
Instead, for C-SPIONSs, a size increase was observed starting
from day 3, showing continuous aggregation with a final Dy of
350 nm. These results supported our hypothesis that by incor-
porating Rf with citric acid, the conjugates could interact with
the SPION surfaces and provide stability to the particle clusters.
The superior stabilizing character of Rf-citrate as compared to
citric acid could be due to the steric hindrance of the Rf moiety
acting in synergy with electrostatic repulsion from the citrate
part. Note that the same experiment was done for SPIONs
incubated with Rf. In this case, the DLS spectra do clearly show
higher aggregation of the NPs (Fig. S31). This confirms that the
coating of Rf on the SPIONs is achieved by incorporation of the
Rf with citrate, and the latter promotes interaction with the
SPION surfaces.

Thermodynamic measurements of the binding between Rf-
SPIONs and RCP

ITC characterization was used to provide further information
on the interaction of Rf-SPIONs with RCP. As a carrier of Rf,*
RCP binds strongly to free Rf molecules with a dissociation
constant (K4) of 127 nM (Fig. S4A and Bt). Note that the affinity
is calculated to be 1/Kgy. In this regard, RCP did also bind to Rf-
SPIONs but with 160 times greater Ky (Fig. 5A, B and Table 2).
This represents a significant decrease of the binding affinity of
RCP to Rf-SPIONs when compared to that of free Rf. Such
a decrease has also been reported in Rf-conjugated den-
drimers.”” In this particular case, the decrease in binding
affinity is likely ascribed to steric hindrance when Rf moieties
are anchored to the SPION surfaces. As Rf is attached to citric
acid which is attached on to the SPION surface, the interaction

View Article Online
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Table 2 Thermodynamic parameters for the binding of SPIONs with
RCP and HSA in water at 25 °C“

AG AH —TAS
Protein  SPION Kqe (M) (KFmol™") (kK mol™") (kJ mol™)
RCP Rf-SPIONs 21 —26.7 —-0.237 —26.5
RCP C-SPIONs 270 000 —3.23 —0.961 —2.27
HSA Rf-SPIONs 4800 —-13.2 205 —218
HSA C-SPIONs NB NB NB NB

¢ NB: no binding.

of the ligand with the binding site of RCP is reduced (Fig. 5D
and H). Thermodynamic parameters of the binding process
revealed an energetically favourable binding driven by entropy
changes (Fig. 5C), while the binding of free Rf is driven by
enthalpy (Fig. S4Ct). The difference in the binding mode is
a consequence of the modification at the ribityl chain of the Rf
molecule (see Fig. 1A) which reduces hydrophilicity of the
structure, causing displacement of water molecules from the
hydrophobic pocket of RCP upon binding and increasing the
entropy of the system. Similar characterization was carried out
for C-SPIONs. When compared with the Rf-SPIONSs, the Ky of C-
SPIONs with RCP was 4 orders of magnitude higher than that
measured for Rf-SPIONs. This weak binding of RCP to C-SPIONs
emphasizes the key role of Rf as a specific ligand toward RCP.
Finally, control experiments were carried out with HSA to
ensure specificity towards RCP. In this case, low binding affinity
of HSA to Rf-SPIONs was observed (Table 2 and Fig. S4D-Ff),
while no binding was observed from C-SPIONs, which could be
due to the fact that the experiment was performed at neutral pH
since we previously demonstrated that HSA can form coronas
with C-SPIONs under basic conditions.”® All data led us to
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Fig.5 Raw ITC data (A and E), integrated heat plots (B, F), and thermodynamic parameters (C and G) of the binding between RCP with Rf-SPIONs
(blue plots) and C-SPIONs (red plots). (D) Schematic representation of the proposed interaction of the Rf-citrate ligand with SPION. (H) Inter-
action between free Rf with key amino acid residues in the binding site of RCP.
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conclude that the Rf-citrate conjugate promotes specific and
strong binding between SPIONs and RCP. As such, the devel-
oped multicore Rf-SPIONs are excellent candidates as a plat-
form for breast cancer cell drug delivery.

