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Fig. 2 Phase contrast (a, ¢,
e, g i, k, and m) and
fluorescent (b, d, f, h, j, 1,
and n) micrographic images
of transfected cells in the
sample with vy-Fe,O; of a,
b0,¢,d0.75,e,f1.5,¢g,
h225,1, j3.0,k 14.5, and
m, n7.5 pg. MNP weight of
0 pg/well indicates the
sample containing DNA/
polyethylenimine (PEI) max
complexes
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Fig. 3 Cell viability of Hela cells in the presence of
polyethylenimine (PEI) max, PEI max-coated y-Fe,O3 nano-
particles, DNA, DNA/PEI max complexes, and DNA/PEI max/
v-Fe,O3; nanoparticle complexes. The weight of magnetic
nanoparticles (MNPs) was 2.25 pg. The viability was evaluated
by trypan blue dye exclusion test
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Fig. 4 Cell viability of HeLa cells as a function of the weight of
polyethylenimine (PEI) max-coated y-Fe,O; nanoparticles.
Magnetic nanoparticles (MNP) weight of 0 pg/well indicates
the sample containing DNA/PEI max complexes. Confirmation
of the dependency of cell viability on the weight of MNPs is
marked with asterisk (p < 0.05)

water (Fig. 5a), DNA/PEI max/y-Fe,O; and Fe;O,4
nanoparticle complexes in sterile water (Fig. 5b), the
complexes in the medium (Fig. 5¢) and pure medium,
DMEM supplemented with 10 % FBS and 1 % PS
(Fig. 5d) as measured by DLS. The diameters of PEI
max-coated nanoparticles in sterile water were
84 £ 31 nm (y-Fe;03) and 115 & 35 nm (Fe;0y).
The diameters of DNA/PEI max/MNP complexes in
sterile water were 126 + 27 nm (y-Fe,Os;) and
116 + 26 nm (Fe;0,4). The diameters of the com-
plexes in the medium were 191 & 39 nm (y-Fe,O3)
and 200 + 43 nm (Fe;04). The size of the pure
medium was 111 =27 nm. These complexes
included micro-size complexes, but this finding was
not considered for evaluation in this study. In sterile
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water, the size of PEI max-coated Fe;O4 nanoparticles
is larger than that of PEI max-coated 7v-Fe O3
nanoparticles because the surface charge of bare
Fe;0O,4 nanoparticles is lower than that of bare y-
Fe, 03 nanoparticles in the surface-coating process. In
sterile water, bare Fe;O4 nanoparticles aggregate more
readily than bare y-Fe,O3; nanoparticles because the
isoelectric point of Fe;Oy is nearer to the pH of sterile
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<«Fig. 5 Size distribution of a polyethylenimine (PEI) max-coated
v-Fe,0; and Fe;0,4 nanoparticles in sterile water, b DNA/PEIL
max/y-Fe,O; and Fe;0O,4 nanoparticle complexes in sterile water,
¢ DNA/PEI max/y-Fe,03 and Fe;0,4 nanoparticle complexes in
medium, and d pure medium (Dulbecco’s modified Eagle medium

supplemented with 10 % FBS and 1 % PS) as measured by’

dynamic light scattering (DLS). b and ¢ were compared in the
same condition as the ratio of DNA, PEI max, and magnetic
nanoparticles (MNPs) to each other. The sizes werea 84 & 31 nm
(v-Fey03), 115 £ 35 nm (Fes04), b 126 + 27 nm (y-Fe,05),
116 & 26 nm (Fe304), ¢ 191 + 39 nm (y-Fe,05), 200 & 43 nm
(Fes04), and d 111 £ 21 nm. The complexes contained particles
of micro-size, but this finding was not considered for evaluation in
this study

water (pH 7.0) than that of y-Fe,O3. Aggregation of
PEI max-coated y-Fe,Oz; nanoparticles induced by
DNA binding was confirmed (Fig. 5a, b). PEI max-
coated Fe;0,4 nanoparticles also aggregated because
the complexes (both y-Fe,O; and Fe;O4) were of
microsize (data not shown). PEI max-coated MNPs
aggregate because of DNA binding. TEM observa-
tions also show that PEI max-coated MNPs aggregate
because of conjugation with DNA (Fig. 6). Moreover,
the medium induces additional aggregation of the
complexes (Fig. 5b, c). The pH of culture medium is
7.4 (mildly alkaline), whereas that of sterile water is
7.0 (neutral). The positive surface charge of PEI-
coated MINPs decreases owing to the mildly alkaline
pH of the solvent. The complexes conjugate with
serum protein contained in the medium. However, it
has been reported that serum protein prevents the
aggregation of MNPs modified with polymers (Wigo
et al. 2012). The aggregation of the complexes in this
study was reduced compared with serum-free medium
because of serum proteins (data not shown).

A decrease in electrostatic repulsion due to DNA
binding and mildly alkaline pH in the medium (pH
7.4) has been reported to induce aggregation of
complexes (Arsianti et al. 2010a; Kami et al. 2011b;
Miao et al. 2013). An increase in pH to a mildly
alkaline level contributed to the instability of PEI-
coated MNPs (Steitz et al. 2007; Wang et al. 2009).
The models of aggregation for both y-Fe,O; and
Fe3;0,4 nanoparticles are very similar.

Dependency of aggregation of DNA/PEI max/
MNP complexes on weight of MNPs
in the medium

Figures 7 and 8 illustrate the size distribution of the
DNA/PEI max/y-Fe,O; and Fes;O4 nanoparticle

complexes in the medium for weight of each of the
MNPs as measured by DLS. The diameters of the vy-
Fe,O; complexes were 127 + 27, 124 4 24,
175 £+ 41, and 191 + 39 nm for samples with weights
of 0.75, 2.25, 4.5, and 7.5 pg, respectively. The
diameters of the FesO,4 complexes were 141 £ 30,
144 4 30, 152 + 30, and 200 + 43 nm for the sam-
ples with the weight of 0.75, 2.25, 4.5, and 7.5 pg,
respectively. The samples contained micro-size com-
plexes, but this finding was not considered for
evaluation in this study. The size distributions indi-
cated that aggregation was due to high weight of
MNPs, except in the samples of 0.75 and 2.25 pg as
confirmed for y-Fe,O3; and Fe;O, complexes. This
result indicates that the concentration of MNPs in the
medium influences the aggregation of the complexes
and that higher concentration induces higher aggre-
gation. This aggregation affects transfection effi-
ciency, which depends on the weight of MNPs
(Fig. 1). The differences in transfection efficiency
between y-Fe,O3 and Fe;0, are also influenced by the
size of complexes. However, comparison of transfec-
tion efficiency between nanoparticles such as y-Fe,O3
and Fe3;0,4 must take into account magnetization as a
factor, influencing magnetic force on the particles
(Johnson et al. 1975; Pankfurst et al. 2003; Furlani and
Xue 2012).

