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Abstract: Two different types of magnetic nanoparticles
(MNPs) were synthesized in order to compare their effi-
ciency as radioactive vectors, Fe;0,-Naked (80 5 nm) and
polyethylene glycol 600 diacid functionalized Fe30,4 (Fe30,-
PEG600) MNPs (46 = 0.6 nm). They were characterized based
on the external morphology, size distribution, and colloidal
and magnetic properties. The obtained specific power
absorption value for Fe;04,-PEG600 MNPs was 200 W/g, indi-
cated their potential in hyperthermia based cancer treat-
ments. The labeling vyield, in vitro stability and in vivo
biodistribution profile of °°Y-MNPs were compared. Both
types of MNPs were “°Y-labeled in reproducible high vyield
(>97%). The stability of the obtained radioactive nanopar-
ticles was evaluated in saline and human serum media in
order to optimize the formulations for in vivo use. The bio-
distribution in Wistar rats showed different pharmacokinetic

behaviors of nanoparticles: a large fraction of both injected
MNPs ended in the liver (14.58%ID/g for °°Y-Fe;0,-Naked
MNPs and 19.61%ID/g for °°Y-Fe;0,-PEG600 MNPs) whereas
minor fractions attained in other organs. The main differ-
ence between the two types of MNPs was the higher accu-
mulation of %°Y-Fe;04,-Naked MNPs in the lungs (12.14%ID/g
vs. 2.00%ID/g for °°Y-Fe;0,-PEG600 MNPs) due to their
in vivo agglomeration. The studied radiolabeled magnetic
complexes such as °°Y-Fe;0,-PEG600 MNPs constitute a
great promise for multiple diagnostic-therapeutic uses com-
bining, for example, MRI-magnetic hyperthermia and
regional radiotherapy. © 2014 Wiley Periodicals, Inc. J Biomed
Mater Res Part A: 00A:000-000, 2014.
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INTRODUCTION

Notable advances have been witnessed over the past decade
on radiolabelling of nanovectors for diagnostic and thera-
peutic purposes. Multifunctional vectors capable of simulta-
neously deliver radionuclides, and concurrently provide
imaging capability and therapeutic effect in the target tissue
are highly desirable. With the capacity for a large dose of
radioactivity inside each particle, nanoparticles can be very
useful especially for internal cancer radiotherapy.! They
could be delivered to tumor tissue by passive targeting tak-
ing advantage of the enhanced permeability and retention
(EPR) effect of tumor tissues.>®> Nanometer sized biocom-
patible magnetic nanoparticles exhibiting enhanced reten-
tion by vascularized tumors are ideal for selective tumor
accumulation. Their use was intended to improve the deliv-
ery of the radionuclides to the tumor as well as retention
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time of the radiation source in the target tissues under the
force of an external magnetic field. Moreover, magnetic
nanoparticles can be useful as thermoseeds for inducing
hyperthermia. The synergistic interaction between hyper-
thermia and radiation therapy is based on the heat effect
that may make some cancer cells more sensitive to radiation
or harm other cancer cells that radiation cannot damage.
Because of inhomogeneous distribution of radiolabeled
particles, especially within the large tumor with a necrotic
center, long-range B-emitters like yttrium-90 (°°Y),
holmium-166 (*°°Ho), and rhenium-188 (*®®Re) are pro-
posed to be suitable candidates for internal radionuclide
therapy, especially of primary and metastatic malignancies,”*
while alpha- and Auger-emitters, due to their short range in
tissues, would be more appropriate for effective killing of
circulating cells with minimal irradiation of the blood
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vessels.”” ®Re was explored for labeling silica,® human
serum albumin,’ and polyacrylamide'® coated magnetite
nanoparticles for magnetically targeted radiotherapy.

%%y is high energy B-emitter with optimal nuclear-
physical characteristics (decay half-life 64.1 h, Emaxg of
2.27 MeV) for radionuclide tumor therapy and can affect
tumor cells up to a maximum depth of 11 mm in the soft
tissue.!* This is described by the cross fire effect occurring
due to the long beta particles path that crosses multiple
individual cells decreasing the need to target the each can-
cer cell with the radiopharmaceutical. *°Y-labeled albumin
microspheres with encapsulated citric acid-coated magnetite
nanoparticles have been investigating for possible applica-
tions in a bimodal radionuclide-hyperthermia cancer ther-
apy.'? Since labeling with different radionuclides most often
requires new optimization of the procedure, for our purpose
2%y is the radionuclide of choice for MNPs-radiolabeling
since it can be used for varied desirable purposes, from
nanoparticles tracking to the possible application in radio-
nuclide therapy.

