Downloaded viaINST JOZEF STEFAN on December 17, 2019 at 09:16:42 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEESAPPLIED MATERIALS

Research Article

INTERFACES

& Cite This: ACS Appl. Mater. Interfaces 2019, 11, 41109-41117

www.acsami.org

PMTc., 29Y-, and "’Lu-Labeled Iron Oxide Nanoflowers Designed for
Potential Use in Dual Magnetic Hyperthermia/Radionuclide Cancer

Therapy and Diagnosis

Milos Ognjanovié,*’-:- Ma§dalena R%dovié,.}- Marija Mirkovi¢,” Zeljko Prijovié,.}-

Maria del Puerto Morales,

Miran Ceh,® Sanja Vrar1je§-£)urié,T and Bratislav Antic'

"The Vinca Institute of Nuclear Sciences, University of Belgrade, Mike Petrovica Alasa 12-14, 11001 Belgrade, Serbia
*Instituto de Ciencia de Materiales de Madrid, CSIC, Campus de Cantoblanco, 28049 Madrid, Spain

§Department for Nanostructured Materials, Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

© Supporting Information

ABSTRACT: Development of a complex based on iron oxide nanoparticles
(IONPs) for diagnosis and dual magnetic hyperthermia/radionuclide cancer
therapy accomplishing high yields of radiolabeling and great magnetic heat
induction is still a challenge. We report here the synthesis of citric acid,
poly(acrylic acid) (PAA) and poly(ethylene glycol) coated IONPs and their
labeling with three radionuclides, namely, technetium (**™Tc), yttrium (*°Y), and *¥
lutetium (*”’Lu), aiming at potential use in cancer diagnosis and therapy. Polyol- R
synthesized IONPs are a flowerlike structure with 13.5 nm spherically shaped L ——— A
cores and 24.8 nm diameter. PAA-coated nanoparticles (PAA@IONP) showed i
the best characteristics such as easy radiolabeling with very high yields (>97.5%)
with all three radionuclides, and excellent in vitro stabilities with less than 10% of o Pargione

radionuclides detaching after 24 h. Heating ability of PAA@IONP in an R e T
alternating external magnetic field showed intrinsic loss power value of 7.3 nH '
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m?*/kg, which is one of higher reported values. Additionally, PAA@IONP itself

presented no significant cytotoxicity to the CT-26 cancer cells, reaching IC50 at 60 pg/mL. However, under the external
magnetic field, they show hyperthermia-mediated cells killing, which correlated with the magnetic field strength and time of
exposure. Since PAA@IONP are easy to prepare, biocompatible, and with excellent magnetic heat induction, these
nanoparticles radiolabeled with high-energy beta emitters *°Y and '"’Lu have valuable potential as agent for dual magnetic
hyperthermia/radionuclide therapy, while radiolabeled with *™Tc could be used in diagnostic imaging.
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1. INTRODUCTION

Development of magnetic nanomaterials with new and exciting
properties suitable for application in various fields of industry
and medicine has been massively exploited during the last
decades.'™® Recently, many studies on diagnostic and
therapeutic use of iron-oxide based magnetic nanoparticles
(IONPs) for various diseases including cancer are in

~° Such IONPs may serve either as a contrast

progress.”
agent, carriers of radionuclides and drugs, mediators for
magnetic hyperthermia therapy or combined hyperthermia and
radionuclide therapy, etc.”” Combining diagnostic and therapy
approach into one, theranostic, researchers open new avenues
for their further improvement.”

IONPs have been used as T2-MRI contrast agent for
imaging purposes, while radiolabeled with *Tc, due to their
high imaging sensitivity, were proposed as gamma imaging
agent for early and accurate diagnosis.'’~"> Moreover, [ONPs
radiolabeled with beta-emitting radionuclides yttrium (°°Y)
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and lutetium ('"Lu) can be potentially used in cancer
radionuclide therapy."