In addition, the number of DNA/PEI max/MNP
complexes was estimated by the following equation:

M
N=1v5 (1)

where N is the number of complexes, M is the weight
of MNPs used in each condition, V is the volume of
complexes, and P is the bulk density of the MNPs. The
volume was estimated by the following equation on
the basis of the size distribution:

"4 Dk 3
where D is the diameter of the complexes, F is the
fraction of the complexes of each diameter, and n is the
number of measurement points. This estimate is rough
because the complexes are not perfect spheres.
However, this estimate gives excellent insight into
the influence of MNP weight on transfection effi-
ciency. The number of complexes decreased with
increasing sizes of the complexes and the sizes
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Fig. 6 Transmission electron microscopy (TEM) images of
a polyethylenimine (PEI) max-coated magnetic nanoparticles
(MNPs) (y-Fe,Os; nanoparticles), b PEI max-coated MNPs
magnified from a, ¢ DNA/PEI max/MNP (2.25 ug/well y-Fe,O3

increased because of aggregation. Figure 9 illustrates
that the trend of transfection efficiency is according to
the number of y-Fe,O; complexes. The number of
complexes of size up to 200 nm was indicated by this
estimate because higher internalization is confirmed to
be achieved with nanoparticles of size up to 200 nm
(Rejman et al. 2004). This trend was also confirmed
for Fe;0,4 complexes (data not shown). It is possible
that aggregation affects transfection efficiency
because of cellular uptake inhibition and reduction
in the number of complexes.

Endocytic pathways of DNA/PEI max/MNP
complexes

The endocytic pathways of the DNA/PEI/MNP com-
plexes were similar to those of PEI polyplexes (Huth

@ Springer

nanoparticle) complexes, d DNA/PEI max/MNP complex
magnified from c. These were observed in sterile water. These
images show that the complexes were larger than the PEI max-
coated MNPs

et al. 2004). Endocytosis is divided into phagocytosis
(the uptake of large particles) and pinocytosis (the
uptake of fluids and solutes). Pinocytosis is classified
into clathrin-dependent endocytosis (CDE) and clath-
rin-independent endocytosis (CIE) (Sahay et al. 2010).
Nanoparticles with diameter up to 200 nm are inter-
nalized by CDE (Rejman et al. 2004), whereas
nanoparticles that are not internalized by CDE enter
the cells by CIE, for example caveolae- and flotillin-

dependent endocytosis (Rejman et al. 2004; Payne

et al. 2007). Flotillin-dependent endocytosis is PEI
receptor (proteoglycan)-mediated pathway (Zanta
et al. 1997; Zou et al. 2000), and proteoglycan is
known as cell surface receptor binding cationic
substrates (Mislick and Baldeschwieler 1996). Recep-
tor-mediated endocytosis is induced by interaction
between ligand and receptor bound to the cell surface.
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Fig. 7 Size distribution of DNA/polyethylenimine (PEI) max/
v-Fe,O3 nanoparticle complexes in medium, as measured by
dynamic light scattering (DLS) for a 0.75 pg/well, b 2.25 pg/
well, ¢ 4.5 pg/well, and d 7.5 pg/well, and the sizes of the
complexes were a 127 £ 27 nm, b 124 £ 24 nm, ¢ 152 £+
30 nm, d 191 £ 39 nm, respectively. The samples contained
micro-order size complexes, but this finding was not considered
for evaluation in this study
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Fig. 8 The size distribution of DNA/polyethylenimine (PEI)
max/Fe;0,4 nanoparticle complexes in the medium as measured
by dynamic light scattering (DLS) fora 0.75 pg/well,b2.25 ng/
well, ¢ 4.5 pg/well, d 7.5 pg/well, and the size of the complexes
were a 141 =30 nom, b 144 £ 30 nm, ¢ 152 =% 30 nm,
d 200 =+ 43 nm, respectively. The samples contained micro-
order size complexes, but this finding was not considered for
evaluation in this study
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Fig. 9 The number of DNA/polyethylenimine (PEI) max/
magnetic nanoparticles (MNP) complexes assessed on the basis
of size distribution compared with the transfection efficiency.
The trend in transfection efficiency corresponds to the numbers
of complexes
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Fig. 10 Effects of inhibitors on the transfection efficiency of v-
Fe203 nanoparticles (control: inhibitor-free, Cpz: addition of
chlorpromazine, genistein: addition of genistein). 10 pg/ml
chlorpromazine or 200 uM genistein was added

With respect to receptor-mediated endocytosis, the
model of endocytosis for efficient internalization has
been reported (Gao et al. 2005; Decuzzi and Ferrari
2007; Lunov et al. 2011). Wrapping time, and thresh-
old and optimal radii of particles are important factors
for particle endocytosis. These factors can be repre-
sented as the function of receptor/ligand density ratio
and estimated by receptor/ligand binding energy
factor, bond elasticity factor, and non-specific attrac-
tive/repulsive factor at cell/particle interface (Gao et al.
2005; Decuzzi and Ferrari 2007). Moreover, wrapping
time is also represented as the function of the forces
acting on particle captured by receptors, which contain
the elastic forces of the cellular membrane and the
internal forces of receptor (Lunov et al. 2011). The
optical radius of particles is estimated from wrapping
time, cell lateral size, and the number of nanoparticles
captured per second (Lunov et al. 2011). Optimal size
of nanoparticle is up to 50 nm for efficient internali-
zation by receptor-mediated endocytosis (Gao et al.

@ Springer

2005). On the other hand, in vitro test has indicated that
nanoparticle with diameter up to 100-200 nm is
optimal (Win and Feng 2005). Therefore, the estima-
tion for efficient internalization must take into account
the factors influenced on particle configuration, coat-
ing agent, cell type, and cultural environment.

Figure 10 illustrates the transfection rate for DNA/
PEI max/MNP (y-Fe,O3 of 2.25 png) complexes in the
presence of chlorpromazine as a CDE inhibitor and
genistein as a CIE inhibitor. The transfection rate was
decreased by both endocytic inhibitors, showing that
the complexes were internalized by CDE and CIE.
This result agrees with those of previous studies (Huth
et al. 2004). DNA/PEI max/MNP complexes are
internalized by CDE and caveolae- and flotillin-
dependent endocytosis, which are classified as CIE
because cellular internalization of polyplexes through
these endocytic pathways has been confirmed (Huth
et al. 2004; Rejman et al. 2005; Payne et al. 2007;
Vercauteren et al. 2011). It is indicated that the
efficient internalization of the complexes depends on
the size of the complexes and other factors such as the
number of complexes and the ligand/receptor interac-
tions between PEI and PEI receptors on cell surfaces:

Conclusion

Magnetofection using DNA/PEI max/MNP complexes
was studied. Transfection efficiency was enhanced
using MNPs and an applied magnetic field, but it
decreased with high weight of MNPs despite the
increase in cell viability. DNA/PEI max/MNP com-
plexes aggregated because of alkaline pH of the medium
and the reduction in electrostatic repulsion induced by
DNA binding. The sizes of the complexes increased
with high weight of MNPs in the medium. Aggregation
induced by high weight of MNPs inhibited cellular
uptake by size-dependent endocytosis and led to a
decline in the number of complexes. The decline of
transfection efficiency in high weight of MNPs was due
to aggregation of the complexes; therefore, it was
concluded that this decline was not due to cytotoxicity.
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Self-Heating Temperature and AC Hysteresis of Magnetic Iron Oxide
Nanoparticles and Their Dependence on Secondary Particle Size