In our ongoing study, we report synthesis, characteriza-
tion, °°Y-labeling and in vitro stability of naked MNPs and
functionalized with PEG600-diacid polymers MNPs. The
in vivo biodistribution was studied for both MNPs to assess
the effect of different physicochemical characteristics on the
biological fate of the particles. Dicarboxyl-terminated poly-
ethylene glycol 600 (PEG600 diacid) is the good choice as a
typical non-toxic, non-antigenic, and protein resistant poly-
mer.'® It can readily react with the iron metal ion and
attach onto the Fe30, particle surface, providing the mag-
netic nanoparticle biocompatibility, meanwhile offering free
surface carboxylate groups for further interactions with pos-
itively charged radionuclides.***®

MATERIALS AND METHODS

Chemicals

All reagents were commercially available and used as
received without further purification. Iron (II) sulfate hepta-
hydrate (FeSO4-7H;0), sodium hydroxide (NaOH), potassium
nitrate (KNO3), sulfuric acid (H,SO,), ferrous chloride tetra-
hydrate (FeCl,-4H,0), ferric chloride anhydrous (FeCls),
poly(ethylene glycol) bis(carboxymethyl) ether average M,
600 (PEG600 diacid), and aqueous ammonia solution
(25 %) were obtained from Sigma-Aldrich. Nitric acid 65%
extra pure (HNO3) from Merck was used. °°YCl; was pur-
chased from Polatom, Poland, in a no-carrier-added form
(29.64 GBg/cm?, in 0.05 M HCI, 18.5 TBq/mg Y, according
to the product specification).

Synthesis of Fe;04-Naked MNPs

The synthesis protocol used was based on the well-known
oxidative hydrolysis method, as described elsewhere.'® In a
typical synthesis, 1.364 g of KNO3 and 0.486 g of NaOH
were dissolved in 135 mL of distilled water in a three-
necked flask bubbled with N,. Then, 15 mL of 0.01 M
H,SO0, solution containing 0.308 g of FeSO0,-7H,0 (previ-
ously flowed with N, for 2 h) was added dropwise under
constant stirring. When the precipitation was completed, N,
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was allowed to pass for another 5 min and the suspension
with the black precipitate was held at 90°C for 24 h under
N,. Afterward, the solution was cooled with an ice bath, and
the resulting Fe304-precipitate was separated by magnetic
decantation and washed several times with distilled water.

Synthesis of Fe;04,-PEG600 MNPs

These nanoparticles were synthesized by co-precipitation of
ferric and ferrous salts in a basic solution.'”*® Aqueous sol-
utions (15 mL each) of 0.3 M FeCl,-4H,0, 0.6 M FeCls, and
20 mL of 10% PEG600 diacid were mixed together and
heated up to 50°C under continuous stirring. Then some
dosage of ammonia solution was dropped until the pH of
the mixture reached 10. The solution was vigorously stirred
at 50°C for 1 h. The resulting Fe;0,-PEG600 precipitate
were retrieved by centrifugation at 20,000 rpm for 30 min
and washed several times with deionized water.

Experimental methods for characterization of MNPs
Transmission electron microscopy (TEM). MNPs average
size, size distribution and morphology were analyzed by
TEM using an FEI Tecnai T20 microscope operating at 200
kV and FEI Tecnai F30 microscope operated at an accelera-
tion voltage of 300 kV. TEM samples of MNPs were pre-
pared by placing one drop of a dilute suspension of MNPs
in water on a carbon-coated copper grid and allowing the
solvent to evaporate at room temperature.

Zeta potential. The zeta potential was evaluated at room
temperature with a photo correlation spectrometer (PCS)
Brookhaven 90 plus (Zetasizer Nano™, Malvern Instru-
ment) from a dilute suspension of the sample in water in
the presence of 0.01 M of KCl.

The hydrodynamic diameter distribution of the Fe3;0,-
PEG600 MNPs in their aqueous suspensions was obtained
using a photo correlation spectrometer (PCS) Brookhaven
90 plus (Zetasizer Nano™, Malvern Instrument).