However, magnetic hyperthermia applied in cancer therapy
is a process based on the harmful heat that magnetic
nanoparticles produce under the oscillating magnetic field."*
Despite frequent use, this method still encounters several
problems, such as insufficient heat generated to harm
surrounding tissue and short-range effect. Many synthesis
methods of superparamagnetic nanoparticles were reported,
including coprecipitation,'® thermal decomposition in organic
solvents,'® microemulsion,’” and microwave hydrothermal
synthesis.'® Unfortunately, very few of them allow the
synthesis of nanoparticles with well-controlled particle size
above the critical limit necessary for magnetic thermal blockage
and usable for the application in magnetic hyperthermia.
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With the aim to overcome some of the hyperthermia
limitations, surface-modified improved IONPs with strong
response to alternating-current (AC) magnetic field, suitable
for radionuclide carriage and, thus, appropriate for multimodal
use in diagnosis and therapy, were developed. Modification of
nanoparticles’ surface with active compounds or polymer
shield particles from agglomeration and aggregation, enabling
longer circulation time in blood and making possible their
additional functionalization (i.e., binding of ligands, radio-
nuclides, specific proteins, etc. on the surface of nano-
particles)."

The current study aimed to produce radiolabeled IONPs for
potential use in diagnosis or combined hyperthermia/radio-
nuclide cancer therapy. A modified polyol process was
investigated for the synthesis of flowerlike IONPs with
sufficient thermal properties where citric acid (CA), poly-
(acrylic acid) (PAA), and poly(ethylene glycol) (PEG)
coatings were used for the efficient binding of different
radionuclides (**™T¢, *°Y, and "’Lu). Initial assessment of the
microstructural and magnetic characteristics as well as behavior
against cancer cells of radiolabeled IONP were studied
thereafter as essential for the exploration of their potential
for the theranostic applications.

2. MATERIALS AND METHODS

2.1. Materials. All chemicals were used as supplied and without
any further purification. Iron(II) chloride tetrahydrate, iron(III)
chloride hexahydrate, iron(III) nitrate nonahydrate, diethylene glycol
(DEG), N-methyldiethanolamine (NMDEA), sodium hydroxide,
nitric acid (HNO;), CA, and PAA were purchased from Sigma-
Aldrich. The poly(ethylene glycol) (average M,, 1000) was purchased
from Merck. Technetium pertechnetate was eluted from Vinca’s
#Mo/**™Tc generator, while yttrium chloride (*°YCl;, 74.9 GBq/
cm?) and lutetium chloride (*”’LuCls, 240.6 GBq/cm®) were obtained
from Polatom, Poland. In all experiments, ultrapure Milli-Q water was
used (Millipore Co.).

2.2. Synthesis and Coatings of IONP. IONPs were prepared by
the polyol process based on precipitation of iron salts with NaOH in
NMDEA and DEG medium.”® Briefly, 1.082 g of FeCl,-6H,0 and
0.398 g of FeCl,-4H,0 were added to a mixture of solvents containing
38.5 mL of NMDEA and 38.5 mL of DEG and stirred for 1 h. After
the addition of 16 mM NaOH suspended in polyols the suspension
was kept stirring for 3 h more. Solvothermal synthesis was performed
in the suspension in autoclave cuvette kept at 220 °C for 12 h (oven
Memmert UNSS) followed by cooling of the system inside of the
oven to room temperature (RT). The formed precipitate was
separated magnetically and washed with an ethanol/ethyl acetate
(50/50 v/v) solution. After that, standard protocol for acid treatment
using 30 mL of 10% HNO; was used to reduce surface nanoparticle
imperfections.”’ Then, the supernatant was discarded by magnetic
separation, and 0.02 M Fe(NO;); and 20 mL of water was added to
the mixture and stirred for 45 min at 80 °C. After they cooled to RT,
the particles were dispersed in 20 mL of pure water and filtered
through the 0.22 um hydrophilic poly(ether sulfone) membrane.
Finally, a portion of the sample was dried for 24 h at 60 °C for further
use.

Coating of the synthesized nanoparticles was performed by the
addition of previously determined amounts of CA (0.6 mM/g,,),
PAA (0.6 mM/gnp), and PEG (5 mM/gnp) and sonication for 1 h at
RT. Excess of unreacted CA, PAA, and PEG in solution was avoided
by precisely dosing the amounts of surfactants that resulted in low
amount of unreacted material, which is further eliminated by dialysis
against deionized water during 24 h.*> A stable suspension of coated
iron oxide suspension at physiological pH was obtained. The coated
samples were marked as CA@IONP, PAA@IONP, and PEG@IONDP.