Kosuke Nakamura!, Koji Ueda!, Asahi Tomitaka?, Tsutomu Yamada®, and Yasushi Takemural

IDepartment of Electrical and Computer Engineering, Yokohama National University, Yokohama, 240-8501, Japan
2Department of Materials Science and Engineering, University of Washington, Seattle, WA 98195 USA

Magnetic nanoparticles are expected to be used as hyperthermia agents. The mechanism of self-heating of the magnetic nanoparti-
cles under an ac magnetic field is different according to their size. In this study, the temperature rise for the ac/dc hysteresis loops of
magnetic nanoparticles were evaluated to clarify the contribution of the Néel and Brownian relaxations to heat dissipation. The samples
were dextran-coated magnetic iron oxide nanoparticles of different hydrodynamic diameters (40, 54, and 86 nm), but the same primary
diameter of 10 nm. From these diameters, the peak frequencies for the Brownian and Néel relaxations were calculated. The Néel relax-
ation time, determined by the primary particle size, is much shorter than the Brownian relaxation time for these samples. Although the
Néel relaxation is dominant, the self-heating temperature rise of the 86 nm sample was higher than that of the 40 and 54 nm samples.
These results suggest that the effect of the magnetic interaction between the nanoparticles depends on the hydrodynamic diameter.

Index Terms—Hyperthermia, magnetic relaxation, superparamagnetic nanoparticles.

I. INTRODUCTION

AGNETIC nanoparticles have received growing in-

terest in the biological and medical application fields.
For example, they can be used as heating agents for hyper-
thermia. With magnetic nanoparticles, the tumor can be killed
by adjusting only the temperature in the vicinity of the tumor
to 42.5 degrees (causing localized hyperthermia), and thus,
the side effects of current treatments can be decreased [1]. It
is known that magnetic nanoparticles transform the energy of
an ac field into heat by several physical mechanisms, and the
specific mechanism for heat generation is different depending
on the particle size. That is, with large particles (on the order
of microns or more), there is a multi-domain ground state that
leads to a narrow hysteresis loop because it takes relatively
little magnetic field energy to make the domain walls move
compared to the energy required to rotate the magnetic moment
of the particle. On the other hand, in smaller particles, there is a
single-domain ground state that leads to a broad hysteresis loop
[2]. At even smaller sizes (on the order of tens of nanometers
or less), superparamagnetism can be observed that has no
hysteresis loop because the magnetic moment of the particle
as a whole is oscillating in response to the thermal energy
at room temperature [3], [4]. Therefore, superparamagnetic
nanoparticles exhibit heat dissipation under an ac magnetic
field due to magnetic relaxation loss.

The heat dissipation of superparamagnetic nanoparticles is
due to the delay in relaxation of the magnetic moment. This re-
laxation can correspond either to the physical rotation of the
particles themselves within the fluid, or the rotation of the mag-
netic moments within each particle. The rotation of the particles
is referred to as Brownian relaxation, whereas the rotation of the
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TABLE 1
PARAMETERS FOR THE MAGNETIC IRON OXIDE NANOPARTICLES DISPERSED
IN WATER, INCLUDING THE PRIMARY PARTICLE DIAMETER 27, THE
HYDRODYNAMIC DIAMETER 27}, VISCOSITY OF THE WATER 7, ABSOLUTE
TEMPERATURE 1", AND MAGNETIC ANISOTROPIC CONSTANT K

TK]
300

K [J/m?]
3x10*

2r [nm] | 2r, [nm]
10 40, 54, 86

7 [Pa-s]
8.9x 107"

magnetic moment within each particle is known as Néel relax-
ation. The Brownian (75) and Néel (7y) relaxation times are
given by the following equations:

4rrd
= 1
TB kBTn ¢y)

dnri K
TN”TOeXp(SkBT) @)
TNTB

=— 3
T~ + 7B ( )

where 7 is the effective relaxation time, 7, is the hydrodynamic
particle diameter, 7 is the viscosity, kg is Boltzmann’s constant,
T is the temperature, 79 = 10~% s, r isthe particle diameter, and
K is the anisotropy constant [5]. These parameters are summa-
rized in Table 1. From the above equations, it is evident that the
relaxation time relies on the particle diameter. When the relax-
ation time of the particles is longer than the period of the applied
ac magnetic field, the particles exhibit heat dissipation because
the rotation of the magnetic moment lags behind the changing
applied magnetic field. The heat dissipation on account of mag-
netic relaxation loss is given by the following equations [6]:

P =mpuox"H>f
" 2w fr N
1+ (2nfr)z??

)
)

where P is the heat dissipation value, pg is the permeability of
vacuum, X" is the imaginary component of the susceptibility,
H is the intensity of the applied ac magnetic field, f is the fre-
quency of the applied ac magnetic field, and xq is the initial
magnetic susceptibility.

0018-9464/$31.00 © 2012 IEEE
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Fig. 1. Hydrodynamic diameters of dextran-coated magnetic iron oxide
nanoparticles measured by dynamic laser scattering (DLS). The average hy-
drodynamic diameters were (a) 40 nm, (b) 54 nm, and (c) 86 nm, respectively.

The value of 7 is calculated using (1)-(3) with the primary
and secondary particle diameters. Therefore, the tendency of the
theoretical x”’ is a function of frequency.

The self-heating property of magnetic iron oxide nanoparti-
cles was evaluated in this study by measuring the magnetization
curves and their magnetic susceptibility under an ac magnetic
field. The heat-generation mechanism of magnetic particles has
been clarified by measuring the magnetic susceptibility under
an ac magnetic field. However, there are very few reports on
the ac hysteresis curves, and they were measured at several kHz
[71, [8]. A previous study reported the measurement of the hys-
teresis curve at a higher frequency of several hundred kHz [9].
In this study, the temperature rise and both the ac and dc hys-
teresis curves of the magnetic nanoparticles were evaluated in
order to clarify the contribution of the Néel and Brownian re-
laxations to heat dissipation.

To be useful as heating agents for in vivo hyperthermia, exci-
tation of the magnetic nanoparticles must occur at a low fre-
quency and low magnetic field intensity. Therefore, the effi-
ciency of heat dissipation (heat value per cycle) was evaluated
under an ac magnetic field of 50 Oe at 50-500 kHz.

II. SAMPLE PREPARATION

Three commercially available samples of magnetic iron oxide
magnetic nanoparticles (Micromod GmbH) were used in this
study. The samples were dextran coated to adjust their hydro-
dynamic diameters (40, 54, and 86 nm), which were measured
by dynamic light scattering (DLS), as shown in Fig. 1. Dynamic
fluctuation of the intensity of the scattered light from the par-
ticles in Brownian motion is analyzed by the autocorrelation
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Fig. 2. Parts of major hysteresis loops of the magnetic iron oxide samples dis-
persed in water measured using a vibrating sample magnetometer (VSM). This
figure indicates that all three samples are superparamagnetic. The magnetiza-
tion is normalized by the saturation magnetization (M, ).

function, which is known as the photon correlation spectroscopy
technique. The histogram of hydrostatic diameter is obtained
by using Levenberg-Marquardt algorism. The primary diameter
was 10 nm for all three samples.