Thermogravimetric analysis (TGA). TGA of magnetic pow-
der was measured using TGA/DSC 1 (Mettler Toledo). The
analysis was designed at room temperature up to 900°C fix-
ing a heating rate of 10°C min~* under a continuous flux of
nitrogen.

Fourier transform infrared spectroscopy (attenuated
total reflectance mode) (FTIR). The FTIR spectrum was
used to analyze functional groups of polymers/Fe;0, nano-
particles and verify their presence on MNPs surface. The
spectrum was taken from 4000 cm™ ! to 400 cm ! on a
Nicolet Impact 410 spectrometer.

Magnetic measurements. Magnetic measurements were
performed on MPMS XL-5 SQUID magnetometer. The mag-
netization vs. temperature, M (T) curves, were measured in
the temperature range between 1.8 K and 300 K, applying
zero-field-cooled (ZFC) and field-cooled (FC) measuring
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protocols, in an applied field of 100 Oe. Hysteresis loops
were measured at 5 K and 300 K in ZFC regimes.

Magnetic hyperthermia. To characterize the heating capa-
bility of the multifunctional magnetic vectors, alternating
magnetic field (AMF) experiments were performed using a
commercial applicator device (model DM100, nB Nanoscale
Biomagnetics, Spain) at a frequency f= 580 kHz and ampli-
tude H=23.8 kAm '. To determine the specific power
absorption (SPA) values of pure colloids, the temperature
increase of 1 mL of each MNPs suspension (at concentration
of 24 mg/mL) was measured using an optical fiber system
dipped into the sample. The SPA values (measured in W per
gram of MNPs) for each colloid were calculated from the
initial slope of the AT versus time data and using the equa-
tion given in the Results section.

Determination of Fe;0, content in MNPs. The Fe concen-
tration was determined by VIS-UV transmission spectropho-
tometry (Shimadzu UV-160) using thiocyanate complexation
through the following reaction*®

Fe®*(aq)+6 SCN "q) — [Fe (SCN)]* ag)

Fe;04-naked and Fe304-PEG600 were dissolved in 1:1
v/v 6 M HCl/ HNO3 (65%) at 50-60°C for 2 h, in order to
dissolve the nanoparticles and oxidize the ferrous to ferric
ions. Potassium thiocyanate was then added to the Fe*"
solution to form the iron-thiocyanate complex, which has
strong absorbance at 478 nm wavelength. The iron concen-
tration was determined by comparing the sample absorb-
ance to a calibration curve.

Labeling of MNPs with °°Y

Radiolabeling was performed by mixing 0.5 mL of aqueous
Fe30,4-Naked and Fe304-PEG600 MNPs suspension with 37
MBq °°YCl; (0.001 mL) and incubating at room temperature
on a shaker for 1 h. After synthesis and before addition of
2%YCl; both suspensions of MNPs were washed several
times with deionized water until pH 6.5 for Fe304-Naked
and pH 5.5 for Fe304-PEG600, respectively. Radiolabeled
particles were then separated from free °°Y activity by pre-
cipitation with the help of permanent magnet. Supernatant
was removed and precipitated °°Y-labeled MNPs were
washed with deionized water several times. The labeling
yield of the °°Y-MNPs was calculated (after magnetic
decantation) as [radioactivity in the pallet/activity in the
supernatant + activity in the pellet] X 100. Formation of
9%Y.Jabeled MNPs and radiochemical purity were verified by
a radiochromatography analysis performed on silica-gel-
impregnated glass-fiber sheets (SG) with saline as the
mobile phase. With this system, *°Y-labeled MNPs remain at
the origin while unbound °°Y migrates with the solvent
front.

Stability testing of the °°Y-labeled MNPs
To estimate the in vitro stability of °°Y-labeled MNPs,
samples of the final preparation of °°Y-Fe;0,-Naked and
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FIGURE 1. TEM images and histogram showing the particle size distri-
bution of (a) Fez04-Naked MNPs and (b) Fe;0,-PEG600 MNPs. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

90Y.Fe;0,-PEG600 were incubated with 2 mL either saline
solution (0.9% NaCl, pH = 7.3) or human serum at 37°C for
72 h. At various time intervals after the labeling (0.5, 1, 24,
48 and 72 h), the radiolabeled particles were magnetically
precipitated and the activity was measured separately in a
0.1 mL aliquot of the supernatant and the remaining sam-
ple. These results were compared with radiochromatogra-
phy analysis (on SG plates with saline as the mobile phase).