2.3. Characterization. The crystal structure was determined by
X-ray powder diffraction (XRPD) measured on a high-resolution

SmartLab X-ray diffractometer (Rigaku) operating at 40 kV and 30
mA and equipped with Cu Ka radiation (4 = 1.542 A). The XRPD
pattern was collected within 10—70° 26 range with the following
measuring conditions: divergent slit of 0.5 mm and speed of
measurement 0.2°/min. The mean crystallite size (dxgpp) was
calculated by applying Scherrer’s formula on the most intensive
diffraction peaks. The particle size, morphology, and crystal structure
of the synthesized nanoparticles were investigated by transmission
electron microscopy (TEM) and selected area electron diffraction
(SAED) analysis using transmission electron microscopes JEOL JEM-
2100 and JEOL JEM-2100F UHR (Oxford, UK) operating at 200
keV. The TEM images were analyzed manually by Image] software.”®
Distribution and the average size of nanoparticles were estimated by
measuring the largest diameter of at least 200 nanoparticles. Then, the
obtained data were fitted to a log-normal function (eq 1)
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to acquire the mean particle size and standard deviation (o), which
represents the absolute error of the measurement.

Magnetic measurements were performed using a Quantum Design
MPMS SXL magnetometer. The homogenized sample was packed in
gelatin capsules (ca. SO mg). Magnetization curves were measured at
300 and 5 K between —3988.5 and +3988.5 kA/m (+T). The
saturation magnetization (M) was calculated by the eq 2 for H
approaching c0.**

M= MS(I -2L- iz]

H H @)
After surface modification, zeta potentials of coated IONPs were
measured on water colloidal dispersions at 25.0 = 0.1 °C in Nano
7890 device (Malvern). The zeta potentials of PAA@IONP were
recorded at pH = 6—7 and 0.01 M ionic strength. Afterward, zeta
potential curves were fitted to a Boltzmann sigmoidal function (eq 3):
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Specific absorption rates (SAR) were determined by calorimetric
measurements on commercial AC apparatus (model DM 100 nB
nanoScale Biomagnetic). Kinetic curves were recorded under a
magnetic field of 15.9 kA/m and three different frequencies in the
range of 252—397 kHz. Measurements were conducted during 60 s in
water colloidal dispersions of the IONP concentration of S mg/mL.
For the determination of SAR values, an increase of the temperature
was monitored by an optical fiber system immersed into 1 mL of
sample. The temperature of suspension was maintained below 65 °C
to decrease evaporation, which could destabilize colloidal suspension
and reduce the measurement’s precision. The SAR values were
determined by linear fitting of calorimetric curves in the first 20 s of
measurements (dT/dt), using a corrected slope method to amend any
linear losses™” using eq 4

SAR (W/g) = cyp + Ay o X (d—T)
pNP dt max

@)
where Cyp is given as specific heat of the nanoparticles (J/(kg'K)),
pnp as density of IONP in the colloid (kg/m?), p, as density of the
dispersing agent (kg/m®), and (dT/dt),, as maximum gradient of the
temperature of the calorimetric curve (K/s). SAR is measured as watts
per gram of nanoparticles.

Intrinsic loss power (ILP), which can be used for the character-
ization of the magnetic nanoparticles’ intrinsic efficiency to absorb
power, was calculated from eq 5

SAR
Hf ()
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Figure 1. Morphological and microstructural properties of IONP. (A) TEM bright-field image with log-normal size distribution (inset). (B)
Nanoflower TEM image (see text) and (C) SAED pattern, experimental and simulated according to Y, ;sFe, 4s0,: PDF No. 04-014-1397.

where H is an intensity of the applied magnetic field (A/m), and f is
the frequency of applied field (Hz). The ILP value of a magnetic
colloid is independent of the equipment used.

2.4. Radiolabeling of Coated IONP. *"Tc Labeling. The CA,
PAA, and PEG-coated IONP (5 mg/mL) were radiolabeled by *™T¢
using SnCl, for reduction of *™Tc’*. Reactions were performed by
simultaneous addition of 0.1 mL of Na**TcO, (18.5 MBq) and 0.04
mL of SnCl, solution (2.5 mg/mL in 0.5 M HCI) to the suspensions
of 0.02 mL of surface-modified IONP in 1 mL of sterile water. After
adjustment of the pH to 6, the reaction mixture was gently stirred at
RT for 30 and 60 min.