The dc hysteresis curves of the samples dispersed in water
were measured using a vibrating sample magnetometer (VSM).
The samples exhibited superparamagnetic characteristics be-
cause of their sigmoidal and anhysteretic curves (Fig. 2).

III. EXPERIMENT

The efficiency of heat dissipation was estimated by two dif-
ferent experimental techniques. The increase in the self-heating
temperature of the sample was measured, and the specific ab-
sorption rate (SAR) was calculated using the following [10],

[11]:
A%
= 6
{g} ©

where m,, and m,, are the masses of the particles and the water
in which the particles are distributed, respectively, and ¢, and ¢,
are the specific heats of the particles and the water, respectively.

SAR is proportional to the slope of the initial increase in tem-
perature. The temperature rise at initial ten seconds was used to
calculate the slope, AT /At. The efficiency of heat dissipation
was calculated by dividing the value of SAR by the applied field
frequency.

The temperature rise was determined by measuring the fre-
quency over the range 50-500 kHz under an ac magnetic field
of 50 Oe. The resonant circuit further consisted of a 70-turn
water-cooled solenoid with a 1.76 cm diameter (a round-bottom
shaped 2 ml polypropylene tube was used). The liquid sample of
1.5 ml at a concentration of 50 mg/ml in the tube was set inside
the coil. The temperature of the sample was measured by using
an optical fiber thermometer. The effect of the sample with re-
spect to ambient heating from the coil was validated.

The ac hysteresis curve was measured under the same con-
ditions as those used for the temperature-rise measurement. A
glass tube (¢ = 1.5 mm) was used as the sample holder. The
area of the hysteresis curve was calculated by determining the
integral of the magnetization over all of the values of the mag-
netic field intensity, and was identified as the heat value per
cycle of the alternating magnetic field. The resonant circuit fur-
ther consisted of an 80-turn water-cooled solenoid with a 1.63
cm diameter.

To check the validity of the measurement of the ac hysteresis
curves for our system, the measurement of v — Fe;O3 (Reso-
vist) was performed. Fig. 3 shows dc and ac minor hysteresis
loops. The magnetization curve traced with applying a dc field

.A._T_ MpCp + My Cw

SAR =
At mp
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Fig. 3. DC and ac minor hysteresis loops of Resovist (7 — Fe2O3) measured
under magnetic field of 50 Oe. The magnetization is normalized by the satura-
tion magnetization (M,).

indicated that the sample exhibited superparamagnetic feature
with no hysteresis area. The hysteresis curves were obtained by
applying ac magnetic fields at 10, and 180 kHz, which was due
to magnetic relaxation. With increasing the field frequency, the
coercive force was increased, whereas the magnetization at 50
Oe was decreased. This was because that the magnetization re-
versal could not follow the change of the applied magnetic field
at higher frequency. It was confirmed that magnetization relax-
ation could be evaluated by these measurements. It has been also
shown that areas of hysteresis loops quantitatively agreed with
the temperature rise [9], [12].

The efficiency of the self-heating property was estimated
using the results of the above-mentioned two measurements. If
the heat efficiency calculated from the area of the ac hysteresis
measurement is in accordance with that from the self-heating
temperature rise, the heat dissipation is attributed to magnetic
relaxation losses.

To clarify the contribution of the Néel and Brownian relax-
ations to the heat dissipation, the ac magnetic susceptibility was
measured using a lock-in-amplifier. This measurement was per-
formed for an ac magnetic field of 10 Oe with frequency in the
range of 1-1000 kHz. The imaginary component of the ac mag-
netic susceptibility (x”) was measured as a function of the fre-
quency [13], [14].

IV. RESULTS AND DISCUSSION

A. Heat Dissipation

The self-heating temperature rise of the magnetic iron oxide
samples dispersed in water and measured under an ac magnetic
field of 50 Oe at 50-500 kHz is plotted in Fig. 4. This figure
shows only the results at 500 kHz. The mass of the magnetic
iron oxide 1m, and the solution m,, were 75 mg and 1500 mg,
respectively. The specific heats of the magnetic iron oxide ¢,
and the solution ¢,, are 0.92 J/gK and 4.18 J/gK, respectively.
The SAR was calculated using the specific heat of the sample,
1.0 J/K and the results of the temperature rise, as indicated by
(6). The maximum increase in the temperature was observed for
the 86 nm sample.

It is well known that the value of SAR is obtained as the
product of the exciting frequency and the efficiency of the heat
value. Therefore, the efficiency was calculated by dividing SAR
by the frequency, and these results are plotted in Fig. 5. The
value of SAR divided by the frequency continued to increase
with frequency, and maximum efficiency was not observed
within the measured frequency range.
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Fig. 4. Self-heating temperature rise of the magnetic iron oxide samples dis-
persed in water measured under an ac magnetic field of 50 Oe at 500 kHz.
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Fig. 5. Specific absorption rate (SAR) of the magnetic iron oxide samples di-
vided by the frequency, which is equivalent to the heat value per cycle of an ac
magnetic field.
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Fig. 6. AC minor hysteresis loops of magnetic iron oxide samples dispersed in
water measured under an ac magnetic field of 50 Oe at 500 kHz. The magneti-
zation is normalized by the saturation magnetization (M,).

B. AC Hysteresis Curves

Fig. 6 shows the ac minor hysteresis curves for the three sam-
ples at 500 kHz. All three samples have differently-shaped hys-
teresis curves. In addition, the shape of the ac hysteresis curves
varied according to the frequency, and the area of the curves
increased with frequency. This result agrees with the measure-
ment of SAR divided by the frequency (Fig. 7). The dependence
of the heat value on the frequency is believed to be due to mag-
netic relaxation loss. The magnetic relaxation loss per cycle has
a maximum value at a certain characteristic frequency. The fre-
quency f. is calculated by the following equation:

fo=

- 2nT

O

From the hydrodynamic diameters (40, 54, and 86 nm), the f,
for Brownian relaxation was calculated to be 7.59, 2.93, and
0.74 kHz, respectively, using (1), (2), and (7). On the other hand,
the f. for Néel relaxation at 3.6 MHz was also calculated for a
primary particle size of 10 nm, and the frequency range of the
measurement was higher than f,. for Brownian relaxation. The
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Fig. 7. Comparison of the SAR divided by the frequency with the area of the
ac hysteresis loop measured under an ac magnetic field of 50 Oe at 50-500 kHz.