Biodistribution and in vivo stability of *°Y-labeled MNPs
The biodistribution of both MNPs was evaluated following
intravenous administration of 0.1 mL saline suspension of
?%Y-labeled MNPs (1.85 MBq) in healthy male Wistar rats
(body mass 130-150 g, 5 weeks old). At five time points
(t=0.5, 1, 24, 48 and 72 h), groups of rats (n=3-5 per
each time point) were sacrificed and samples of blood and
organs were excised, weighed, then tissues were homoge-
nized (Bio Spec Products, Inc., Bartlesville, OK) and diluted
to a final volume of 5 mL with water to reach identical
geometry and similar probe density. The “bremsstrahlung”
of ?°Y radioactivity was measured by a CRC-15 beta radioi-
sotope dose calibrator (Capintec, USA) and well type Nal
(T1) gamma counter (WallacCompu Gamma Counter LKB,
Finland). The percentage of injected activity per gram
(%ID/g) of organ was calculated by comparing the activ-
ities with appropriate standards for injected dose (ID). The
data are presented as average * standard deviation from
each group. The entire animal study conformed to ethical
guidelines and the rules for animal care proposed by the
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FIGURE 2. Zeta potential data of Fe;0,-Naked MNPs and Fe;0,-PEG600

MNPs in pure water by varying the pH. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Serbian Laboratory Animal Science Association (SLASA)
which complied with Directive 2010/63/EU of the Euro-
pean Parliament and of the Council on the protection of
animals used for scientific purposes.

RESULTS AND DISCUSSION

Synthesis and characterization of the MNPs

Iron oxide nanoparticles were prepared by two different
methods, Fe304-Naked MNPs by an oxidative hydrolysis of
ferrous sulfate with NaOH'® and Fe;0,-PEG600 MNPs by
precipitation from ferrous/ferric chloride solutions.?’ In the
first method, ferrous hydroxide suspension is oxidized with
KNOj3. Fe304-Naked MNPs of average sizes 80 =5 nm which
were not stable due to their big size were obtained (Fig.
1a). The other method consists in aging stoichiometric mix-
tures of ferrous and ferric hydroxides in aqueous media,
yielding spherical magnetite particles of 10 =1.9 nm (Fig.
1b). In this case, PEG600 diacid was added during the nano-
particles synthesis in order to functionalize them. The pres-
ence of the polymer on nanoparticles surface determines
the surface charge, their resistance to aggregation, and pro-
vide available functional groups for further functionaliza-
tion. From TEM images it can be seen that the Fe304-Naked
MNPs display an octagonal morphology, as expected for the
crystal magnetite. The PEG-coated MNPs, on the other side,
displayed a more spherical morphology.

The hydrodynamic diameter of Fe304,-PEG600 MNPs
obtained from dynamic light scattering (DLS) measurements
was dyyq 46 = 0.6 nm, reflecting the effect of the coating poly-
mer layer on the 10 nm magnetic cores obtained from TEM
images. The free polymeric chains of this surface coating
extended into the water from the surface of the magnetic
cores. These results confirm the binding of PEG600 molecules
onto the iron oxide nanoparticles’’ and small degree of
aggregation in the water-based colloid.

The MNPs surface charges were assessed through meas-
urements of the zeta potential of their aqueous suspensions
as a function of pH (Fig. 2). The changes in the surface
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FIGURE 3. FTIR spectra of Fe;0,-Naked MNPs, Fe;0,-PEG600 MNPs,
and pure PEG600 diacid polymer. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

charge potential of Fe;0,-Naked MNPs in water with vari-
ous pH values could be explained by protonation-deproto-
nation of surface hydroxyl groups (Fe-OH).??> The
unmodified Fe3;0,-Naked MNPs precipitate from their aque-
ous suspension, which suggests that the zeta potential of
—14.64 mV at pH 7 is not enough to achieve stable suspen-
sion. Binding of PEG600 diacid generate highly negative sur-
face charge of Fe30,-PEG600 MNPs (—28 mV at pH 7)
providing electrostatic repulsion between MNPs, therefore
stable suspension was achieved. Also, compared to the iso-
electric point (IEP) of Fe30,-Naked MNPs (6.2), IEP of
Fe304-PEG600 MNPs is reduced to 3.8. These results sug-
gest that some of the carboxylate groups of PEG600 diacid
strongly coordinate to iron cations on iron oxide surface
while uncoordinated carboxylate groups exposed to the sol-
vent, should be responsible for making the surface
charged. 2324

Further confirmation of effective coating of the PEG600
diacid on the surface of MNPs came from FTIR spectroscopy
and thermogravimetric analysis. Figure 3 shows FTIR spec-
tra of Fe304,-Naked MNPs, Fe;0,-PEG600 MNPs, and pure
PEG600 diacid polymer.