Two radiochromatographies on silica gel (instant thin-layer
chromatography—silica gel (ITLC-SG)), one with acetone and
another with a mixture of pyridine/acetic acid/water (3:5:1.5 v/v)26
were used to determine the radiolabeling yield of the *™Tc-labeled
coated IONP. Dose calibrator (CRC-1S, Capintec) and gamma
counter (Wizard 2480, PerkinElmer) were employed to measure the
radioactivity of all samples.

PY Labeling. *°Y labeling was performed by incubation (for 30 and
60 min) of 0.1 mL of suspension (pH 4—S5) of coated IONP (S mg/
mL) with 0.006 mL of *°YCl; (185 MBq) in two experiments (at 25
and 60 °C). ITLC method, on silica gel (SG) sheets with saline as the
mobile phase, was used to determine the radiolabeling yield of *°Y-
IONP. With this method the unbound *°Y*" migrated with the front
(R¢=0.9—1.0), while radiolabeled particles did not migrate (R; = 0.0—
0.1). Y2t7trium—90 as a pure f-emitter was detected by “bremsstrahlung”
effect.

"”Lu Labeling. An appropriate volume of '”’LuCl, solution in 0.04
M HCI (185 MBq) was taken in a vial containing 0.1 mL of coated
IONP (S mg/mL) at pH 5—6 and incubated for either 30 or 60 min
at RT. The radiolabeling yield determined by ITLC method (the
same as for the *°Y-IONP) showed that '7’Lu** migrated with the
solvent front (R; = 0.8—0.9), while the '”’Lu-labeled coated IONP did
not migrate (R; = 0.0—0.1).

2.5. In Vitro Stability of the Radiolabeled Coated IONP. The
in vitro stability of CA, PAA, and PEG-coated IONP labeled with
#PmTc, 2y, and Lu was tested in saline and human serum (HS,
Blood Transfusion Institute, Serbia) after incubation at 37 °C during
24 h for ®™Tc-labeled coated IONP, and during periods of 72 and 96
h for *°Y- and '""Lu-labeled coated IONP, respectively. At different
times after radiolabeling, the activity of samples was analyzed by
ITLC-SG using the solvent systems specified above for each
radionuclide.

2.6. Cytotoxicity of IONP in Vitro. For cytotoxicity studies and
effect of oscillating magnetic field-generated hyperthermia on cancer
cells, CT-26 mouse colon carcinoma cells were cultured in monolayer
in tissue culture dishes in RPMI medium supplemented with 10%
fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 ug/mL
streptomycin, in a humidified atmosphere with 5% CO, at 37 °C.
When 80% confluent, the cells were harvested after trypsin/
ethylenediaminetetraacetic acid (EDTA) solution exposure and
washed. Upon resuspension in complete medium and counting in
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Neubauer chamber, concentration of the cells is adjusted to 1 X 10°
cells/mL, and 0.1 mL (1 X 10* cells/well) was dispensed into wells of
96-well plates. The attached cells were exposed to IONP for 24 h in
the incubator. Afterward, the cells were washed to remove the IONP;
the medium was replaced with fresh one and left for another 24 h
before quantification by 3-(4,S-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay. Briefly, after replacement of the old
medium by 0.1 mL of fresh medium containing 0.5 mg/mL MTT and
incubation for 4 h in the dark, the medium was carefully aspirated.
Formed dye was dissolved by 0.1 mL of dimethyl sulfoxide (DMSO)
with shaking for 30 min, and the color was quantitated by absorbance
measurement at 560 nm using 96-well plate reader (Molecular
Devices Spectramax 250).

2.7. Hyperthermia Effect of IONPs on CT-26 Cancer Cells in
Vitro. To investigate the cytotoxicity of IONP in presence and
absence of magnetic field on cancer cells, 1 X 10* cells/well of CT-26
cells were cultured overnight in 96-well plates to allow the cells to
attach. The media was replaced with 0.1 mL of a fresh medium
containing serial twofold dilution of IONP, starting with 1 mg/mL in
duplicates. After 15 min, the plates were exposed to the alternating
magnetic field at three different frequencies (82, 100, and 116 kHz)
for 5, 15, and 30 min at field strength of H = 7.95 kA/m. After the
exposure, the wells were washed to remove the IONP, fresh medium
was added, and the cells left to recover for 24 h. Number of surviving
cells was determined by MTT assay as described above.

