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ABSTRACT Magnetic resonance was used to investigate the kinetic disposition of magnetite nanoparticles (9.4 nm core
diameter) from the blood circulation after intravenous injection of magnetite-based dextran-coated magnetic fluid in female
Swiss mice. In the first 60 min the time-decay of the nanoparticle concentration in the blood circulation follows the
one-exponential (one-compartment) model with a half-life of (6.9 = 0.7) min. The X-band spectra show a broad single line at
g ~ 2, typical of nanomagnetic particles suspended in a nonmagnetic matrix. The resonance field shifts toward higher values
as the particle concentration reduces, following two distinct regimes. At the higher concentration regime (above 10'* cm™3)
the particle-particle interaction responds for the nonlinear behavior, while at the lower concentration regime (below 10"
cm3) the particle-particle interaction is ruled out and the system recovers the linearity due to the demagnetizing field effect

alone.

INTRODUCTION

Magnetic resonance has been widely used in the investiga-
tion of nanomagnetic particles immersed in nonmagnetic
matrices (Dormann et al., 1977, Komatsu et al., 1979;
Morais et al., 1987). In recent years, the technique has been
successfully used in the study of ionic (Tronconi et al.,
1993) and surfacted (Sastry et al., 1995) magnetic fluids
(MFs). Effects of particle concentration (Tronconi et al.,
1993), ionic strength (Morais et al., 1995), and temperature
(Morais et al., 1996) have been investigated using the nano-
magnet as the resonant probe. Important information con-
cerning the surface charge-discharge process (Morais et al.,
1995), particle-particle interaction (Bakuzis et al., 1996),
magnetic anisotropy (Saenger et al., 1998), and Brownian
relaxation (Morais et al., 1997) in ionic MFs has been
obtained through magnetic resonance investigations. In par-
ticular, magnetic resonance has been proved to be an excel-
lent technique to investigate the relative contribution of both
the anisotropy field and the exchange field of field-oriented
nanomagnetic particles suspended in frozen nonmagnetic
matrices (Bakuzis et al., 1999).

Despite the complexity of living beings, magnetic reso-
nance has been recently used to investigate biomineralized
nanomagnetite particles in the migratory ant Pachycondyla
marginata abdomens (Wajnberg et al., 2000). The capabil-
ity of the technique to sense as few as 100 pmol of nano-
magnetic materials and to probe the size and the shape of
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nanomagnetic-based structures makes magnetic resonance a
powerful tool in the investigation of nanomagnets intro-
duced in living beings (Da Silva et al., 1997). In the present
study a biocompatible MF sample based on dextran-coated
nanomagnetite is given as an intravenous bolus dose to
mice, while magnetic resonance is used to investigate the
disposition of the nanomagnetic-based material out of blood
circulation. The methodology for the kinetic data analysis,
based on the magnetic resonance signal, is proposed in this
study as well. Finally, it is shown that the time evolution
(nanoparticle concentration decay) of the magnetic reso-
nance field is in very good agreement with the kinetic
analysis.

MATERIALS AND METHODS

The dextran-coated magnetic fluid (DC-MF) sample used to carry out the
experiments was obtained by chemical co-precipitation of Fe(Il) and
Fe(Ill) ions in alkaline medium to produce 9.4 nm average-diameter
magnetite particles, following surface coating with a single layer of dex-
tran. After surface coating the nanomagnetite particles with dextran, the
DC-MF sample was diluted in water and stabilized at neutral pH, in a
concentration of ~4.9 X 10'¢ particle/cm>. The interest in this sample is
mainly due to the extremely reduced toxicity it presents when in vivo tests
are performed (Lacava et al., 1999). In order to carry out the resonance
experiments 100 ul of the DC-MF sample was given as an intravenous
bolus dose to female Swiss mice (average of 30 g in weight). The DC-MF
sample was administered to 36 animals and ~10 ul of blood was collected
from a set of three animals every 5 min after administration of the DC-MF
sample, up to 60 min. The resonance data (area under the absorption curve
and resonance field) were averaged out at each time point using three
animals. Three extra animals were not treated with the DC-MF sample and
were used as control; 10-ul blood samples from the control were used in
the experiment, before (pure) and after mixing with the DC-MF sample.
The DC-MF samples were administered through the animal’s tail vein.
Likewise, all the blood samples (total blood) were collected by tail-
bleeding the animals. The blood samples collected from the animals were
transferred to heparinized sample holders. Different amounts of the
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DC-MF sample were mixed with the blood samples in order to obtain the
calibration curve, i.e., the area under the resonance absorption curve versus
the nanoparticle concentration, in the range of 5 X 10'? to 5 X 10"
particle/cm®. Room-temperature magnetic resonance spectra were obtained
from the blood samples using Bruker ESP-300 equipment tuned to
~9.4105 GHz. Indeed, three different samples were investigated in this
study: the blood samples collected from the animals (MFB) some time after
(5-60 min) intravenous administration of the magnetite-based DC-MF
sample, the DC-MF samples mixed with blood from the control (MFM),
and the pure blood samples collected from the control (PBC).