MRI and MH responses

Longitudinal and transversal relaxivities (r; and r, respectively)
of the synthesized Rf- and C-SPIONs were measured to investi-
gate the potential of the systems as MRI contrast agents. Both
NPs showed very high r, values of 430 mM "' s™" in water
(Fig. 6A and B). For longitudinal relaxation, the r; values for Rf-
and C-SPIONs were found to be 0.8 and 1.3 mM ' s~ ' respec-
tively (Fig. S51). The high transversal relaxivity points towards
Rf- and C-SPIONS as excellent T, contrast agents, the measured
values being among the highest reported thus far for iron oxide
NPs.*>¢® Such high performance is directly related to the clus-
tered morphology of the samples. On the one hand, single 9 nm
SPIONs exhibit r, values not exceeding 100 mM ™" s~ '.5%6* On
the other hand, studies on a cluster made of 10 nm citrate-
coated SPIONs synthesized by the co-precipitation method re-
ported an r, value close to 400 mM " s~ .5 From these results,
we can conclude that the samples reported here show excellent
performances in terms of MRI contrast properties.

The samples were also tested for MH therapy by measuring
the SAR values on the diluted samples (1 mg mL™") under
different magnetic field conditions (Fig. 6C and D). As expected,
the SAR values increased as the frequency and magnetic field
amplitude increased. The SAR values for C-SPIONS were slightly
higher than those of Rf-SPIONSs (e.g. 580 + 30 against 530 + 20
W gp. " at 24 kA m ™" and 763 kHz). Nonetheless, deviations are
within the experimental error, and the heating performance for
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Fig. 6 (A) T, weighted MR phantom image of the SPIONs. (B) Plot of
T> Y versus Fe concentration for Rf-SPIONs (blue) and C-SPIONS (red)
in water. (C) SAR values as a function of the applied magnetic field at
a frequency of 763 kHz for the SPIONSs. (D) SAR values of the SPIONs
were measured at frequencies of 163 and 491 kHz under a constant
magnetic field strength of 24 kA m™%.
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both systems can be considered comparable. Both systems
show performances well above those reported for NPs produced
by co-precipitation approaches.®® This improvement is likely to
be associated with the formation of a clustered or multicore
structure.*>®® Even though the crystallographic orientation is
not well-preserved throughout the entire core (Fig. 3), the Ty
values close to room temperature suggest the presence of
magnetic coherence (Fig. 2F). This results in an enhancement of
the hysteresis losses and hence an increase over the SAR values.

The performances could be compared with those of other
multicore structures produced from similar approaches. For
instance, a SAR value of 12 W gg. ' was recorded for 20 nm
clusters made of 9 nm cores at 100 kHz and 10 kA m™~.*® In this
case, Rf-SPIONS showed a SAR value of 95 4+ 20 W gg.~ " under
slightly higher conditions (163 kHz and 24 kA m™") which
underlines an improvement of our systems to the reported
values. However, the performances are still far below the values
for iron oxide multicore NPs of 20 nm reported by Wilhelm et al.
(2000 W gp. " at 700 kHz and 25 kA m™').*® This difference
could be the result of several factors. On the one hand, the
measurements were performed at a much higher frequency. On
the other hand, these multicore NPs were produced by a high-
temperature hydrolysis approach, requiring long annealing
times, (220 °C, 12 h) and showed spherical arrangement. In
contrast, the domains in our SPIONs were produced under
milder conditions and shorter times (90 °C, 1 h), hence, they
appeared in random shapes.

Finally, it is worth underlining that performances between
85 and 95 W gp. ' were achieved by applying an oscillating
magnetic field with an amplitude of 24 kA m ™" and a frequency
of 163 kHz, which is well below the biological limit (v < 5 x 10°
A m~"' s7").* These performances allow for efficient MH ther-
apies at reasonably low SPION doses. Combined with excellent
MRI responses, high colloidal stability and specific binding
toward RCP of the Rf-SPIONs underline its potential as
a theranostic agent for breast cancer therapy.

Cellular uptake

The MCF-7 cell line was chosen as a breast cancer cell model for
evaluation of cellular uptake of Rf-SPIONSs due to its retaining of
estrogen response, making it a potent cell line for over-
expression of RCP, which is an estrogen-regulated protein.®®
Although the overexpression is not evidenced, MCF-7 cells have
been used as a model in several studies regarding the uptake of
Rf-functionalized NPs.>**

Biocompatibility of the Rf-SPIONs was ensured by MTT cell
viability assay before the uptake experiments. Cell viability
remained over 100% when treated at different concentrations,
up to 200 ug mL~" (Fig. 7A). As MTT assay measures cellular
metabolism, the dose-dependent increase in cell viability could
be due to the stimulating effect from the SPIONs on the cells.
One possible mechanism is through reducing intracellular
H,0,, which affects the cell cycle and promotes proliferation.®®