3. RESULTS AND DISCUSSION

Aiming to produce IONPs with excellent heating abilities, yet
easy to be radiolabeled, making them suitable for hyper-
thermia/radiotherapy or diagnosis of cancers, we used a
method of synthesis that allows generation of IONPs of
suitable, well-controlled size in form of nanoflowers. The iron
oxide nanoparticles were synthesized via the polyol method as
described elsewhere”® due to superior properties compared to
other methods of synthesis. The obtained IONPs were coated
to shield them from aggregation, still improving biocompat-
ibility and allowing easy radiolabeling. These IONPs were
radiolabeled with different radionuclides and characterized for
their physical and chemical properties and in vitro stability.
The cytotoxicity toward CT-26 cancer cells in vitro and
magnetic hyperthermia efficiency by exposure to various
magnetic field parameters of IONP were investigated.
Altogether, we developed a robust and practical system for
generation of nanoflower-like radiolabeled IONPs with great
properties for use in cancer diagnosis and therapy. The detailed
results are described below.

3.1. Morphology, Microstructure, and Magnetization
Properties of IONP. Morphology and size of IONP were
determined by TEM. The representative TEM micrographs in

DOI: 10.1021/acsami.9b16428
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Figure 1A show that nanoparticles, ~13.5 (+1.2) nm in size,
form small agglomerates with sizes that fit to a log-normal
distribution giving a mean average diameter of 24.8 (+4.4) nm
and a polydispersity (¢) of 18% (inset of Figure 1A). The
image displayed in Figure 1B presents the agglomeration of
some individual particles to nanoflower structure.””*® The
individual nanoparticle’s shape is an intermediate between
spherical and rounded cubes. SAED was analyzed by a
comparison between simulated”” and experimental data
(Figure 1C). It indicates that IONPs crystallize to spinel
structure type, space group Fd3m, matching the most intensive
diffraction peaks with simulated diffraction data. However, at
the nanoscale, it is very difficult to observe a difference
between magnetite and maghemite by diffraction techniques.

The IONPs were further characterized by XRPD technique.
The representative XRPD pattern is shown in Figure 2A. The
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Figure 2. (A) XRD pattern obtained by the Cu Ka source-equipped
diffractometer. Magnetization vs magnetic field curves of IONP at (B)
5 and (C) 300 K.

reflections of IONP are present at approximately identical 26
angle and intensity as those of Fe;O,; hence, they could be
attributed to the Fd3m space group of the cubic structure (No.
227). This confirms that the sample crystallizes in the spinel
structure group (JCPDS Card No. 19-629). Nevertheless, a
more detailed XRPD analysis of a similar synthesis method
suggested a maghemite structure (7-Fe,05).”° On the basis of
XRPD and SAED results, synthesized nanoparticles are most
likely to be a combination of both crystal phases (maghemite
and magnetite). The lattice parameter of the IONP was
determined to be a = 8.3823(3) A.

To further investigate the magnetization properties of
IONP, several different methods were performed. The
isothermal magnetization measurements were done at S and
300 K (RT) in the field range up to 3988.5 kA/m. The insets
in Figure 2B,C represent the hysteresis loops in the low-field
regime. The saturation magnetization (M;) values of nano-
particles at 5 and 300 K are ~77 and 70.5 emu/g, respectively,
which is in agreement with similarly shaped IONP.** The
magnetization curve at Figure 2C goes through the origin of
magnetization graph, suggesting that synthesized IONPs are

superparamagnetic at RT, while the coercivity is present at 5 K
with value 231.3 kA/m (Figure 2B).

3.2. Radiolabeling and in Vitro Stability Studies of
Coated IONP. With the aim to find simple, fast, and reliable
methods applicable for the binding of different radionuclides to
IONPs with various coatings, a study was done with CA, PAA,
and PEG-coated IONPs and radionuclides *™T¢, *°Y, and
7Lu. With radionuclide’s ability to form complexes with
different groups of surface coatings of IONP, the indirect
radiolabeling method for all three radionuclides and mild
conditions were first investigated.”' >’ The same method for
particles’ radiolabeling may be used not only for the
monitoring of IONP in experimental condition in vitro and
in vivo but also for radiodiagnosis or radiotherapy.”*** Besides,
theranostic approach may be easily achieved with the same
nanoparticles, while chelator enables substitution of gamma-
emitting radionuclides used for diagnostic with a therapeutic
radionuclide. *"Tc labeling was performed with the addition
of an acidic SnCl, solution allowing reduction of *™Tc* to
lower oxidation states necessary for the formation of *™Tc
complexes. Radiolabeling yields of **"Tc-PAA@IONP and
#"Tc.CA@IONP, detected by ITLC-SG, were very high
(97.5% and 98.5%, respectively), while the radiolabeling yield
of " Tc-PEG@IONP was 69.2%. Radiolabeling was com-
pleted very fast, for 30 min, at mild conditions (room
temperature and neutral pH), while increasing the reaction
time to 60 min insignificantly changed the radiolabeling yield
(Table 1). *™Tc-Labeled nanoparticles may be used in

