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Currently, research on superparamagnetic iron oxide nanoparticles (SPIONs) for magnetic hyperthermia
applications is steadily increasing. In this work, SPIONs were synthesized by the bromide-assisted polyol
method and angle-shaped SPIONs were successfully generated with the optimized concentration of
bromide. The influence of bromide concentration on the shape of the generated SPIONs as well as the
heating characteristics under an alternating magnetic field (AMF) was thoroughly investigated. At
a concentration of 20 mg mL™! of the angle-shaped SPIONSs, the highest temperature curve up to 23 °C
was observed under AMF with 140 Oe and 100 kHz for 10 min. With the biotoxicity assay, no significant
cytotoxicity was observed in the normal fibroblast of HFB-141103 as well as tumor cells of U87MG and
FSall treated with the angle-shaped SPIONs at a concentration below 100 pg mL™:. However,
significantly decreased cellular viability was observed in tumor cells of US7MG and FSall treated with 100
ng mL™* of the angle-shaped SPIONs under AMF with 140 Oe and 100 kHz. Based on these results, it is
thought that the angle-shaped SPIONs synthesized by the bromide-assisted polyol method will provide
highly efficient magnetic hyperthermia therapy for cancers under biologically safe AMF with 140 Oe and
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1 Introduction

Iron oxide nanoparticles (IONPs) have been intensively studied
for various biomedical applications, such as magnetic reso-
nance imaging," magnetically-guided drug delivery,” bio-sepa-
ration,® biosensor,* tissue repair,®> and magnetic hyperthermia
therapy.®” Magnetic hyperthermia (MH) is a treatment of cancer
by generating thermal energy under the alternating magnetic
field (AMF) of magnetic particles. MH is induced because the
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magnetic moment of these nanoparticles tends to align with the
direction of the magnetic field, resulting in Néel relaxation
where the magnetic moment changes or Brownian relaxation
where the entire particle rotates.® Also, MH leads to the damage
and apoptosis of tumor cells.**

MH has several advantages over conventional treatments
such as surgery, chemotherapy, and radiation therapy. The
advantage of MH is providing opportunity for tumor targeting
through blood circulation or direct local injection without
surgery with no side effects of drugs or radiation.*>*> In MH, the
heat transfer of magnetic nanoparticles (MNPs) is characterized
by the specific absorption rate (SAR). A condition of MNPs for
practical application is that they exhibit high SAR values at
relatively low concentrations of nanoparticles and low magni-
tude AMF during measurements.”>** If these demands are met,
MH therapy, which can minimize the side effects of conven-
tional treatments and provide high efficiency for tumor cell
damage, will be facilitated. Heavy metals such as cobalt or
manganese have high SAR values because they are magnetic
materials with high saturation magnetization, but the intro-
duction of heavy metals causes toxicity to the human body.*>*®
Therefore, various studies have continuously been conducted to
investigate magnetic properties by controlling the size and
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shape of IONPs, which are safer than magnetic nanoparticles
using heavy metals.”” For this reason, studies have been con-
ducted to improve the size and shape-dependent magnetic
properties of IONPs, for example, Wang et al. synthesized cubic
IONPs for large saturation magnetization,'® and Toulemon et al.
induced enhanced collective magnetic properties by assembling
iron oxide nanoparticles in chains.” Nemati et al. went so far as
to analyze the magnetic properties by tuning the size and shape
of the iron oxide nanoparticles,® Sheng et al reported
a systematic study of the size dependence of heat generation by
magnetic iron oxide nanoparticles under AMF,*' and Yong et al.
fabricated uniform Fe;O, nanodiscs.”” Although there are
already some reports about the magnetic properties of various-
shaped MNPs, to use them for biomedical applications, addi-
tional tedious surface modification processes are often required
to make them biocompatible.>*?* Herein, we report a facile
bromide-assisted polyol process for the preparation of angle-
shaped SPIONs. During the preparation, biocompatible PEG
molecules are attached to the generated IONPs. As a result,
these IONPs are well dispersed in aqueous solution and can be
easily used in various biomedical fields. Polyethyleneglycol
(PEG) and branched-polyethyleneimine (b-PEI) used in the
synthesis help make the surface of IONPs biocompatible. PEG is
a solvent used for polyol synthesis, acts as a reducing agent, and
plays a role in enhancing water dispersibility and biocompati-
bility on the surface of nanoparticles without a separate process
after synthesizing IONPs.?*** Also, b-PEI is a polymer that has
repetitive amino groups (Fig. S1, ESIf), which controls the
surface charge and enables amide bonding. Also, poly-
ethyleneimine (PEI) has been used as an adhesion promoter
because it has a weak bond with negatively charged cells on the
outer surface to adhere to the plate.**** Moreover, PEI is widely
used as a transfection agent because of its low toxicity and
cationic polymer effect.**”