The strong absorption band at 580 cm ™! is the character-
istic absorption of the Fe-0 linkages of MNPs, observed in the
infrared spectra of iron oxide nanoparticles with and without
a PEG600 coating, confirmed that the main phase of iron
oxide in both samples was magnetite.?® The large and intense
band at approximately 3209 cm™* could be assigned to the
structural OH groups as well as to the traces of molecular
water. The peaks at 1752 cm™ ' and 1453 cm ™ * correspond-
ing to stretching vibration of C=0 and bending vibration of
OH of PEG diacid were shifted to lower frequencies 1634
cm ! and 1417 cm ™! in Fe30,-PEG600 spectrum. The result
demonstrated that the coordinate bond was formed between
carboxylate groups of PEG and iron cations of Fe30,4, the
peaks of C=0 and OH were equalized to two peaks, 1417
cm ' peak was symmetrical stretching vibration of C=0,
1634 cm™ ! peak was asymmetric stretching vibration of
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FIGURE 4. TGA curves of Fez04,-Naked MNPs and Fe;0,4-PEG600
MNPs. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

C=0.2%?" Generally, carboxylate group may be bound to a
metal cation in a monodentate, bidentate (chelating) or bridg-
ing fashion. The coordination type can be interpreted from
the wavenumber separation A between the asymmetric and
symmetric stretching bands. A monodentate ligand is
expected at A > 200 cm ™ * and a bidentate at A < 110 cm™ %
According to the reported results, A ~ 217 cm™ ' for PEG
diacid-coated MNPs infers monodentate fashion.”®

TGA tests disclose the amount of PEG600 attached to
the surface of the MNPs (Fig. 4). A continuous weight loss
is observed in the temperature range of 200-600°C because
of the decomposition of PEG600 coated on the nanopar-
ticles. In this temperature range, the total weight loss is
12% Fe304-PEG600 MNPs. No more weight loss is found
from 600 to 900°C indicative of a complete burning of the
surface ligand."*

Thus, the zeta potential, FTIR, and TGA results con-
firmed that Fe30, nanoparticles have been functionalized
probably by coordinating via one of carboxylate groups
from PEG diacid and there will be one carboxylate group
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FIGURE 5. Hysteresis loop for Fes04-PEG600 MNPs. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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FIGURE 6. Temperature dependence on magnetization of the FezO,-
PEG600 MNPs taken in zero-field and field-cooling modes.

exposed to the solvent that should be responsible for the
surface charge. The presence of this negatively charged ter-
minal carboxylate group provides an avenue to extended
bond formation with positively charged °°Y.

DC magnetization, hysteresis loop, and SPA
measurements

The magnetic response of Fe304,-PEG600 MNPs is illustrated
in Figure 5. The saturated magnetization (M) values are 70
and 79 emu/g at 300 K and 5 K, respectively, similar to the
previously reported values for naked MNPs'® (77 emu/g at
250 K). The hysteresis loop at 300 K shows superparamag-
netic behavior with negligible coercivity (Hc) (Hc <25 Oe)
and the zero value of the remanence (Mg).

Consistently, the ZFC-FC curves show that the blocking
temperature of Fe;04-PEG600 MNPs is located at T= 188 K,
well below room temperature (Fig. 6). In the case of naked
MNPs the blocking temperature above room temperature is
in agreement with their large size.'®

The heating capacity of the Fe;0,-PEG600 MNPs under
applied ac magnetic field (H=23.8 kAm ' and f=580
kHz), was measured from the initial slope of the T vs. time
curves (Fig. 7) from which the specific power absorption
(SPA) values were calculated using the following equation:

SPA =C.p,(AT/At)/®

where C. is the specific heat capacity of the solvent; p., the
density of the solvent; and ®, the weight concentration of
MNPs, as assessed by thiocyanate colorimetry. The obtained
SPA value for Fe304-PEG600 MNPs was 200 W/g, which
indicates that these MNPs can be used as heating agents for
in situ magnetic fluid hyperthermia protocols. SPA value of
Fe;0,-Naked MNPs was not determined due to instability of
the sample.