RESULTS AND DISCUSSION

Fig. 1 shows typical room-temperature resonance spectra
(first derivative of the absorption curves) of the MFB sam-
ples as a function of time (5, 30, and 60 min). The MFM
samples presented similar magnetic resonance spectra (not
shown). The PBC samples showed no typical resonance
signal, even when the equipment sensitivity was set two
orders of magnitude higher than the highest sensitivity (60
min spectrum) used to obtain the spectra shown in Fig. 1.
Note in Fig. 1 that the signal-to-noise ratio decreases as the
resonance field shifts to higher values (see vertical bars),
i.e., as the blood collecting time increases from 5 to 60 min.
After 60 min the concentration of the nanomagnetite parti-
cles in the blood circulation has been reduced by about three
orders of magnitude.
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FIGURE 1 Typical magnetic resonance spectra taken from the blood

samples collected from the animals after injection of the magnetic fluid
bolus dose (MFB samples). The curves represent the first derivative of the
X-band absorption spectra. The vertical bar represents the resonance field
position associated to the spectrum.
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Open circles in Fig. 2 represent the time-decay (disposi-
tion) of the nanomagnetite particle concentration in the
MFB samples. Determination of the nanoparticle concen-
tration in the MFB samples is obtained from the area under
the magnetic resonance absorption curve. Calibration in-
volving the area under the magnetic resonance absorption
curve versus nanomagnetite concentration was previously
performed using the MFM samples, as shown in the inset of
Fig. 2. Dilution of the original DC-MF sample (4.9 X 10'°
particle/cm®) in water was also realized (resonance data not
shown) in order to obtain DC-MF samples in the same
particle concentration range as the calibration curve (Fig. 2,
inset). When compared to the MFM samples the resonance
linewidth of the water-diluted samples present deviation of
<1%, indicating similar chemical stability of the dextran-
coated nanomagnetite particles after dilution in both media
(blood and water). The experimental data (filled circles) in
the calibration curve (Fig. 2, insef) were fitted by the solid
straight line with a slope of (2.4 = 0.1) X 10'° particle/cm’.
In the calibration data (Fig. 2, filled circles) the vertical
error bar matches the symbol size while the horizontal error
bar is ~60% of the symbol size. It is clear from the semi-log
plot (Fig. 2) that the kinetic of the nanomagnetite disposi-
tion is first-order and well-described by the one-compart-
ment model (Nony et al., 1998). Then, the nanomagnetite
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FIGURE 2 Nanomagnetite concentration-time curve following intrave-
nous administration of the magnetic fluid bolus dose. The solid line
represents a one-exponential (one-compartment) model to data. The inset
shows the calibration curve obtained from the area under the magnetic
resonance absorption spectra.
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particle concentration, C(¢), in blood at time ¢, is written as:
C(1) = Cy exp(—kt) (1)

where C, and k are the nanomagnetite concentration at ¢ =
0 and the constant of transfer of nanomagnetite out from the
blood circulation, respectively. The solid line in Fig. 2 is the
best fit of the data (open circles) using Eq. 1, with C, =
(3.5 = 0.4) X 10" particle/cm® and k& = (0.10 * 0.01)
min~'. Note that k = (0.10 + 0.01) min~ ' defines the slope
of the straight line in the semi-log plot of Fig. 2. The vertical
error bar associated with the lowest concentration time point
matches the symbol size (open circles in Fig. 2), while the
vertical error bar associated with the highest concentration
time point is ~20% of the symbol size. The horizontal error
bar in Fig. 2 (open circles) is about half the symbol size.
The half-life associated to the nanomagnetite disposition is
given by ¢,, = 0.693/k = (6.9 = 0.7) min. Furthermore, the
Co = (3.5 = 0.4) X 10" particle/cm’ value obtained from
the fitting (see Fig. 2) is in very good agreement with the
expected value of 3.1 X 10" particle/cm?, calculated from
the dilution of the bolus dose (100 wl at 4.9 X 10'° particle/
cm’) in the mouse average blood volume (1.5 ml).