In this article, the optimization of bromide ion concentra-
tion used in the synthesis of angle-shaped superparamagnetic
iron oxide nanoparticles (SPIONs) and the characteristics of
SPIONs as a heat source for MH therapy were studied. The
angular shape of the iron oxide nanoparticles is a result of the
binding of bromide ions with the iron ions exposed on the
surface of the growing iron oxide nanoparticles.*® The molar
ratio of bromide ions and iron precursors in the synthesis of the
angle-shaped SPIONs affected the morphology of SPIONs and
the heat generation characteristics when AMF was applied. For
the cytotoxicity test of angle-shaped SPIONSs, the biocompati-
bility studies were performed using three types of cell lines.

2 Experimental

2.1. Materials

All chemical reagents were used without further purification.
Iron(m) acetylacetonate (>99%) was purchased from STERM-
CHEM. Polyethyleneglycol 600 (PEG), potassium bromide
(KBr), ethanol (EtOH, 99.9%), and ether were purchased from
Samchun Chemical. b-PEI was purchased from Sigma Aldrich.
DMEM high glucose, RPMI 1640, and phosphate-buffered
saline (PBS) were purchased from HyClone. Fetal bovine
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serum (FBS), antibiotic-antimycotic (AA), and trypan blue stain
were purchased from Gibco.

2.2. Synthesis of the angle-shaped SPIONs with potassium
bromide

In a typical synthesis, 1 mmol iron(i) acetylacetonate precursor
was dissolved in a solution of 10 g PEG and 2 g b-PEI Then, 0.25
to 4 mmol KBr was added to the solution to make a KBr mixture
of 20.8 mM to 666.7 mM concentration. The mixture was heated
to 95 °C under low pressure (—76 cm Hg) for 1 hour to remove
H,O present in PEG and b-PEI After this degassing step, the
temperature was raised to 265 °C at a heating rate of 5 °C min™".
In this process, the lucent red solution turned brown at 140 °C.
Lastly, a dark brown solution was obtained. After removing the
heating mantle, the reactant was cooled to room temperature.
An ethanol-ether mixture was added to the reactant, and
centrifugation was carried out at RCF 8000 to separate the
solvent and nanoparticles.

2.3. Synthesis of the amine-functionalized SPIONs

This synthesis of the amine-functionalized SPIONs (A-SPIONs)
was carried out by the previously reported method.*® Briefly,
1 mmol iron(m) acetylacetonate was mixed with 10 g PEG and
2 g b-PEL. As mentioned in the synthesis of angle-shaped
SPIONs above, the heating and washing processes were
carried out on the mixture.

2.4. Magnetic heating measurements

The magnetic nanoparticles synthesized above were dispersed
in DW, and the samples were prepared by adjusting the
concentration to 20 mg mL~". Microtubes containing 1 mL of
each prepared sample were placed in the center of the coil of
a magnetic field generator (Anytech), and AMF was applied for
600 s. The temperature change was measured for 600 s under
AMF and 400 s after turning off AMF.

2.5. Cellular viability test and MH test

Three cell lines, U87MG, FSall, and HFB-141103, were used for
the cytotoxicity test and the MH test. U87MG and HFB-141103
were cultured in DMEM, 10% FBS, 1% AA media, and FSall
was cultured using different media that is RPMI, 10% FBS, and
1% AA media. All the cells were incubated in a 5% CO, incu-
bator at 37 °C. CCK and MTT assays are common methods to
measure the cytotoxicity of the drugs, but the uptake of the
remaining IONPs in this test may interfere with detection. For
this reason, after stained with trypan blue, a mechanical cell
counter (AAA, Biotech) was used to count cells. Cells were
cultured in 100 pie dishes and sub-cultured to 6-well plates with
1 x 10° cells per well when cell confluence reached 80%. Cells
were incubated for one day to attach to the plate and the media
changed to various concentrations of angle-shaped SPIONs
added media. After one day of incubation, the residual angle-
shaped SPIONs were washed out by PBS and the cells were
harvested for cell counting. The MH test on the three cell lines
used the same process as the cell counting process above, with
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the addition of media at a concentration of 100 pg mL ™" angle-
shaped SPIONSs into 24-well plates for the hyperthermia test. An
alternating magnetic field generator was used for the exposure
magnetic field up to 20 min. The same mechanical cell counter
was used to observe the cell viability each day after AMF was
applied.