TABLE II
CHARACTERISTIC FREQUENCIES CALCULATED USING THE PRIMARY AND
HYDRODYNAMIC DIAMETERS, INCLUDING THE RELAXATION TIMES FOR
BROWNIAN RELAXATION 75 AND NEEL RELAXATION 7Tx, AND THE
CHARACTERISTIC FREQUENCIES FOR BROWNIAN RELAXATION fp AND NEEL
RELAXATION fx. THE VALUES OF 75 AND 7y WERE ESTIMATED USING (1),
WHILE THE VALUES OF fp AND fn WERE ESTIMATED USING (7)

Hydrodéx::r[nnlrcn?xameter o [us) | fu[kEz] | 5 [ns] | v [MHZ]
40 21.6 7.36 44.4 3.58
54 54.4 2.93 44.4 3.58
86 216 0.74 44.4 3.58
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Fig. 8. Imaginary component of the magnetic susceptibility of the magnetic
iron oxide samples measured under an ac magnetic field of 10 Oe at 1-1000 kHz.

calculated f. values for the Brownian and Néel relaxations are
summarized in Table II. Therefore, to elucidate the contribution
of Brownian relaxation to the heat dissipation, the ac magnetic
susceptibility was measured.

C. Magnetic Susceptibility

Fig. 8 shows the imaginary component of the magnetic sus-
ceptibility of the samples. The sample with a diameter of 86 nm
exhibited a higher value than the samples with diameters of 40
and 54 nm. However, for all of the samples, a peak value of
x"" was not observed at several kHz for the f. of the Brownian
relaxation. Furthermore, the value of x” increased with an in-
crease in the frequency up to 1 MHz for the f, of the Néel re-
laxation, and the peak value of " would be observed at around
3.6 MHz. Therefore, the dominant mechanism of heat dissipa-
tion for these samples is Néel relaxation.

V. CONCLUSION

The self-heating temperature rise, ac hysteresis curve, and
magnetic susceptibility of dextran-coated magnetic iron oxide
nanoparticles dispersed in water were measured to clarify the
contribution of the Néel and Brownian relaxations to heat dis-
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sipation. The samples were nanoparticles with different hydro-
dynamic diameters (40, 54, and 86 nm), but the same primary
diameter of 10 nm. SAR divided by the frequency for all three
samples increased with frequency. This result agreed with the
measured area of the ac hysteresis curves, which were normal-
ized by their saturated magnetization. Furthermore, fg, which
is the peak frequency of the Brownian relaxation, was not ob-
served at several frequencies for the three samples based on
evaluation of the imaginary component of the magnetic suscep-
tibility measurements. Therefore, Néel relaxation, which is de-
termined by the primary particle size, was dominant in all three
samples. The self-heating temperature rise of the sample with a
diameter of 86 nm was higher than that of the samples with di-
ameters of 40 and 54 nm. This result also agreed with the mea-
surement of the ac hysteresis curves. The area of the hysteresis
curve was larger, and the value of the maximum magnetization
was higher for the 86 nm diameter sample compared to those
of the other samples. In addition, the 86 nm diameter sample
exhibited a higher value in the imaginary component of suscep-
tibility than that of the other samples, indicating a similar ten-
dency as a function of increasing frequency. These results were
due to the difference in the hydrodynamic diameters. Therefore,
it was determined that the effect of the magnetic interaction be-
tween superparamagnetic nanoparticles depends on the hydro-
dynamic diameter although the dominant relaxation occurs via
Néel relaxation.
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Introduction

Dual or multi-probe molecules, which are composed of
combinations of two or more functional molecules, are attrac-
tive for use as tools for noninvasive diagnosis and therapy.*™
Such dual and multi-probes improve the reliability and safety of
the diagnoses as they mutually complement one another.
Although many dual or multi-probes have been reported,
most of these probes have been designed by bonding two
different probe molecules directly or indirectly with the aid of a
linker molecule.*® For the linkage of two different probe
molecules, the probe molecules must have appropriate func-
tional groups for linkages and must also retain their func-
tionality after being linked. Nanoparticles are promising
materials for dual or multi-probe preparation because in
addition to bonding, encapsulation and adsorption they are
available for the immobilization of probe molecules to the
nanoparticles.”™ In general, small nanoparticles show low
potential toxicity risk, because they are rapidly excreted
through the urine and they are suitable for clinical applica-
tions. However, the sensitivity of them is low, because of their
small volume. For this reason, large nanoparticles that are
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toxicity to mice was negligible. It was expect that these PEG-based soft nanoparticles will be applicable
for use as a safe diagnostic agent.

excreted through the urine are ideal materials in terms of safety
and detection.

We have developed a method for preparing polyethylene
glycol (PEG)-based nanoparticles that contain various kinds of
probe molecules, as reported previously.**** The nanopatrticles
were prepared from monomer molecules that consisted of four
long PEG chains with acryloyl groups at each chain end. Simply
adding the probe molecules to a solution of the monomers
resulted in the formation of uniformly sized nanoparticles that
encapsulated the probe molecules. Because the encapsulated
molecules are physically trapped by the mesh structure of the
nanoparticles and because no chemical bonding between
the molecules and PEG is required for encapsulation,™'® we
concluded that there are no limitations to the types of mole-
cules that can be encapsulated using this technique. Only two
acryloyl groups were required to form a mesh structure for
physical encapsulation of molecules within the nanoparticles,
and thus we expected that the one of the two remaining acryloyl
groups on each monomer could be used for chemical reactions
with the probe molecules. To test this hypothesis, we encap-
sulated probe molecules in the PEG-based nanoparticles, by
chemical means, in addition to the physical encapsulation. We
speculated that if we encapsulated two different probes using
two different (ie., chemical and physical) methods simulta-
neously, a dual probe could be prepared without limitation of
the encapsulated molecules. In this study, we prepared three
different dual probe nanoparticles containing physically and
chemically encapsulated probe molecules. The physical prop-
erties of these nanoparticles were examined, and the nano-
particles were used for animal experiments to examine their
pharmacokinetics and toxicity.

This journal is @ The Royal Sociéty of Chemistry 2013
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Experimental section
Materials

Tetra-poly(ethyl glycol)-amine (SUNBRIGHT PTE-050PA; M,
5328 g mol™ ") was purchased from NOF Corporation (Tokyo,
Japan). N,N,N',N'-Tetramethylethylenediamine (TEMED), tri-
ethylamine (TEA), acryloyl chloride (AC), dichloromethane
(DCM), ammonium persulfate (APS), tris(hydroxymethyl) ami-
nomethane (Tris), hydrochloric acid, methanol, diethyl ether,
acetic acid, magnesium sulfate, fluorescein (Flu), and 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride n-
hydrate (DMT-MM) were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Dextran with a weight-averaged
molecular weight of 40 000 (Dex), diethylenetriaminepenta-
acetic acid (DTPA) anhydride, manganese chloride, ferritin type
I from horse spleen, and fluorescein isothiocyanate-dextran,
molecular weight of 40 000 (Dex-Flu) was purchased from
Sigma-Aldrich (St. Louis, MO). Alexa Fluor 647 carboxylic acid,
succinimidyl ester was purchased from Invitrogen Corporation
(Carlsbad, CA). Dimethyl sulfoxide (DMSO), 2-morpholineoe-
thanesulfonic acid and 4-dimethylaminopyridine (DMAP) were
obtained from Nacalai Tesque. Inc. (Kyoto, Japan). 2-Hydrox-
yethyl acrylate (AC-OH) was purchased from Tokyo Chemical
Industry Co., LTD. (Tokyo, Japan). Water was purified with a
Milli-Q apparatus (Millipore, Bedford, MA).