Table 1. Radiolabelling Yields of Coated IONP for Different
Labelling Conditions with Pmre Y, and "Lu

radiolabeling yield (%)

with #™T¢ with *°Y with 77Lu
T=25°C T =25°C T =25 °C
IONP 30 min 60 min 30 min 60 min 30 min 60 min

PEG@IONP 69.2 68.3 99.8 99.4 98.4 98.5
PAA@IONP 97.5 97.1 99.5 99.5 99.7 99.6
CA@IONP 98.5 98.4 99.2 99.3 99.3 99.1

diagnosis, while the same radiolabeling method may be
efficiently used for the radiolabeling of coated IONPs with
!88Re for the therapeutical use because of the similar chemical
properties of these radionuclides.*®

High radiolabeling yields (>99%) were found for all three
coated IONP radiolabeled with *°Y, after incubation for 30 min
at 25 °C. The radiolabeling of coated IONP with '""Lu was
also performed at high yields (>98%) at 25 °C after 30 min,
and prolonged reaction time to 60 min did not have significant
impact on the radiolabeling yield. These results could be
explained by the binding of positively charged radionuclides
through negatively charged carboxylate groups present on
PAA@IONP and CA@IONP and hydroxyl groups present on
PEG@IONP surface. PEG provides a hydrophilic layer that
makes IONPs dispersible in water and internanoparticle steric
repulsion preventing aggregation. Unfortunately, hydroxyl
groups from the PEG surface were not able to bind *™Tc in
high yield, and therefore additional chelator with high affinity
toward *™Tc is necessary.

The above labeling approach with surface coatings is easy
and fast to perform and leads to the formation of complexes
that are stable in aqueous solution. PAA seems to be especially

DOI: 10.1021/acsami.9b16428
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Figure 3. In vitro stability of *"Tc-PEG@IONP, *"Tc-PAA@IONP, and *Tc-CA@IONP in (A) saline and (B) human serum after incubation
at 37 °C over 24 h; *°Y-PEG@IONP, *°Y-PAA@IONP, and CA@IONP in (C) saline and (D) human serum after incubation at 37 °C over 72 h
and ""Lu-PEG@IONP, "Lu-PAA@IONP, and "Lu-CA@IONP in (E) saline and (F) human serum after incubation at 37 °C over 96 h.

convenient for radiolabeling with different metallic radio-
nuclides because of the variety of available groups ready for
binding. CA has very high binding efficacy, especially for *°Y
and '7"Lu; therefore, special attention should be applied on the
complete elimination of unbound ligands from the IONP
suspension, since it may bind radionuclides attended for the
radiolabeling of coated IONP.

Radiolabeled coated IONPs were left in saline or human
serum for in vitro stability studies, and at several time points
(1, 2, and 24 h) they were analyzed by ITLC. *™Tc-PEG@
IONP with lower but acceptable radiolabeling yield was in
vitro studied after purification, using simple magnetic decant-
ation as follows: the supernatant with unbound radionuclide
was withdrawn, while precipitate with IONP was washed with

41113

deionized water to remove free radionuclides. All three *™Tc-
coated IONPs were very stable in saline, showing less than
10% of detached *™Tc after 24 h, with the highest rate of
detaching in the first hour (Figure 3A,B). Similar stability was
achieved in human serum. In vitro stability of *°Y-coated
IONP was very high both in saline as well as in human serum
with less than 8% of free *°Y after 72 h (Figure 3C,D). The in
vitro stability of 77Lu-CA, PAA, and PEG@IONP in the same
physiological media retained more than 95% even after 96 h
and, hence, could be considered remarkably stable (Figure
3EF).