2.6. Characterization

All transmission electron microscopy (TEM) images were gained
using a LIBRA 120 (Carl Zeiss) at an acceleration voltage of 120
kv. The samples for TEM studies were prepared by drying a drop
of the nanoparticle suspension on a piece of the carbon-coated
copper grid at ambient conditions. The X-ray diffraction (XRD)
patterns were taken by an X-ray diffractometer (New D8
Advance, Bruker) with Cu-Ka. radiation (A = 1.5406 A) at 40 kv
and 40 mA. Magnetic measurement was conducted using
a VSM-7410 (Lake Shore Cryotronics). Magnetic nanoparticles at
100 kHz and 140 Oe conditions using a magnetic field generator
(Multi Hi Frequency Generator, 2 x 4 channels, 30-370 kHz, 90
Oe or higher, Anytech) were tested for the heating characteris-
tics. The temperature change of the solution in which magnetic
nanoparticles are dispersed during the MH test was measured
at one second intervals using a custom probe (M924 Semi-
conductor OEM Unit, Lumasense Tech) capable of measuring
the range from —45 °C to 330 °C. Statistical analysis was

Degassing for 1 hour
under 95 °C heating
Fe(Acac);
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b-PElggo.00
KBr
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determined by Student's ¢test and one-way ANOVA using
GraphPad Prism. The level of significance was fixed as P < 0.05.

3 Results and discussion

3.1. Synthesis of the angle-shaped SPIONs

Angle-shaped SPIONs were synthesized by adding potassium
bromide to the synthesis process to control the shape, and A-
SPIONs were prepared for comparison with angle-shaped
SPIONS. As can be seen in Fig. 1, the synthesis of SPIONs was
performed by applying the previously reported method of PEG-
assisted polyol*” to iron(m)I acetylacetonate used as a precursor
and PEG used as a capping and reducing agent. b-PEI allowed
the presence of a large number of amine groups on the surface
of the SPIONSs, and KBr was responsible for making the SPIONs
angular. As shown in Fig. S2 (ESIt), the absolute value of zeta
potential of SPIONs synthesized using b-PEI (28.3 mV) is higher
than that of SPIONs synthesized without b-PEI (—16.7 mV) due
to the influence of amine groups on the surface of the nano-
particles. Accordingly, it can be seen that the water dispersion
stability is further improved. It has been previously reported
that halide ions stabilize the (100) facet of nanocrystals in the
synthesis of IONPs to form cube-shaped nanoparticles.*>*' To
find out more about how the concentration of KBr affects the
nanoparticle morphology, KBr, the halide ion source, was
adjusted from 20.8 to 333.3 mM (Fig. S3, ESI¥).

N, gas purging

Heat upto 265 °C
under 5 °C/min rate,

14 min aging
EtOH & ether
precipitation

Angle-shaped SPIONs

Fig. 1 Schematic illustration of the bromide-assisted synthetic procedure for angle-shaped superparamagnetic iron oxide nanoparticles.
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Fig. 2 Transmission electron microscopy images of (A) and (B) amine-functionalized SPIONs and (C) and (D) bromide-assisted angle-shaped

SPIONs.
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Fig. 3 Hydrodynamic size-distribution of the A-SPIONs and angle-
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Fig. 4 XRD patterns of A-SPIONs and angle-shaped SPIONs.

TEM images show how the presence or absence of bromide
affects the shape of SPIONs. SPIONs synthesized without KBr
have a spherical shape (Fig. 2A and B), while those synthesized
with KBr show IONPs of various angled morphology (Fig. 2C
and D). It was confirmed that the SPIONs synthesized with KBr
had a predominantly angular shape and the morphological
difference between angle-shaped SPIONs and A-SPIONSs.