Preparation of Dex-Mn

DTPA anhydride (920 pmol) and DMAP (130 pmol) were added
to 10 mL of dehydrated dimethyl sulfoxide containing 100 mg
(1.9 mmol of hydroxyl (OH) groups) of dextran. The reaction
solution was agitated at room temperature for 18 h to introduce
DTPA residues to the OH of dextran, followed by dialysis against
double distilled water for 2 days and freeze-drying to obtain
DTPA-introduced dextran (Dex-DTPA). The extent of DTPA
residues introduced to dextran OH groups was measured by
conventional conductometric titration and calculated to be
10.2%. To 1 mL of Dex-DTPA solution (10 mg mL™?, 19 pmol
DTPA), 0.2 mL of manganese chloride solution (94 mg mL™?,
95 umol) was added in 0.1 M 2-morpholineoethanesulfate
(MES)-buffered solution (pH 6.0). The mixtures were agitated at
room temperature for 3 h to chelate Mn** to the DTPA residues.
The reaction solution was purified by a PD-10 column (GE
healthcare UK Ltd., Buckinghamshire, UK) with water and
freeze-drying to obtain Mn>"-chelated Dex-DTPA (Dex-Mn). The
extent of Mn>" chelated to DTPA residues was measured by
atomic absorption spectrophotometer (AA-6800, Shimadzu
Corp., Kyoto, Japan) and calculated to be 75%.

Preparation of short wave fluorescence linker (PEG-Flu-3AC)

Tetra-poly(ethyl glycol)}-amine (2) (120 pmol) and Flu (1)
(120 pumol) were dissolved in methanol and stirred until all
reactants were dissolved in a lightproof vial. After that, DMT-
MM (300 pmol) was added to start the synthesis without stir-
ring. The reaction was done at room temperature for 3 h. The
product was precipitated in diethyl ether on ice and filtered.
The collected substance was washed with diethyl ether and
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dissolved in water. The aqueous solution was evaporated, dia-
lyzed (SpectraPor6, CO 1000 g mol™") and freeze-dried to yield a
fluorescent product (PEG-Flu-3NH (3)). PEG-Flu-3NH (18 pmol)
was dissolved in dry DCM and stirred in a lightproof vial purged
with N, gas. TEA (71 pmol) and excess amount of AC (177 pmol)
were added dropwise on ice and stirred 3 h. After the reaction,
the product was resolved in methanol, precipitated in diethyl
ether on ice and filtered. The collected substance was washed
with diethyl ether and dissolved in water. The aqueous solution
was evaporated, dialyzed (SpectraPor6, CO 1000 g mol™") and
freeze-dried to yield a fluorescent product (PEG-Flu-3AC (4))
(Scheme 1).

Preparation of the long wave fluorescence linker (Alexa-AC)

An excess amount of AC-OH (5) (666 pmol) and DMAP (66 pmol)
were dissolved in DCM and stirred in a lightproof vial purged
with N, gas. Then, Alexa Fluor 647 carboxylic acid (6), succini-
midyl ester (1 pmol) in DMSO was added dropwise, and the
mixture was stirred for 32 h at room temperature. After the
reaction, the product was neutralized by adding diluted acetic
acid. This reaction mixture was extracted with DCM, dried over
magnesium sulfate, and evaporated to yield an oily product. The
product was purified by silica gel open column chromatography
and obtained Alexa-AC (7) (Scheme 1).

Preparation of the nanoparticles

PEG-4AC was prepared as described in our previous report.*
Then we mixed the solution of 100 pL of 200 mg mL™' PEG-4AC,
100 pL of 100 mg mL ™" fluorescent linker (Alexa-AC or PEG-Flu-
3AC), 50 uL of 2 mg mL™" physically encapsulated molecule
(ferritin or trypsin or Dex-Flu or Dex-Mn), 25 pL of 0.1 M APS,
and 25 pL of 0.1 M TEMED in 1 M Tris/HCI buffer in that order
and then stirring the mixture for 20 min. After the reaction, the
mixture was filtrated by Vivaspin 6-300 K (Sartorius, Germany)
at 4000 rpm for 15 min at 4 °C.

Stability analysis of the dispersed nanoparticles

The nanoparticles were dispersed in the mice serum and stored
at 37 °C for 12 h. Then the dispersed solution was filtrate by
Vivaspin 6-300 K. Then supernatant and filtrate fractions were
analyzed by means of dynamic light scattering (DLS) machine
(Delsa™ Nano, Beckman Coulter, USA).

TEM observation

Transmission electron microscopy (TEM) images were obtained
with an H-7000 electron microscope (Hitachi, Tokyo, Japan)
operating at 75 kV. Copper grids (400 mesh) were coated first
with a thin film of collodion and then with carbon. The nano-
particle dispersion (1 nL) was placed on the coated copper grids.
The stained surface was dried at room temperature before
observation.

AFM analysis

Atomic force microscopy (AFM) measurements were conducted
by using NanoWizard II (JPK Instrument, Berlin, Germany) at
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room temperature. Images of nanoparticles were obtained in
tapping mode using a commercial micro cantilever with a
spring constant of 150 N m™* (Olympus Corporation, Tokyo,
Japan). AFM images were processed with JPK SPM image pro-
cessing v.3 software.

In vivo animal study

Female BALB/c nude mice (Japan SLC, Shizuoka, Japan) used
for in vivo experiments were maintained in accordance with the
guidelines of the National Institute of Radiological Sciences
(NIRS), and all experiments were reviewed and approved by the
institute's committee for care and use of laboratory animals.
Colon 26 murine cancer cells (RIKEN BioResource Center,
Tsukuba, Japan) were cultured in Dulbecco's modified Eagle's
medium (D5796, Sigma-Aldrich, St Louis, MO) supplemented
with 10% fetal bovine serum, and incubated in a humidified
atmosphere of 5% CO, in air at 37 °C. After suspension in
phosphate-buffered saline, the cells were subcutaneously inoc-
ulated (1.0 x 10° cells/50 puL) into the left flank of the mice.
When the tumor mass grew to 5-7 mm in average diameter
about 10 days after inoculation, the tumor-bearing mice were
used for the following in vivo experiments.
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In vivo MR imaging of the nanoparticles

Magnetic resonance imaging (MRI) measurements were per-
formed on a 7.0 Tesla horizontal magnet (Kobelco and Jastec,
Tokyo, Japan) interfaced to a Bruker Avance I console (Bruker
BioSpin, Etlingen, Germany) and controlled with ParaVision
4.0.1 (Bruker BioSpin).

The animal (BALB/c mice) were anesthetized using iso-
flurane 2.0% and held in a body cradle (Rapid Biomedical,
Rimpar, Germany) in the prone position. Rectal temperature
was continuously monitored and automatically controlled at
36.5 & 0.5 °C using a nonmagnetic temperature probe (FOT-M
and FTI-10, FISO Technology, Olching, Germany) and an elec-
tric temperature controller (E5CN, Omron, Kyoto, Japan) during
measurements.