In order to compare SPA values from different experi-
mental setups, the field- and frequency dependence of this
parameter has to be taken into account (as proposed by
Kallumadil et al.>?) by the use of the intrinsic loss power
(ILP) parameter, (SPA/[H? - f]). The ILP provides a physical
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FIGURE 7. The heating curves of Fe;0,-PEG600 MNPs. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

magnitude that is independent of the experimental setup, so
the frequencies of the experiments are within the LF range
(i.e., approx. <800 kHz) and the amplitude satisfy H « Hc.
Previous works by de la Presa et al.>° on similar magne-
tite based ferrofluids reported values from 50 to 58 W/g
for uncoated magnetic nanoparticles of sizes ranging
between 11 and 15 nm, at 7.5 kAm™ ! and f=522.3 kHz.
The smaller value obtained in this work, as compared to
ours, is in very good agreement with the expected quadratic
field-dependence of the SPA ratio that can be expressed as

SPA (H1) _fiXH} _

> 3.9
SPA (H,)

foXH: T

where Hy, fi and H,, f, are the magnetic field amplitudes
and frequencies used in this study and in the work of de la
Presa et al.,*° respectively.

Labeling of MNPs with °°Y

The radiotracer technique is the most effective method
that can be used to quantify the accumulation of MNPs in
in vivo and in vitro systems. There are currently some
limitations on the methods which can be used to radiola-
bel a particle. Binding of the radionuclide to a nanopar-
ticle have to be irreversible to prevent their escape to
other tissues or organs and the manufacturing process is
time limited and difficult because of the risk of contami-
nation. Once the radiolabeling method for the selected
radionuclide and nanoparticle is optimized, radioactive
part in the newly radiolabeled compound could be used
not only for nanoparticles tracking but also for radiodiag-
nosis or radiotherapy.>!~3*

The major requirements of this method are that the
labeling process does not significantly alter the structure or
properties of the nanoparticles and that the stability of
radiolabeled product is sufficiently high to allow further
in vitro and in vivo studies. Magnetite is a widely used
nanoparticles and their radiolabeling open up the possibility
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FIGURE 8. Stability studies of °°Y-Fe;0,-Naked MNPs and °°Y-Fe;0,-
PEG600 MNPs in saline and human serum (HS) up to 72 h and in vivo
stability of °°Y-labeled MNPs determined from the measured radioac-
tivity in bone. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

to quantify the extremely small amounts of these nanopar-
ticles in complex biological systems.>> As mentioned above,
in aqueous solutions the Fe atoms coordinate with water,
which dissociates readily to leave the iron oxide surface
hydroxyl functionalized. Dependent upon the pH of the solu-
tion, the surface of the magnetite will be positive or nega-
tive.!>3° In an acidic environment, the hydroxyl groups at
the surface of the iron oxide are doubly protonated
(=FeOH, ™) and the surface charge of the iron oxide is thus
positive while at pH values above the IEP (6.2), the hydroxyl
group is deprotonated (=FeO ), and consequently the iron
oxide surface bears a negative charge.?? Based on this, we
supposed the possible labeling of partially deprotonated
Fe;0,-Naked MNPs with °°Y®" at the pH above 6.2.
9%y labeling of Fe;0,-Naked MNPs was successfully achieved
at pH 6.5. Addition of small volume of *°YCl; insignificantly
changed the pH of the labeling mixture, so the influence on
the Fe3;0,-Naked MNP properties was not expected. Labeling
yields determined by measurement of radioactivity in MNPs
precipitate after magnetic separation as well as by radio-
chromatography analysis exceeded 97%.

For Fe304,-MNPs coated with PEG600 diacid, the origin
of surface charge changes with carboxylate groups, which
can be neutral (CO,H) or dissociate to CO.** High negative
values of the zeta potential at pH 5.5 for Fe304,-PEG600
MNPs due to the carboxylate-rich surface is suitable for
labeling with positively charged °°Y®* therefore labeling
resulted in very high labeling yield, 99%.