The hydrodynamic size distribution of A-SPIONs and angle-
shaped SPIONs was measured by DLS. The hydrodynamic size
dispersed in DI water was determined to be 12.95 nm for A-
SPIONs and 18.07 nm for angle-shaped SPIONs. DLS measure-
ments show a narrow size distribution of A-SPIONs, and angle-
shaped SPIONs show a relatively wide size distribution due to
shape differences (Fig. 3).

3.2. Crystal structure study of the angle-shaped SPIONs

XRD measurements were performed to confirm the crystal
structure of angle-shaped SPIONs and A-SPIONs. The XRD
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Fig. 5 Magnetic behaviors of A-SPIONs and angle-shaped SPIONs
synthesized by adding 333.3 mM KBr.

patterns of angle-shaped SPIONs and A-SPIONs were summa-
rized in Fig. 4. The overall pattern of the angle-shaped SPIONs
was well indexed with Fe;0, (JCPDS # 00-019-0629). (220), (311),
(220), (400), (422), (511), (440), and (531), as revealed in the XRD
pattern. The (111) peak could not be assigned because it over-
lapped with the pattern of PEG, a surface organic molecule, and
was indistinguishable.

3.3. Magnetization study of angle-shaped SPIONs

To analyze the magnetic properties of A-SPIONs and angle-
shaped SPIONs, M-H loops were drawn by applying a field
range from —15 kOe to 15 kOe at 298 K (Fig. 5). The data were
presented as emu per g of iron. The saturation magnetization
(M;) values in the M-H loop show 45.60 emu g~ for A-SPIONs
and 48.67 emu g ' for angle-shaped SPIONSs. It is hypothe-
sized that angle-shaped SPIONs could provide high magneti-
zation among IONPs of a similar size range due to their angular
morphology.’** Therefore, angle-shaped SPIONs described
above are materials with excellent magnetic properties for
magnetic separation and recycling as nanoparticles do not have
strong magnetic interactions in dispersion. The experimental
results show that the water suspensions of angle-shaped
SPIONs are well dispersed but agglomerate under the influ-
ence of the magnetic field by the magnets (Fig. S4, ESIT).

3.4. Heating study of angle-shaped SPIONs

Fig. 6A and B show the temperature change of angle-shaped
SPIONSs synthesized by adding from 0 to 666.7 mM KBr under
a magnetic field condition of 140 Oe at a fixed frequency of 100
kHz for 15 min. Each sample was measured by dispersing it in
distilled water at a concentration of 20 mg mL . Fig. 6 shows
curves of different shapes depending on the concentration of
KBr used for the synthesis of SPIONs. As the concentration of
KBr increased from 20.8 mM to 333.3 mM, the temperature
change led to an increase, but 666.7 mM KBr showed a decrease

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Heating characteristics of angle-shaped superparamagnetic iron oxide nanoparticles synthesized by adding (a) 0 mM, (b) 20.8 mM, (c)
62.5mM, (d) 83.3mM, (e) 333.3 mM, and (f) 666.7 mM KBr. (A) Temperature changes for each samples under a magnetic field condition of 140 Oe
at a fixed frequency of 100 kHz for 15 minutes and (B) maximum value of delta temperature for each samples.

=100 kHz, H = 140 Oe

o 60 [ Specific absorption rate 0.6 >
E Intrinsic loss power =
= 50+ 0.5
: :
= 40 04
5 g
B 30 03 §
[e]
) »
£ 20- 028
o 9
510 £
c
w 0 -

0 208 625 833 333.3 666.7

Concentration of NPs (ug/mL)

Fig. 7 Values of specific absorption rate and intrinsic loss power
according to KBr concentration added to the synthesis of angle-sha-
ped SPIONs.

in the temperature change. It can be said that the concentration
of KBr affected the heating efficiency of the angle-shaped SPIONs.
The angle-shaped SPIONs with optimized thermal properties can
easily reach the thermal ablation zone (AT = 13 °C)* for cancer
treatment within 10 min. Angle-shaped SPIONs synthesized by
adding 333.3 mM of KBr in the temperature change curve
showed the highest temperature increase at 600 s. The SAR,
defined as the mass and amount of energy converted to heat in
unit time, quantifies the heating capacity of a magnetic mate-
rial. The value of SAR can be calculated from the initial slope of
the temperature rise graph using the following eqn (1)

C, AT

L x —Wg!