The tail vein was catheterized using a polyethylene tube (PE-
10, Becton-Dickinson, Franklin Lakes, NJ) for nanoparticle
injection. The mouse was then placed in a proton volume
radiofrequency coil (35 mm inner-diameter, Bruker BioSpin) for
transmission and reception previously warmed using a body
temperature controller (Rapid Biomedical). The resonator units,
including the mouse, were placed in the center of the magnet
bore. Nanoparticle containing dextran-Mn was intravenously
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injected to the mice through the polyethylene tubing line. The
pharmacokinetics of the nanoparticles was repeatedly moni-
tored by MRI measurements for 5 hours.

Two dimensional T1-weighted multi-slice spin echo MRI
with fat suppression was performed with the following param-
eters: TR = 476 ms, TE = 9.57 ms, matrix size = 256 X 256,
FOV = 3.2 x 3.2 mm?, slice thickness (ST} = 1.0 mm, scan time
8 min 8 s, and number of acquisitions (NA) = 4. Slice orienta-
tion was horizontal (eight slices, gap 1 mm).

In vivo fluorescence imaging of nanoparticles

Invivo fluorescence imaging was performed before or 15, 30, 90,
and 180 min after intravenous injection (100 pL) of Alexa 647-
nanoparticle to the mice. Images were acquired using a fluo-
rescent imager (Maestro EX, PerkinElmer) with the following
parameters: excitation filter = 576-621 nm; emission filter =
635 nm longpass; acquisition setting = 630-800 nm in 10 nm
steps; acquisition time = 100 ms; and FOV = 12.0 x 12.0 cm?.
Prior to and during the MRI scan, all mice were anaesthetized
through a facemask with 2.0% isoflurane (Mylan Japan, Tokyo,
Japan). The mice were put in a clean cage during the optical
imaging and the urine was collected from the cage at the cor-
responding time. The mice were sacrificed after the 180 min-
scanning and the main organs were collected, followed by
measurement of their fluorescence by Maestro EX. After
acquisition, unmixed fluorescence information was extracted
from the fluorescence spectrum using the Maestro software
package (PerkinElmer).

Results and discussion
Effect of encapsulated molecules on nanoparticle formation

First we prepared three types of nanoparticles containing dual
probes: (1) nanoparticles with Alexa 647 and ferritin encapsu-
lated chemically and physically, respectively; (2) nanoparticles
with Flu and Dex-Mn encapsulated chemically and physically,
respectively; and (3) nanoparticles with Flu and trypsin encap-
sulated chemically and physically, respectively. Fig. 1a shows
the results of DLS diameter measurements of the three types of
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Fig.1 (a) DLS measurements of the three types of nanoparticles prepared in this
study, (b) TEM image of a nanoparticle containing ferritin, scale bar = 200 nm (c)
AFM phase contrast image of the nanoparticles, scale bar = 1000 nm (d) cross-
sectional topological profile obtained from image (c), and (e) schematic images of
a nanoparticle dispersed in solution and of a nanoparticle affixed to a plate.
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nanoparticles. Although the size distributions of these nano-
particles were different, the average diameters of these nano-
particles were all in the range of 150-300 nm. Since the
encapsulation of the various probe molecules did not appear to
substantially affect nanoparticle diameter, we concluded that
our method could be used to prepare ~200 nm nanoparticles
containing various compounds.

The diameter and shape of nanoparticles containing ferritin
were examined by means of TEM and AFM (Fig. 1b and c).
Interestingly, all the nanoparticles were observed to be round,
with sizes in the range of 600-800 nm, which was 3 to 4 times
the diameter measured by DLS (Fig. 1a). Three dimensional
detailed AFM measurement showed the height of the nano-
particle was only 15-20 nm (Fig. 1d). This large difference in
measured diameter probably occurred due to the different
states of the nanoparticles required by these measurement
techniques: the PEG-based nanoparticles were dispersed in
water for DLS measurements, but were dried and affixed to a
plate for TEM and AFM measurements. Because the nano-
particles were very soft and flexible, we expected that their shape
likely would have changed during the drying pretreatment for
TEM and AFM analysis. As shown in Fig. 1e, the volume of a
spherical particle of 200 nm diameter, which was the diameter
estimated by DLS analysis, is similar to the volume of a dried,
flattened particle with a diameter of 600 nm and height of
15 nm, as estimated by TEM and AFM analysis. We determined
that the black spots observed in the TEM image of the nano-
particles (Fig. 1b) corresponded to encapsulated ferritin; TEM
images of particles that did not contain ferritin did not contain
such black spots. The existence of the iron contained in ferritin
was also confirmed by ICP-AES analysis (ESI, Fig. 11). The image
indicated that the encapsulated ferritin existed not only on the
surface of the nanoparticles but also inside the nanoparticles.

Next, the stability of the nanoparticles was examined. Fig. 2a
shows DLS measurements of a disperse solution of nano-
particles-encapsulated trypsin acquired just after preparation
and the next day. The nanoparticles’ diameter remained largely
unchanged for 2 days of refrigerated storage in solution. This
result indicates that the nanoparticles were stable under these
storage conditions, and that they did not aggregate or collapse.
Next, the stability of the probe molecules was examined by
filtering solutions of two different types of nanoparticles, one
with Flu chemically encapsulated and another with Dex-Flu
physically encapsulated, and separately measuring the fluores-
cence intensity of the nanoparticle fraction and filtrate. We
presumed that if the encapsulated Flu or Dex-Flu was leaked
from the nanoparticles, the fluorescence signal of the filtrate
would increase. Fluorescence intensities of the filtrate and
nanoparticle fractions were measured after shaking for 12 h at
37 °C in mice serum. Although about 80% fluorescence signal
was detected from the nanoparticle fraction, only a small signal
was detected from the filtrates of both nanoparticle samples
(Fig. 2b). The signals of the filtrate fraction of the chemically
encapsulated nanoparticles were smaller than those of the
physically encapsulated nanoparticles, presumably because the
cleavage of the chemical bond to leak Flu into the filtrate was
more difficult to achieve than the physical leak of Dex-Flu from
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Fig. 2 (a) DLS measurements of a disperse solution of nanoparticles-encapsu-
lated trypsin just after preparation and the next day, and (b) fluorescence analysis
of nanoparticles modified either chemically (Flu, red bar) or physically (Dex-Flu,
blue bar) with probe molecules after filtration.

its nanoparticles. The fluorescence intensity of the filtrate
fractions was very small: the amounts of leaked Flu and Dex-Flu
was negligible. These results indicate that both the nano-
particles and their encapsulated probe molecules were stable
enough for further experiments.