After physicochemical characterization of radiolabeled
IONP, PAA@IONP was selected as the best candidate and
therefore was further used for zeta potential measurements and

DOI: 10.1021/acsami.9b16428
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magnetic hyperthermia studies. Besides similar radiolabeling
yield and in vitro stability, the main advantage of PAA@IONP
is that there is no need for the additional purification after
coating resulting in simple and fast radiolabeling.

3.3. Colloidal Properties of PAA@IONP. Well-estab-
lished method for the surface modification of IONP is
important to prevent decrease of AC-heating dissipation
caused by thickness of coating or by aggregation of
nanoparticles caused by the increase of particle volume. The
measured zeta potential curves for uncoated and PAA-
stabilized IONP are shown in Figure 4A. The successful
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Figure 4. Effect of (A) pH on zeta potential of PAA@IONP and (B)
added amount of PAA. Zeta potential curves are fitted to a Boltzmann
sigmoidal function.

PAA coating of IONP with PAA, confirmed by the change of
the isoelectric point (zero zeta potential) to lower pH values
and by decrease of the surface charge from 14 to —26 mV at
pH 7.5, improves the stability of IONP by electrostatic
repulsion. The addition of carboxylic group-rich compound to
the IONP dispersions at pH = 6.5 and 0.01 M ionic strength
had an obvious effect on the zeta potential of the IONP, as
displayed in Figure 4B. The negatively charged polyacids
neutralize the initial positive charges of the IONP at
physiological pH during the adsorption of the negatively
charged —COO™ groups; hence, the addition of 0.4 mM/g of
PAA resulted in a neutralization of charge (reducing the value
of zeta potential to zero). Further adsorption of the negatively
charged —COO™ groups causes reversal in particle charge,

reaching the minimum of electrokinetic potential at ~0.6 mM/
g of IONP.*

3.4. Cytotoxicity Study. Concentrations below 10 pg/mL
IONP were nontoxic to the CT-26 mouse colon cancer cells
(Figure S1A). Higher doses, however, expressed significant
cytotoxicity, reaching ICS0 at 60 ug/mL. Such a high
concentration is unlikely to be achieved in in vivo experiments,
so we may state that obtained IONP are nontoxic at
physiologically achievable levels. Observation of the IONP
over cells under a microscope revealed the accumulation of the
IONP at the cells, probably contributing to the observed
toxicity (Figure S1B,C).

3.5. Magnetic Hyperthermia Efficiency of PAA@IONP.
Magnetic hyperthermia efficiency of PAA@IONP was
determined as the temperature increase of aqueous dispersions
of PAA@IONP over time under the influence of the external
alternating magnetic field (Figure S). The heating effect of
PAA@IONP was measured in water at constant magnetic field
H = 159 kA/m, while the resonant frequency was varied
(Figure SA), having in mind H+f product limitations.”” To
avoid potential local heating and undesirable damage in
nonmagnetic tissues under AC magnetic field,*® Brezovich
proposed that product of field strength and frequency should
be limited to a maximum of field-frequency product (H-f) 4.85
x 10%A-m~'s7! (Atkinson—Brezovich limit).*” This limitation
depends on application zone in the body and is not applicable
in medical practice; hence, Hergt et al. suggested a less strict
criterium: Hf < 5 X 10° Am™'s™.* In the course of
experiments presented in this study, the maximum of H-f
product was 4.5 X 10° A-m™"s™! (at 252 kHz and 15.9 kA/m),
which is tolerable and within the Hergt’s criterion. The higher
applied frequencies (323 and 397 kHz) were used just for
heating comparison and by comparing ILP for confirmation of
particles’” colloidal stability.

To quantitatively evaluate the intrinsic heating abilities and
heat induction of material under the AC magnetic field, the
ILP values of synthesized nanoparticles were determined from
the SAR values (Figure SB). The calculated ILP were
approximately the same and equal to 7.3 (+0.2) nH m’/kg
independently on the applied frequency, suggesting that the
IONP suspension is stable at any field’s frequencies and
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Figure 5. Magnetic hyperthermia measurements. (A) Time-dependent temperature curves obtained under a magnetic field of 15.9 kAm™" and
various frequencies. (B) Calculated SAR values. (C) Calculated ILP values and (D) comparison of ILP value of our developed IONP to other

