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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 investigaranomagnetic-based structures makes magnetic resonance a
tion of nanomagnetic particles immersed in nonmagnetigpowerful tool in the investigation of nanomagnets intro-
matrices (Dormann et al., 1977; Komatsu et al., 1979duced in living beings (Da Silva et al., 1997). In the present
Morais et al., 1987). In recent years, the technique has beestudy a biocompatible MF sample based on dextran-coated
successfully used in the study of ionic (Tronconi et al.,nanomagnetite is given as an intravenous bolus dose to
1993) and surfacted (Sastry et al., 1995) magnetic fluidsnice, while magnetic resonance is used to investigate the
(MFs). Effects of particle concentration (Tronconi et al., disposition of the nanomagnetic-based material out of blood
1993), ionic strength (Morais et al., 1995), and temperatureirculation. The methodology for the kinetic data analysis,
(Morais et al., 1996) have been investigated using the nandased on the magnetic resonance signal, is proposed in this
magnet as the resonant probe. Important information constudy as well. Finally, it is shown that the time evolution
cerning the surface charge-discharge process (Morais et a(nanoparticle concentration decay) of the magnetic reso-
1995), particle-particle interaction (Bakuzis et al., 1996),nance field is in very good agreement with the kinetic
magnetic anisotropy (Saenger et al., 1998), and Browniaanalysis.

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 excdlATERIALS AND METHODS

lent teghnlque t? investigate the relatlve. Cont”b_unon ‘?f bOthThe dextran-coated magnetic fluid (DC-MF) sample used to carry out the
the anisotropy field and the exchange field of field-orientedexperiments was obtained by chemical co-precipitation of Fe(ll) and
nanomagnetic particles suspended in frozen nonmagnetie(ill) ions in alkaline medium to produce 9.4 nm average-diameter
matrices (Bakuzis et al., 1999). magnetite particles, following surface coating with a single layer of dex-

Despite the complexity of living beings, magnetic reso-fran. After surface coating the nanomagnetite particles with dextran, the

nance has been r ntl d to investigate biomineraliz DE-MF sample was diluted in water and stabilized at neutral pH, in a
ance has been recently used (o Investigate biomineraliz&Q, coniration of-4.9 x 101° particle/cni. The interest in this sample is

nanomagnetite particles ir‘ the migratory &sachycondyla _ mainly due to the extremely reduced toxicity it presents when in vivo tests
marginataabdomens (Wajnberg et al., 2000). The capabil-are performed (Lacava et al., 1999). In order to carry out the resonance

ity of the technique to sense as few as 100 pmol of nanoexperiments 10Qul of the DC-MF sample was given as an intravenous

magnetic materials and to probe the size and the shape B?Ius dose to fen_wa_le Swiss mice (_average of 30 g in weight). The DC-MF
sample was administered to 36 animals aritD 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
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were used as control; 10+ blood samples from the control were used in
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DC-MF sample were mixed with the blood samples in order to obtain the  Open circles in Fig. 2 represent the time-decay (disposi-
calibration curve, i.e., the area under the resonance absorption curve versH6n) of the nanomagnetite particle concentration in the
th ticl tration, in th 510" to 5 x 10'° o .
e nanoparticle concentration, in the range ok510°% 10 5 X 10% kg camples. Determination of the nanoparticle concen-
particle/cni. Room-temperature magnetic resonance spectra were obtained =~ > ) )
from the blood samples using Bruker ESP-300 equipment tuned tdrationin thQ MFB samples is Obta_med from the grea_und_er
~9.4105 GHz. Indeed, three different samples were investigated in thighe magnetic resonance absorption curve. Calibration in-
study: the blood samples collected from the animals (MFB) some time afteyolving the area under the magnetic resonance absorption
(5-60 min) intravenous admlnl_stratlon of the magnetite-based DC-MFCUI,Ve versus nanomagnetite concentration was previously
sample, the DC-MF samples mixed with blood from the control (MFM), £ d usi h | h in the i i
and the pure blood samples collected from the control (PBC). pgr ormg qsmg the MF.M_ samples, as shown in the 'nget 0
Fig. 2. Dilution of the original DC-MF sample (4.8 10"
particle/cn?) in water was also realized (resonance data not
RESULTS AND DISCUSSION shown) in order to obtain DC-MF samples in the same