Stability studies
The results of measuring of the nanoparticles-associated
radioactivity after magnetic precipitation as well as radio-
chromatography analysis showed that Fe;0,-PEG600 MNPs
exhibited excellent in vitro stability both in saline and
human serum over a 72 h period (Fig. 8).

After 72 h of incubation in saline and human serum,
29Y.Fe30,4-Naked MNPs demonstrated a much lower stability

PREPARATION AND EVALUATION OF °°Y-LABELED MAGNETIC NANOPARTICLES



0 0.5h
M1h
15 | 24h
®48h
- ®72h
=} 10
B
5 -
0
(o) 2 & @ & ol < &
A0 @ <& ) & 2 &
@ ¥ V° » & {'\é ‘E’\O‘° .@9
RS

FIGURE 9. Biodistribution of °°Y-Fe;0,-Naked MNPs in different tis-
sues after 0.5, 1, 24, 48, and 72 h of intravenous administration in nor-
mal Wistar rats. The results are expressed as %ID/g organ (mean five
rats = standard deviations).

(81.3% and 78.6%, respectively) than °°Y-Fe;0,-PEG600
MNPs (94.1 % and 93.2%, respectively). The percentage of
injected dose in bone correlates with results of in vitro sta-
bility studies and confirmed that 99Y-labeled Fe;0,-PEG600
MNPs were in vivo stabile. 6.1%ID in the bone 72 h after
injection indicates significant in vivo stability of *°Y-labeled
Fe30,-PEG600 MNPs in relation to °°Y-Fe;0,-Naked MNPs
(18.6%ID) since any °°Y released from radiolabeled par-
ticles will get accumulated in the bone. The higher stability
observed for ?°Y-Fe;0,-PEG600 MNPs could be attributed to
the binding of °°Y®" by negatively charged carboxylate
groups present on PEG600 MNPs surface. 36738

In contrast to the visible agglomeration of °°Y-Fe;0,-Naked
MNPs at physiological pH no in vitro agglomeration of the
radiolabeled Fe304-PEG600 MNPs was observed during 10
days. Negative charge on the surface of Fe30,-PEG600 MNPs
provide strong electrostatic repulsion between MNPs, resulting
in excellent solubility and stability of Fe30,-PEG600 MNPs in
aqueous solution as well as in physiological saline, human
serum, and in vivo. Additionally, the chain of PEG diacid offered
dimensional protection reducing the agglomeration among
the particles and its hydrophilic groups made MNPs disperse
providing good colloidal stability of the suspension at
physiological pH.

In vivo biodistribution studies

The biodistribution and the final fate of intravenously
injected particles are highly dependent on their physicochem-
ical properties such as particle size, morphology, coating, and
surface charge.?>*° Particles with a diameter ranging from 10
to 100 nm optimal for intravenous injection demonstrate the
most prolonged blood circulation times as well as penetrate
the very small capillaries within the body tissues.*’ These
particles are able to pass the fenestration in the liver and may
be able to target the hepatocytes, although most are still
taken up by the liver’s Kupffer cells.*> We followed intrave-
nously injected °°Y-labeled Naked and PEGylated nanopar-
ticles size of 80 =5 nm and 46 * 0.6 nm, respectively, with
the aim to reveal their biodistribution profile and in vivo sta-
bility in healthy Wistar rats.
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FIGURE 10. Biodistribution of °°Y-Fe;0,-PEG600 MNPs in different tis-
sues after 0.5, 1, 24, 48, and 72 h of intravenous administration in nor-
mal Wistar rats. The results are expressed as %ID/g of the organ
(mean five rats * standard deviations). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

9%Y.labeled Fe;04-Naked MNPs accumulated mostly in
the liver (from 14.58%]ID/g at the first 30 min after intrave-
nous injection to 10.43%ID/g at 72 h) with additional sub-
stantial uptake in the lungs (from 12.14%ID/g at the first
30 min after injection to 5.35%ID/g at 72 h) (Fig. 9). High
liver and lung uptake was expected by observing the results
of in vitro instability of nanometer sized Fe30,-Naked MNPs.
Because of the large surface area to volume ratio, the mag-
netic nanoparticles tend to agglomerate and adsorb plasma
proteins consequently resulting in rapid clearance from cir-
culation. The body’s reticuloendothelial system, mainly the
Kupffer cells in the liver, usually takes up these nanopar-
ticles due to the hydrophobic surface.** Their high accumu-
lation in the form of micrometric agglomerates in the lung
is based mainly on the particle size achieved by agglomera-
tion. It was reported that micrometer sized particles were
accumulated almost entirely in the lung in the first pass of
circulation through the pulmonary artery following intrave-
nous administration.?

