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bstract

Room-temperature measurements of the imaginary component of the susceptibility of magnetic nanoparticles in biocompatible magnetic fluids
ave been carried out in this study. We investigated the susceptibility peak position of surface-coated magnetic nanoparticles as a function of the

article concentration in the range of 1014 to 1016 particle/cm3. Magnetite nanoparticles were surface-coated with dextran and dimercaptosuccinic
cid before peptization as biocompatible magnetic fluids. Analyses of the imaginary susceptibility curves, in the limit of zero external fields, include
oth the particle size polydispersity profile and particle–particle interaction.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years the design and synthesis of biocompati-
le magnetic fluids has attracted intense interest, with special
mphasis on their applications in biomedicine [1,2]. This study
eports on magnetic investigation of dextran and dimercapto-
uccinic acid (DMSA)-coated magnetite-based biocompatible
agnetic fluids using initial dynamical susceptibility (DS) mea-

urements. Here, special emphasis is devoted to the concentra-
ion dependence of the susceptibility peak frequency (imaginary
omponent), in the limit of zero external fields. The susceptibil-
ty peak frequency behaviour is a key aspect for magnetohyper-
hermia with application in cancer therapy [3].

. Experimental results and discussion

The biocompatible magnetic fluid (BMF) samples were prepared according
o the standard procedure described in Ref. [4]. The samples were diluted to
roduce five particle concentrations in the range of 1014 to 1016 particle/cm3.
he transmission electron (TEM) micrographs of the surface-coated magnetite
anoparticles samples were recorded using a JEOL-1010 system. The parti-

le size histograms obtained from the TEM data were curve-fitted using the
ognormal distribution function. The average particle diameter (diameter dis-
ersion) obtained from the TEM data were 3.1 nm (0.26) and 5.6 nm (0.22) for
he dextran-coated and DMSA-coated magnetite nanoparticles, respectively.
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agnetic measurements

The room-temperature DS measurements (real and imaginary components),
n the limit of zero external fields (initial susceptibility), were carried out using
home-made Robinson oscillator operating in the MHz region (14–38 MHz).
uch experimental setup has been successfully used to investigate magnetic
anoparticles dispersed in polymeric-based composites [5,6]. The description
f the imaginary component (χ′′) of the zero-field DS curve is based on the
odel discussed by El-Hilo et al. [7]. The model allows one to include the

article–particle interaction via the effect of the particle concentration upon
he imaginary susceptibility component. Shortly, the initial susceptibility curve
escription is provided by

′′ = A

∫ Vb

0

g(ω, T )Vf (V ) dV + B

∫ ∞

Vb

g(ω, T )f (V ) dV

+C

∫ ∞

0

g(ω, T )V 3f (V ) dV, (1)

ith g(ω, T) = ωτ0 exp(βKV)/[1 + ωτ0 exp(βKV)]. A, B and C are parameters
btained from the fitting of the frequency-dependence of the zero-field DS
urves. The first two integral in Eq. (1) account for non-interacting nanopar-
icles as follows. The first integral describes the contribution due to the super-
aramagnetic particles whereas the second integral accounts for the blocked
anoparticles. The third integral on the right-hand side of Eq. (1) represents
he contribution to the initial susceptibility due to the dipolar interactions.
he particle volume polydispersity profile of the samples is accounted for by

he lognormal distribution function f(V), whereas g(ω, T) describes the Debye
pproximation with β = 1/kT.
The relaxation of the nanoparticle magnetic moment for uniaxial anisotropy
s given by [5,8]:

= f0 exp
(−�E

kT

)
, (2)
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Fig. 1. Zero-field imaginary components of the dynamical susceptibility.
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Fig. 3. Peak frequency vs. nanoparticle concentration. Symbols represent the
best fitted values of the peak positions (P1–P3) for the DMSA-coated (�) and
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urves labelled (a), (b), (c), (d), and (e) correspond to the dextran-coated
F samples containing 4.8 × 1016, 2.4 × 1016, 9.6 × 1015, 4.8 × 1015, and

.8 × 1014 particle/cm3, respectively.

here �E = KV + αμ2c is the height of the energy barrier. The first term in
E describes the effective anisotropy energy, whereas the second term in �E

escribes the dipolar interaction energy. The dipolar coupling constant, particle
agnetic moment, and particle concentration are described by α, μ = MSV, and