F|g 1 shows typ|ca| room_temperature resonance Specnﬁartide concentration range as the calibration curve (Flg 2,
(first derivative of the absorption curves) of the MFB sam-inse). When compared to the MFM samples the resonance
ples as a function of time (5, 30, and 60 min). The MFM linewidth of the water-diluted samples present deviation of
samples presented similar magnetic resonance spectra (mefL%, indicating similar chemical stability of the dextran-
shown). The PBC samples showed no typical resonanceoated nanomagnetite particles after dilution in both media
signal, even when the equipment sensitivity was set twdblood and water). The experimental dafifled circles) in
orders of magnitude higher than the highest sensitivity (6@he calibration curve (Fig. 2nse) were fitted by the solid
min spectrum) used to obtain the spectra shown in Fig. 1straight line with a slope of (2.4 0.1) x 10 particle/cnf.
Note in Fig. 1 that the signal-to-noise ratio decreases as thi@ the calibration data (Fig. Zjlled circles) the vertical
resonance field shifts to higher values (see vertical barsgrror bar matches the symbol size while the horizontal error
i.e., as the blood collecting time increases from 5 to 60 minbar is~60% of the symbol size. Itis clear from the semi-log
After 60 min the concentration of the nanomagnetite parti-plot (Fig. 2) that the kinetic of the nanomagnetite disposi-
cles in the blood circulation has been reduced by about thregon is first-order and well-described by the one-compart-

orders of magnitude. ment model (Nony et al., 1998). Then, the nanomagnetite
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FIGURE 1 Typical magnetic resonance spectra taken from the blood~IGURE 2 Nanomagnetite concentration-time curve following intrave-
samples collected from the animals after injection of the magnetic fluidnous administration of the magnetic fluid bolus dose. The solid line
bolus dose (MFB samples). The curves represent the first derivative of theepresents a one-exponential (one-compartment) model to data. The inset
X-band absorption spectra. The vertical bar represents the resonance fiesthows the calibration curve obtained from the area under the magnetic
position associated to the spectrum. resonance absorption spectra.
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particle concentratiorC(t), in blood at timet, is written as:  dence upon the nanomagnetic particle concentrati®n,
starts with the basic resonance equation, Hegr = wg/y,
CH) = Coexp(—k) @) whereHg.is the effective field at the resonance centag,

whereC, andk are the nanomagnetite concentration at IS the microwave frequency, ang is the gyromagnetic
0 and the constant of transfer of nanomagnetite out from th&atio. At low particle concentration the effective field is
blood circulation, respectively. The solid line in Fig. 2 is the mainly a combination of the external fieldHg), the ex-
best fit of the datadpen circle} using Eq. 1, withC, =  change field Ki), the anisotropy field H), and the de-
(3.5 = 0.4) X 10 particle/cn? andk = (0.10 = 0.01)  magnetizing field Kp), i.e.,Hgee = He + Hy + He + Hp
min~ . Note thatk = (0.10+ 0.01) min * defines the slope (Bakuzis et al., 1999). Only the demagnetizing field de-
of the straight line in the semi-log plot of Fig. 2. The vertical Pends upon the nanoparticle concentration. At the resonance
error bar associated with the lowest concentration time poingondition, the external field matches the resonance field
matches the symbol sizefen circlesin Fig. 2), while the ~ (Hg = Hg) and the basic resonance equation is rewritten as
vertical error bar associated with the highest concentratioflr = Ho — Hp, with Hy = wg/y — Hx — H. The
time point is~20% of the symbol size. The horizontal error demagnetizing field of an assembly of isolated spherical
bar in Fig. 2 pen circle} is about half the symbol size. hanoparticles in a magnetically inert matrix, however, is
The half-life associated to the nanomagnetite disposition igiven byHp = (47/3)[(1/p) — 1]M, whereM is the mag-
given byt,,, = 0.693k = (6.9 = 0.7) min. Furthermore, the netization associated to the nanomagnetic particlepaisd
C, = (3.5 * 0.4) X 10'° particle/cn? value obtained from the volumetric packing fraction of the nanomagnetic mate-
the fitting (see Fig. 2) is in very good agreement with therial in the matrix (Kneller, 1969). The relationship between
expected value of 3.X 10'S particle/cn?, calculated from P and C is p = «D°C/6, whereD is the nanoparticle
the dilution of the bolus dose (104 at 4.9 x 10 particle/ ~ diameter. Therefore, at the low-concentration end the rela-
cm?) in the mouse average blood volume (1.5 ml). tionship between the resonance fieldkj and the nanopar-
Open circles in Fig. 3 represent the resonance fiellg) (  ticle concentration@) would be written asig = hy + ky/C,
versus the inverse of the nanoparticle concentratiof)(1/ Whereh, andk; are fitting parameters. The data in Fig. 3
The vertical error bar matches the symbol sispgn cir-  (open circley, however, show a linear relationship between
cles, while the horizontal error bar is only-5% of the Hgand 1C only at nanoparticle concentration belowl0**

symbol size. The description of the resonance field depercm ™ >. Above 16 cm™~* particle-particle (dipole) interac-
tion plays a key role in thél, versus 1C curve, and thus

needs to be taken into account.