To study the cellular uptake, cells were incubated with 200 pg
mL ™" of Rf-SPIONSs for 24 h. The same experiments were also
carried out using C-SPIONs. Following incubation, cells were

Nanoscale Adv., 2022, 4,1988-1998 | 1995
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(A) Cell viability of MCF-7 cells after being treated with different concentrations of Rf-SPIONs for 4, 12, and 24 h. The viability was

evaluated by MTT assay with Triton-X as a positive control. (B) Relative side scattering signals of the cells under different incubation conditions.
Statistical significance was analyzed by a one-way ANOVA with p < 0.01 (**) and p < 0.001 (***). (C) Uptake observation by Prussian blue staining.
Blue pigments represent iron while cells are counterstained in pink by neutral red.

subjected to flow cytometry analysis where side scattering
signals (SSC) were recorded. Plotting of SSC against forward
scattering signals (FSC) is a reliable method to quantify the
internalization level of the SPIONSs in different cell lines.®”*® Rf-
SPIONs showed significantly higher internalization into the
cells at physiological temperature with an over 20% difference
in cellular internalization (2.2 against 1.8 times the signal when
compared to the control group, Fig. 7B).

The distribution of the internalized SPIONs was also
observed by Prussian blue staining (Fig. 7C). After 24 h incu-
bation, Rf-SPIONs showed notably higher internalization when
compared to C-SPIONs as seen from the density of blue
pigments. Furthermore, the images at higher magnification
revealed that both Rf- and C-SPIONs tend to accumulate in
perinuclear regions in vesicle-like distributions. It is worth
mentioning that, with Rf-SPIONs, internalization was found in
almost all the cells in the microscopic field. The same obser-
vation was observed from flow cytometry where the percentage
of cells with higher SSC signals than the threshold value was
66% for cells treated with Rf-SPIONs, while for C-SPIONS, it was
lower (Fig. S6T), which suggested that the Rf-SPIONs have
a higher ability to internalize the cells.

Considering the results, the enhancement in cellular inter-
nalization is evidently due to the presence of the Rf moiety on
the SPION surfaces. One possible mechanism is that the inter-
nalization is enhanced through binding interaction between Rf-
citrate and RCP as demonstrated earlier. It is well established
that cellular uptake of free Rf evolves from a saturable to a linear
uptake kinetic profile when the temperature decreases from 37
to 4 °C.*® This is because the protein-mediated active transport
mechanism is normally inhibited at low temperatures. As
a result, both cellular uptake of Rf- and C-SPIONs decreased to

1996 | Nanoscale Adv, 2022, 4, 1988-1998

a comparable level (Fig. 7B). The decrease percentage was
calculated to be 40 and 26% for Rf- and C-SPIONS, respectively.
This observation highlighted that the cellular uptake mecha-
nism for Rf-SPIONs is mainly through a protein-assisted
pathway which, considering their binding affinity, could be
through binding with RCP. It is worth noting that at 4 °C,
magnetic NP adhesion on the plasma membrane could be
observed as demonstrated in HeLa cells.*® However, further
investigations are needed to precisely clarify the internalization
pathway.

Conclusions

We have successfully synthesized a novel Rf-based ligand by
conjugation of Rf with citric acid which provides colloidal
stabilization to the SPIONS, yielding aqueous-stabilized multi-
core SPION clusters. HRTEM analysis reveals some extent of
preferred orientation between adjacent cores with good crys-
tallinity, which results in high M, and Tj, showing both excel-
lent MRI performance and MH response.

We also demonstrated that the Rf-SPION system firmly binds
to RCP, which is a carrier protein overexpressed in breast cancer
tissues. Testing with MCF-7 breast cancer cells clearly showed
the effect of Rf in enhancing cellular internalization, with high
homogeneity. We hypothesize that the internalization was
through the binding with RCP as the uptake level was decreased
under reduced temperature conditions. However, extending
systematic experiments is needed to clarify this mechanism of
uptake. To this extent, the Rf-citrate ligand has been proven to
provide both stabilization and breast cancer targeting effects to
SPION clusters, which marks the potential of the system to be
developed as a breast cancer theranostic agent.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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