Administration of nanoparticle-encapsulated Alexa 647
(chemically) and ferritin (physically) to mice

We used nanoparticles encapsulated with Alexa 647 and ferritin
to study the nanoparticles’ pharmacokinetics when adminis-
tered to mice. Alexa 647, a fluorescent molecule with long
excitation and emission wavelengths, is useful for monitoring
the dynamics of nanoparticles within living mice. Because
ferritin is an iron-storage protein that can be observed by TEM
(Fig. 1b). It is a useful probe molecule for examining changes in
the nanoparticles’ shape upon excretion from the mice. The
nanoparticles were administered via the mouse's coccygeal (tail)
vein. The acute toxicity of the nanoparticles was negligible
because no substantial changes in the blood pressure or
heartbeat of the mice was observed after tail vein injection.
Although a strong fluorescence signal was detected in the
bladder within 15 min of administration, no fluorescence signal
was detected in other internal organs regardless of time, up to
180 min post-administration (Fig. 3a). The signal detected in
the bladder increased with time, but disappeared after the
mouse urinated (180 min). The collected urine was observed by
TEM to observe excreted nanoparticles and ferritin (Fig. 3b).
The shapes of the nanoparticles and the ferritin were similar to
those observed in Fig. 1b. The distribution of ferritin within
the nanoparticles (black dots in Fig. 3b) was similar to that
observed prior to administration, as well. Therefore, we
concluded that the nanoparticles had been excreted in the urine
predominantly without changing form and without being

4936 | J. Mater. Chem. B, 2013, 1, 4932-4938

View Article Online

Paper

After urinationb)
180 min)

a) Before

administration 15 min 30 min 90 min

Fig. 3 (a) Fluorescence images of a mouse before and after administration of
nanoparticles containing encapsulated ferritin and Alexa 647, and after urination,
and (b) TEM image of a nanoparticle in mouse urine. Scale bar = 200 nm.

otherwise disturbed. In addition to containing clearly observ-
able ferritin, the mouse urine also exhibited a fluorescence
signal, demonstrating that both probes (ferritin and Alexa 647)
remained within the nanoparticles when they were excreted. In
general, nanoparticles less than 10 nm were excreted from
urine,’*® however, nanoparticles with diameters greater than
10 nm are difficult to excrete in urine because the pore size of
the kidney glomerulus is too small for penetration of these
larger nanoparticles.* However, our results indicated that the
200 nm nanoparticles were excreted in urine; a similar
phenomenon has been reported by He* and Lu,?* who observed
the excretion of 100 nm nanoparticles through mice urine. We
hypothesized that the nanoparticles could change their shape to
penetrate the kidney glomerulus, because the nanoparticles
were very soft and flexible, as indicated by AFM images (Fig. 1c
and d). More-detailed studies are needed to clarify the exact
mechanism of excretion of the nanoparticles.

Administration of nanoparticle-encapsulated Flu (chemically)
and Mn**-chelated compound (physically) to mice

Next, nanoparticles containing physically encapsulated Mn>*-
chelated compound and chemically encapsulated Flu were
administrated to mice and were observed by means of MRIL. MRI
is a valuable diagnostic method for the observation of organs in
living animals and humans,?*?*® and Mn** has recently received
attention as an alternative MRI probe**** because gadolinium
(Gd*"), the current standard MRI contrast agent, has been
associated with nephrogenic systemic fibrosis.”®* On the other
hand, low concentration of Mn®" is considered as non toxic,
because Mn*>" is an endogenous compound. To prevent leakage
of Mn®" from the nanoparticles, Mn** was chelated to dextran-
modified diethylene triamine pentaacetic acid before being
encapsulated in the nanoparticles.

An MRI signal (image contrast) was detected in the mouse
bladder 15 min after administration (Fig. 4a, top row), and the
signal increased with increasing time up to 5 h. MRI signals
were also detected in the liver and kidney after administration
(Fig. 4a, bottom rows). These results indicate that nanoparticles
containing Mn”* served as an effective positive MRI contrast
agent, which is preferable for the detection of small changes
that are caused by disease. For the liver and kidney, the MRI
signals increased rapidly after administration and reached
maximum intensities at 15 min after administration. Then, the
signal started to decrease (Fig. 4b). The nanoparticles were
eliminated from liver more rapidly than they were eliminated

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Fluorescence images of urine collected from a mouse at different times
before and after the administration of nanoparticles containing encapsulated
Mn?* and Flu.

from the kidneys. No obvious MRI signal enhancement was
detected from other internal organs, including cancer tissue.
Although the fluorescence signal of Flu is hard to penetrate
through the skin, the signal at ex vivo observation is more
sensitive than an MRI signal. We therefore expected to see a
small amount of nanoparticle accumulation in tissues or organs
using ex vivo fluorescence analysis, after the in vivo study. The
fluorescence signals of the internal organs and tissues of the

This journal is © The Royal Society of Chemistry 2013
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mouse were analyzed 3 h after administration (Fig. 4c). Very
strong fluorescence was observed in the bladder, and also a
slight signal was observed in the liver and kidney; however, no
signal enhancement was observed in the other organs such as
cancer tissue, lungs, and spleen. This distribution of fluores-
cence signals corresponded with that observed for MRI signals
in the same mouse, indicating that the two probes (Mn>" and
Flu) remained encapsulated within the nanoparticles and
moved with the nanoparticles. Generally MRI is not highly
sensitive for specific contrast agents (~puM), though it can be
used to observe tissues deep within the body. On the other
hand, fluorescence is highly sensitive ex vivo but cannot be used
to observe tissues deep within the body. The combination of
these two imaging techniques therefore can offer synergistic
advantages over either modality used alone, and enables us to
analyze the pharmacokinetics of nanoparticle distribution and
excretion from the body in greater detail.

Strong fluorescence was detected from the urine that was
collected from the mouse immediately after administration of
the nanoparticles containing encapsulated Mn** and Flu
(Fig. 5). This rapid excretion of nanoparticles in the urine was
similar to the results observed for the nanoparticles containing
ferritin and Alexa 647. (Fig. 3) Because both types of dual probes
were excreted from the mice in a similar manner, we concluded
that the composition of the encapsulated molecules did not
affect the nanoparticles' distribution in, or rate of excretion
from, the mouse’s body. For this reason, we expect that a variety
of probe molecules could be encapsulated within the soft PEG
nanoparticles for use in animal experiments.

The nanoparticles were distributed mainly to the organs
(bladder, kidney, and liver) that function to excrete dispensable
or toxic compounds. Then, these nanoparticles were excreted
quickly through the urine, along with the encapsulated probe
molecules. Since the nanoparticles were excreted rapidly, the
risk from compound where safety is a concern, like Gd*", will be
reduced by encapsulation within the nanoparticles. In this
report, we used non-targeting nanoparticles. It is expected that
if active targeting of the nanoparticles to disease organs or
tissues is achieved by the surface modification of the nano-
particle with targeting molecules (antibody, folate and so on) or
changes to the nanoparticles size, the nanoparticles can be used
as a theranostic tool.

Conclusions

In this study we developed a method to prepare soft PEG-based
nanoparticles containing different probe molecules. The
advantages of the nanoparticles were that (1) various probe
molecules could be physically or chemically encapsulated
within the nanoparticles, (2) different probe molecules were
encapsulated within the nanoparticles simultaneously, (3) the
nanoparticles could be detected in mice using various analytical
techniques, depending on the type of probe molecules encap-
sulated, and (4) the soft nanoparticles were rapidly excreted
through the urine, with low accumulation in the body. For these
reasons, we concluded that these nanoparticles containing dual
probes are promising for the reliable analysis of living animals.
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