Inclusion of the particle-particle interaction in the de-
scription of theHy versus 1€ curve assumes the following
relationship between the resonance field stifi£) and the

324 MFB samples © resonance linewidthAHg): 8Hg ~ AHR? (Nagata and Ishi-
hara, 1992). Description of the resonance linewidth as a
function of the nanoparticle concentration has been success-

320 fully achieved byAH; ~ C tanhC?), whereK depends

upon both the temperature and the magnetic moment of the
particle (Morais et al., 1996). Therefore, the description of
the Hy versus 1C data, including both the demagnetizing
field and the particle-particle interaction, reads:

H, (kgauss)
o

HR = HO + Kl/C - K2C2 tanl"?(K:gCZ) (2)
3121 © zzﬁef:?;r:tﬁt Whgre HO and Kj (G = 1, 2, 3) are fitting pargmeters. The
- - = -linear fit solid line in Fig. 3 represents the best fit of the data
according to Eq. 2. The dashed line in Fig. 3 represents the
308 best fit of the experimental data, for nanoparticle concen-
. - 3

tration below 16* cm™3, using only the two first terms on
. L the right-hand side of Eqg. 2. Though particle-particle inter-
50 100 150 200 250 action is extremely important in determining the particle
15 3 concentration dependence of the resonance field, it does not
(1/C) (10"~ cm’) have any influence upon the concentration dependence of
the area under the resonance absorption curve. This is a very

FIGURE 3 Resonance field as a function of the inverse of particle.m rtant point far th f the maanetic r nan
concentration. Open circles are the experimental data. The solid Iiné portant point, as far as the use of the magnetic resonance

represents the best fit using the nonlinear model (Eq. 2), while the dashel® Monitor the nanoparticle concentration in biological sys-
line represents the fitting above 18 cm®, using the linear model. tems is concerned.

o bk
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CONCLUSIONS Clinical Applications of Magnetic Carriers. U. Hafeli, W. Schutt, J.
Teller, and M. Zborowski, editors. Plenum Press, New York 171-176.

In summary, magnetic resonance has been proposed asdarmann, J. L., P. Gibart, G. Suran, and C. Sella. 1977. Magnetic prop-
spectroscopic technique in the study of the kinetic disposi- erties of granular Fe-SiOPhysi@ B & C. 86:1431-1433.

; AL _ ; :Kneller, E. 1969. Fine particle theorin Magnetism and Metallurgy, Vol.
tion of nanomagnetite-based dextran-coated magnetic ﬂUIE 1. A. E. Berkowitz and E. Kneller, editors. Academic Press, New York.

intravenously administered in mice. The resonance data 3e5-471.
show a nanoparticle concentration decay of about thre&omatsu, T., N. Soga, and M. Kunugi. 1979. ESR study of Nze
orders of magnitude one hour after intravenous injection of Precipitation process from silicate-glassek. Appl. Phys.50:

. . . 6469-6474.
a bolus dose. The data show a first-order kinetic well- acava, L. M., L. P. Silva, S. B. Chaves, G. S. Correia, Z. G. M. Lacava,

described by the one-compartment model, with a half-life of ang R. B. Azevedo. 1999. Morphological effects of a dextran-magnetic-
(6.9 = 0.7) min. The resonance field dependence of the fluid in the liver. Acta Microscopica Suppl. (B:745-746.
nanoparticle concentration shows a strong nonlinear behaWorais, P. C., M. C. F. L. Lara, and K. Skeff Neto. 1987. Electron spin

. . - 4 _3 resonance in superparamagnetic particles dispersed in a non-magnetic
ior as the particle concentration goes aboveé*1€m >, matrix. Phil. Mag. Lett.55:181-183,

Such nonlinear behavior was explained in terms of theyerais p. c. M. C. F. L. Lara, A. L. Tronconi, F. A. Tourinho, A. R.
dipolar interaction between nanomagnetite particles. De- Pereira, and F. Pelegrini. 1996. Magnetic particle-particle interaction in
spite the complexity of the particle-particle interaction and frozen magnetic fluidsJ. Appl. Phys79:7931-7935.

: e : orais, P. C., F. A. Tourinho, G. R. R. Ggalges, and A. L. Tronconi.
in contrast to its influence upon the magnetic resonancé" 1995. lonic strength effect on magnetic fluids: a resonance study.

field, the intensity of the resonance signal (area under the j. Magn. Magn. Mater149:19-21.
absorption curve) was successfully used to probe the timeMorais, P. C., A. L. Tronconi, F. A. Tourinho, and F. Pelegrini. 1997.
decay of the nanoparticle concentration in blood circulation Investigation of the Brownian relaxation and hydrodynamic radius in

in a wide ran f rticl ncentration magnetic nanopatrticle§olid State Commuri01:693—-697.
a € range of particie concentration. Nagata, K., and A. Ishihara. 1992. ESR of ultrafine magnetic particles.

J. Magn. Magn. Mater104:1571-1573.
. ) . . Nony, P., M. Cucherat, and J.-P. Boissel. 1998. Revisiting the effect
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