Open circles in Fig. 3 represent the resonance field (Hy)
versus the inverse of the nanoparticle concentration (1/C).
The vertical error bar matches the symbol size (open cir-
cles), while the horizontal error bar is only ~5% of the
symbol size. The description of the resonance field depen-
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FIGURE 3 Resonance field as a function of the inverse of particle
concentration. Open circles are the experimental data. The solid line
represents the best fit using the nonlinear model (Eq. 2), while the dashed
line represents the fitting above 10™'* cm?, using the linear model.
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dence upon the nanomagnetic particle concentration, C,
starts with the basic resonance equation, i.c., Hgpp = wg/y,
where Hypp is the effective field at the resonance center, wy
is the microwave frequency, and vy is the gyromagnetic
ratio. At low particle concentration the effective field is
mainly a combination of the external field (Hy), the ex-
change field (Hy), the anisotropy field (H), and the de-
magnetizing field (Hp), i.e., Hgpp = Hp + Hx + Hg + Hp
(Bakuzis et al., 1999). Only the demagnetizing field de-
pends upon the nanoparticle concentration. At the resonance
condition, the external field matches the resonance field
(Hp = Hy) and the basic resonance equation is rewritten as
Hy = Hy — Hp, with Hy, = wp/y — Hx — Hg. The
demagnetizing field of an assembly of isolated spherical
nanoparticles in a magnetically inert matrix, however, is
given by Hy = (4m/3)[(1/p) — 1]M, where M is the mag-
netization associated to the nanomagnetic particle and p is
the volumetric packing fraction of the nanomagnetic mate-
rial in the matrix (Kneller, 1969). The relationship between
p and C is p = wD?C/6, where D is the nanoparticle
diameter. Therefore, at the low-concentration end the rela-
tionship between the resonance field (Hy) and the nanopar-
ticle concentration (C) would be written as Hy = h + k,/C,
where 4, and k, are fitting parameters. The data in Fig. 3
(open circles), however, show a linear relationship between
Hy and 1/C only at nanoparticle concentration below ~ 10"
ecm . Above 10'* cm ™ particle-particle (dipole) interac-
tion plays a key role in the Hy versus 1/C curve, and thus
needs to be taken into account.

Inclusion of the particle-particle interaction in the de-
scription of the Hy versus 1/C curve assumes the following
relationship between the resonance field shift (6Hg) and the
resonance linewidth (AHy): 8Hy ~ AHy* (Nagata and Ishi-
hara, 1992). Description of the resonance linewidth as a
function of the nanoparticle concentration has been success-
fully achieved by AH, ~ C tanh(KC?), where K depends
upon both the temperature and the magnetic moment of the
particle (Morais et al., 1996). Therefore, the description of
the Hy versus 1/C data, including both the demagnetizing
field and the particle-particle interaction, reads:

HR = HO + K]/C - K2C2 tanhz(K3C2) (2)

where H, and K; (j = 1, 2, 3) are fitting parameters. The
solid line in Fig. 3 represents the best fit of the data
according to Eq. 2. The dashed line in Fig. 3 represents the
best fit of the experimental data, for nanoparticle concen-
tration below 10'* cm™>, using only the two first terms on
the right-hand side of Eq. 2. Though particle-particle inter-
action is extremely important in determining the particle
concentration dependence of the resonance field, it does not
have any influence upon the concentration dependence of
the area under the resonance absorption curve. This is a very
important point, as far as the use of the magnetic resonance
to monitor the nanoparticle concentration in biological sys-
tems is concerned.

Biophysical Journal 80(5) 2483-2486
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CONCLUSIONS

In summary, magnetic resonance has been proposed as a
spectroscopic technique in the study of the kinetic disposi-
tion of nanomagnetite-based dextran-coated magnetic fluid
intravenously administered in mice. The resonance data
show a nanoparticle concentration decay of about three
orders of magnitude one hour after intravenous injection of
a bolus dose. The data show a first-order kinetic well-
described by the one-compartment model, with a half-life of
(6.9 £ 0.7) min. The resonance field dependence of the
nanoparticle concentration shows a strong nonlinear behav-
ior as the particle concentration goes above 10'* cm 2.
Such nonlinear behavior was explained in terms of the
dipolar interaction between nanomagnetite particles. De-
spite the complexity of the particle-particle interaction and
in contrast to its influence upon the magnetic resonance
field, the intensity of the resonance signal (area under the
absorption curve) was successfully used to probe the time-
decay of the nanoparticle concentration in blood circulation,
in a wide range of particle concentration.

This work was partially supported by the Brazilian agencies FAP-DF and
FINATEC, and by the International Brazilian/French (CNPg/INSERM)
cooperation agreement.
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