Agglomeration behavior could be minimized by tailoring a
suitable surface coating or drug delivery vehicle. Several
reports give evidence that surface functionalization of magne-
tite nanoparticles leads to improved drug delivery and circu-
lation by minimizing particle agglomeration.** The surface
functionalization of magnetite nanoparticles with hydrophilic
polymeric surfactants such as PEG600 diacid is expected to
prevent these phenomena.*® Biodistribution of °°Y-Fe;0,-
PEG600 MNPs in Wistar rats showed that °°Y-Fe;0,-PEG600
MNPs were mainly accumulated in liver, 19.61%ID/g at the
first 30 min after intravenous injection, followed by spleen
8.20%ID/g and lungs 2.00%ID/g (Fig. 10). These nanopar-
ticles displayed long-term retention especially in liver:
19.17%ID/g was retained in the liver after 24 h and even
17.56%ID/g remained 72 h post injection there. Unfortu-
nately, even after coating by PEG diacid, phagocytic cells of
the liver and spleen were able to recognize and clear invading
99Y-Fe;0,-PEG600 MNPs. The main difference between the
two types of magnetic nanoparticles was the higher accumu-
lation of °°Y-Fe;0,-Naked MNPs in the lungs. Surface cover-
age by PEG600 over the nanoparticles enhances surface
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hydrophilicity of MNPs preventing agglomeration to micro-
meter sized particles and therefore affects their fate in vivo.*®
Besides decreased lungs uptake, PEGylation significantly
increased the blood circulation time from 0.51%ID (°°Y-
Fe;0,4-Naked MNPs) to 2.12%]ID (°°Y-Fe30,4-PEG600 MNPs).
These results show importance of PEGylation of Fe;0, in
terms of increasing in vivo stability and their long-term reten-
tion in one organ. Intra-arterial or direct intratumoral injec-
tion of °°Y-labeled Fe;0,-PEG600 MNPs could be applied in
combined endoradiotherapy-hyperthermia treatment espe-
cially for liver tumors. In vivo stability and long-term reten-
tion of ?°Y-Fe;0,-PEG600 MNPs in liver could allow repeated
and concentrated hyperthermia treatments in the same area
leading to increased perfusion in the tumor region, therefore
higher radionuclide delivery and more effective radiotherapy.

CONCLUSIONS
We report here, for the first time, the design and prepara-
tion of multifunctional °°Y-labeled MNPs with potential abil-
ity to perform concurrent tracking, imaging and therapeutic
application in vivo. The Fe304,-PEG600 MNPs are phase
purity with good morphological and magnetic properties.
They displayed superparamagnetic behavior at room tem-
perature with saturated magnetization, M of 70 emu/g. The
obtained SPA value for Fe304-PEG600 MNPs was 200 W/g,
which indicates that these MNPs can be used as heating
agents for in situ magnetic fluid hyperthermia protocols.
The product of the magnetic field and the frequency applied
in these case Hf=39 X 10° Am 's ' (H=238 kA m !
and f= 580 kHz), is within the acceptable range for a safe
application of hyperthermia to patients.

90Y—labeling of both Fe3;04-Naked and Fe304-PEG600
MNPs has demonstrated to be a precise method for studies
of uptake, distribution, and biodegradation of magnetite par-
ticles in vivo. Besides, high labeling yield and in vitro and in
vivo stability of labeled PEGylated magnetite nanoparticles
create opportunities for their use as a multifunctional diag-
nostic and therapy agents. Due to significant uptake of °°Y-
Fe304-PEG600 MNPs in liver and their low uptake by other
tissues, MNPs labeled with beta-emitters could be suitable
for use as treatment agents for liver malignancies. Also, if
applied intratumorally the large portion of the same radiola-
beled preparations is expected to retain in the tumor with a
small percentage entering the systemic circulation. These
results seemed to be promising for the potential use of
radiolabeled PEGylated magnetite nanoparticles in the com-
bined radiotherapy-hyperthermia cancer treatment.
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