SAR =
mnp At

8
where C;, is the heat capacity of the solvent, AT/At is the initial
heating rate, and myp is the mass of the magnetic component in
the sample. Comparing this SAR value, the angle-shaped
SPIONSs synthesized by adding 333.3 mM of KBr (50.208 W g™ )
were 24 times higher than SPIONs synthesized without KBr

© 2023 The Author(s). Published by the Royal Society of Chemistry

(2.092 W g '). The value of the intrinsic loss power (ILP) was
calculated at AMF of 100 kHz and 140 Oe based on the SAR
calculated above using the following eqn (2)

SAR

Tx I nH m? kg™

ILP =

(2)

where f'is the frequency and H is the magnetic field. The ILP
value of angle-shaped SPIONs synthesized by adding 333.3 mM
of KBr (0.402 nH m” kg~ ') was about 24 times higher than
SPIONs synthesized without KBr (0.017 nH m”> kg™ '). The SAR
and ILP of SPIONSs synthesized using different concentrations of
KBr were also calculated (Fig. 7 and S5, ESIt). The initial
temperature rise over time is approximately linear and tends to
decrease again after reaching the highest temperature. The
initial rapid temperature rise can be attributed to the loss
processes such as hysteresis loss, eddy current loss, Néel
relaxation loss, and Brownian relaxation loss.** The mechanism
of heat generation of magnetic nanoparticles by the alternating

U87MG-GFP
FSall-GFP

[_]HFB-141103

140

120

100+
80
60

Cell viability (%)

40-

0 3 5 10

30
Concentration of NPs (ung/mL)

50 100

Fig. 8 Cell counting process results from three different types of cell
lines (UB7MG, FSall, and HFB-141103) for 24 h with an increase in the
concentration of angle-shaped SPIONs (2 mmol KBr).
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Fig. 9 Cell growth curves of cancer cell lines after in vitro magnetic
hyperthermia test. (A) UB7MG-GFP and (B) FSall-GFP cell lines were
exposed to AMF, respectively (100 kHz, 140 Oe, and for 20 min).

magnetic field is different for magnetic nanoparticles having
multi-domains and superparamagnetic nanoparticles having
single domain configuration. Multi-domain magnetic nano-
particles are heated by hysteresis loss, and superparamagnetic
nanoparticles are heated by Néel and Brownian relaxation
loss.** Therefore, the cause of heat generation of angle-shaped
SPIONs exhibiting superparamagnetic behavior is the Néel

(A) UB7TMG-GFP
x10

(C) FsalI-GF1P0 1D 3D 5D
x N

Control

NP+AMF (EEER

Paper

and Brownian relaxation loss. This indicates that super-
paramagnetic properties, such as the Néel rotation caused by
the magnetic moment spin within the crystal structure of
nanoparticles and the Brownian rotation occurring in the
particle spin to align with the magnetic moment, are respon-
sible for the majority of the measured total calorific value.

3.5. Invitro toxicity of angle-shaped SPIONs

The biocompatibility studies of the angle-shaped SPIONs were
performed by cell counting using various concentrations of
angle-shaped SPIONSs. Three cancer cell lines, namely, U§7MG,
a type of glioblastoma, FSall, a primary cell line of fibrosarcoma,
and HFB-141103, a primary cell of human fibroblast, were used
to study the in vitro toxicity of the angle-shaped SPIONs.
Because glioblastoma is located deep in the human body, there
are limitations to the method using photothermal therapy
(PTT). The light source for PTT is difficult to reach the location
of the glioblastoma. However, MHT using a magnetic field can
overcome this limitation.*® Fibrosarcoma cells are tumor cells
that are often used to verify the effectiveness of tumor treatment
methods such as radiation therapy.*** The data obtained after
24 h of cell culture are summarized in Fig. 8. The three cell lines
showed some differences in their dependence of cell viability on
the concentration of angle-shaped SPIONs, but cell viability
remained high, exceeding 70% at all concentrations below 100
pg mL™'. According to the International Organization for
Standardization, Part 5: in vitro cytotoxicity test for medical
devices (ISO 10993-5:2009 guideline), angle-shaped SPIONs at
concentrations below 100 pg mL " were considered to be non-
cytotoxic to treated HFB-141103, U87MG, and FSall cell lines
for 24 hours.