, respectively.
Figs. 1 and 2 show the imaginary components (zero-field data) of the suscep-

ibility (DS) of dextran- and DMSA-coated magnetite nanoparticles dispersed
s MF samples, respectively. The nanoparticle concentration for both samples
as varied in the range of 1014 to 1016 particle/cm3. Note from Figs. 1 and 2 the
resence of three well-defined DS peaks around 22, 31, and 35 MHz named P1,
2, and P3, respectively. In addition, note that all the DS peaks show a tendency

o shift to higher frequencies upon dilution (top to bottom) of the MF sample.
Symbols in Fig. 3 represent the DS peak positions P1–P3 as a function of the

anoparticle concentration, respectively. Using Eq. (1) the peak positions were
btained by fitting the three structures observed in the imaginary components
f the DS susceptibility curves shown in Figs. 1 and 2.

Solid lines in Fig. 3 represent the best fit of the data according to Eq. (2).
ote from Fig. 3 that the data related to the dextran-coated (�) nanoparticles are

lways running below the data related to the DMSA-coated (�) nanoparticles.
ccording to Eq. (2) this finding indicates a difference in the effective anisotropy
nergy (KV) between the two samples. As the average particle diameter of mag-
etite surface-coated with dextran (3.1 nm) is smaller than the average particle
iameter of the DMSA-coated magnetite (5.6 nm) the effective anisotropy con-
tants of the two samples are quite different. From the fitting of our data we found

ig. 2. Zero-field imaginary components of the dynamical susceptibility.
urves labelled (a), (b), (c), (d), and (e) correspond to the DMSA-coated
F samples containing 4.9 × 1016, 2.4 × 1016, 9.6 × 1015, 4.9 × 1015, and

.9 × 1014 particle/cm3, respectively.
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extran-coated (�) samples. Solid (DMSA-coated) and dashed (dextran-coated)
ines represent the best fitting of the data using Eq. (2). Note the vertical loga-
ithmic scale.

he values of 4.6 × 105 and 7.8 × 104 J/m3 for the effective anisotropy constant
f the dextran-coated and DMSA-coated magnetite nanoparticles. Such differ-
nce in the effective anisotropy values could be due to both the difference in the
urface-coating species and different contributions due to surface anisotropy.
he anisotropy constant of bulk magnetite is about 1.9 × 104 J/m3 [9].

Besides dynamic susceptibility, magnetic resonance has been extensively
sed as an important tool in the investigation of different aspects related to
agnetic fluids [10]. Magnetic resonance allows investigation of the effective

nisotropy (K) of magnetic nanosized particles in terms of bulk (Kb) and surface
Ks) components, i.e. K = Kb + Ks [11]. The anisotropy surface component scales
ith the nanoparticle diameter (D) according to Ks = (6/D)ks, where ks is an

nisotropy surface coefficient [12] which is not only temperature dependent,
ut also dependent upon the particle structure and surface-coating. The ratio of
he values we found for the surface anisotropy component (Ks = K − Kb) scales
ith the particle size as (Kdextran

s /KDMSA
s ) = (DDMSA/Ddextran)

α
, with α ≈ 3.3.

uperlinear values of α (α > 1) indicate the influence of the nanoparticle surface
oating upon the surface anisotropy.

. Conclusion

In summary, dynamic susceptibility measurements were used
o investigate magnetite-based biocompatible magnetic fluid
amples. Two distinct surface-coating molecular species were
sed to produce the magnetic fluid samples, namely dextran
nd dimercaptosuccinic acid. Three well-resolved peaks were
dentified in the imaginary susceptibility curves. The peak posi-
ions were investigated as a function of the particle concentration
n the range of 1014 to 1016 particle/cm3. The susceptibility
maginary component analyses took into account the super-
aramagnetic particles, the blocked particles, particle–particle
nteractions, and the particle size polydispersity profile. Our
nvestigation shows a huge difference between the effective
nisotropy constants of the two samples. We found values
f 4.6 × 105 and 7.8 × 104 J/m3 for the effective anisotropy
onstant of the dextran-coated and DMSA-coated magnetite
anoparticles, respectively. These values are different from one

nother and from the bulk value (1.9 × 104 J/m3). Such differ-
nce in the effective anisotropy values could be due to both the
ifference in the surface-coating species and different contribu-
ions due to surface anisotropy.
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