previously reported superparamagnetic nanoparticles.
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Table 2. Reported SAR and ILP Values of Various Superparamagnetic Nanoparticles

material size d (nm) frequency f (kHz)  amplitude Hy (kA/m)  SAR (W/g)  ILP (nH m’/kg) ref
Fe,0, (Feridex) 15 500 37.70 115 0.16 40
ZnosMngF,0, 15 500 37.70 432 0.63 41
Fe;0, 10 300 15 168 248 44
Fe,0, 14 400 245 447 1.86 45
Mgy 157-Fe, 0, 7 110 11.14 201 14.0 41
Zn,4,CoqFe,O,@Zn, ;Mn, ¢Fe,0, 15 500 37.70 3886 5.5 46
polyol IONP core size 14 252 15.95 478 7.3 present study
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Figure 6. IONP-mediated hyperthermia cytotoxicity to CT-26 cells for different time period (A) at frequency of 82; (B) 100; and (C) 116 kHz at

H =795 kA/m.

amplitude, without the formation of chains or aggregates
(Figure SC).

The obtained ILP of PAA@IONP superparamagnetic
nanoparticles is significantly (more than 11 times) higher in
comparison to the ILP of some other core/shell nano-
particles’® and almost 45 times higher compared to
commercially available IONP (Feridex) (Figure SD). Accord-
ing to the results published by Jang et al,, there has been only
one material containing Mg incorporated into y-structure, with
higher ILP values, that is ~14 nHm?/ kg.41 In this work, the
extraordinary heating abilities of the magnetite nanoparticle
suspension were probably due to specific particle organization
and agglomeration of individual cores, their size of ~14 nm
just above the critical minimal limit necessary for magnetic
thermal blockage and their combined interaction inside single
nanoflower, resulting in high heat induction in AC magnetic
field.”"**** A comparison of the characteristics of various
superparamagnetic nanoparticles is given in Table 2. Note that
this correlation cannot be perfect due to the use of different
equipment and measurement conditions and should be
regarded just as an approximate guideline.

3.6. The Effect of Magnetic Hyperthermia on CT-26
Cancer Cells in Vitro. To evaluate the effect of oscillating
magnetic field generated, IONP-mediated hyperthermia on
cancer cells, CT-26 cells were subjected to the AC magnetic
field of 7.95 kA/m, by increasing the frequency from 82 to 100
and 116 kHz and scaling the exposure time from 5 to 30 min
(Figure 6). The increase of the magnetic field frequency
indeed had more pronounced killing effect on the cells as well
as the increase of exposure time, with the maximal effect
observed at 116 kHz after 30 min. Further increase of the field
frequency and exposure duration probably can produce even
higher end-result. The effect of different frequencies for 30 min
at H = 7.95 kA/m on CT-26 cancer cells with 1 mg/mL IONP

was shown in Figure S2, while the effect of AC magnetic field
on CT-26 without loaded IONP was displayed in Figure S3.
The similar effect of hyperthermia against CT-26 cells with
magnetic liposomes loaded with doxorubicin and glucose-
coated IONP has been reported recently."”**

4. SUMMARY

The polyol synthesized flowerlike IONPs were stabilized with
three biocompatible compounds, namely, CA, PAA, and PEG.
These coatings, among other purposes, prevent aggregation of
IONP and increase biocompatibility and binding potential for
different drugs. Indirect radiolabeling with radionuclides *°Y,
7Lu, and *™Tc¢ via negative groups of coatings CA, PAA, and
PEG was an adequate approach and enabled high radiolabeling
yield. Among the tested samples, PAA@IONP had the best
labeling yields (>97.5%) and in vitro stabilities with less than
10% of radionuclides detaching from nanoparticle surface in 24
h, so it was further tested as heating agent for magnetic
hyperthermia in water and in vitro on CT-26 tumor cells,
showing remarkable results. Outstanding heat performance
with one of the highest reported ILP values for magnetite of
7.3 nHm?/kg was obtained, enough to cause significant effect
against cells exposed. High specific power absorption was
probably a consequence of the specific organization and
agglomeration of individual cores inside each particle, which is
in good agreement with other results. On the basis of the
presented results, PAA-coated nanoparticles, due to their
excellent physicochemical and biological characteristics, most
importantly high heat performance and high radiolabeling
yields with different radionuclides, deserve further in vivo
studies to investigate their potential as theranostic agent.
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