(B) USTMG-GFP
x20 &

Control |

NP

NP+AMF

(D) Fsall-GFP
x20

Control

NP

Fig. 10 Cellimages of cancer cell lines after magnetic hyperthermia. (A) and (B) are images of U87MG-GFP cell lines, and (C) and (D) are FSall-
GFP cell lines. AMF and NP + AMF groups are applied 100 kHz, 140 Oe. NP and NP + AMF groups were added angle-shaped SPIONs (100 pg mL™?)

to the medium.
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3.6. In vitro hyperthermia test of angle-shaped SPIONs

Two cancer cell lines, U87MG and FSall, were used. Two cell lines
were maintained on 37 °C and 5% CO, conditions of incubator
for the prepared experiments. When cells were grown enough for
experiments, 1 x 10° cells were moved to a 1.5 mL microtube and
centrifuged to make a cell pellet. Then, the cells were redispersed
in a culture media and media supplemented with angle-shaped
SPIONs. Each medium was divided into the control group
without any treatment, the NP group treated with angle-shaped
SPIONSs only, the AMF group applied AMF (100 kHz, 140 Oe)
only, and the NP + AMF group treated with angle-shaped SPIONs
and applied AMF (100 kHz, 140 Oe). The cell viability of the
divided groups was measured on 1 day, 3 days, and 5 days.

Fig. 9 is a graph in which the number of cells in a tumor cell
line was measured in vitro for 5 days. It can be seen that the cell
growth rate of the other groups was slower than that of the
control group. The cell growth rate of the NP group and the AMF
group was statistically similar on U87MG but had a slight
difference in FSall. The NP + AMF group showed the lowest cell
growth rate on both cancer cells. The metal uptake rate of cells
is the difference according to the growth rate and the effect of
AMF on each cell. In general, the growth rate of cancer cells is
higher than that of normal cells; thus, metal uptake is higher
for cancer cells than normal cells, and the penetrated into MHT
efficiency is also better for cancer cells.*-*' High-density MNPs
through high intracellular metal uptake rate by AMF lead to
MHT-induced apoptosis because they generated more thermal
effects inside the cell membrane.>>*

Looking at the difference in the absorption rate of the
nanoparticles between the NP group and the NP + AMF group in
Fig. 10, it can be seen that the NP + AMF group had a higher
absorption rate of nanoparticles than the NP group from the cell
morphology of the microscopic image. This shows that the AMF
exposure and heat generated by angle-shaped SPIONs improved
the permeability of the extracellular matrix, allowing more
nanoparticles to penetrate into the cells.'* One MH treatment
delayed the cell growth rate and decreased the cell viability.
Intracellular NPs reduced the cell viability and growth rate.

4 Conclusion

In this paper, we reported the synthesis of angle-shaped SPIONs
through the bromide-assisted polyol method, the difference in
heat generation of SPIONs under external AMF, and the MH test
using angle-shaped SPIONs. The saturation magnetization
value of angle-shaped SPIONs synthesized by adding 333.3 mM
KBr was evaluated to be 48.67 emu g ', which showed super-
paramagnetic behavior, indicating that it can be used for MH.
Angle-shaped SPIONs showed different heating performances
according to the concentration of bromide, and the SPIONs
synthesized adding 333.3 mM KBr showed the highest
temperature change (AT = 23.07 °C). It also proved cytotoxicity
in HFB-141103, U87MG, and FSall cell lines for up to 24 hours,
and the results were fairly satisfactory. The measurement of cell
viability of tumor cells U§7MG and FSall showed the effect of
MH therapy on angle-shaped SPIONs. When the angle-shaped

© 2023 The Author(s). Published by the Royal Society of Chemistry
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SPIONs were injected and AMF was applied, it was shown to
decrease the cell growth rate of the tumor cells compared to the
control group. Based on these results, we expect that angle-
shaped SPIONs will not only provide high-efficiency MH
therapy application but also be used as a multifunctional plat-
form for tumor treatment. Moreover, the method of synthesis
can be applied to manufacture other useful nanomaterials for
multiple biomedical applications.
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