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bstract

Ultrasmall superparamagnetic iron oxide (USPIO) particles are efficient contrast agents used in vivo to enhance relaxation differences between
ealthy and pathological tissues. Detailed understanding of their physicochemical properties in suspension is necessary to guarantee the quality and
afety of biological USPIO particles application. The ferrofluids stability against aggregation and gravitational settling affects their biodistribution
nd consequently the resulting contrast. In this study, the stability of iron oxide particles was investigated by dynamic light scattering (DLS) at

ifferent NaCl concentrations in order to monitor the evolution of the hydrodynamic radius of the particles with time. The results were interpreted
sing the classical DLVO theory of colloidal stability. The electrophoretic mobility and the models generally used to convert it to zeta potential
ere discussed and related to the stability results.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Magnetic nanoparticles suspensions (ferrofluids) are becom-
ng increasingly important for biomedical applications (Halbreic
t al., 1998). We focused on the physicochemical aspects of ultra-
mall superparamagnetic iron oxide (USPIO) particles intended
or magnetic resonance imaging (MRI) purposes (LaConte et al.,
005). These small particles (�-Fe2O3), that exhibit superpara-
agnetism and high saturation magnetization values (Chatterjee

t al., 2003), are used as contrast agents to enhance relaxation dif-
erences between healthy and pathological tissues. Intravenous
dministration of the USPIO is the most convenient way to target
rgans and tissues, since all vital cells receive supplies by means
f the blood circulation. However, in order to make the parti-
les delivery efficient and to improve their vascular permanence,

he particle surface needs to be modified to minimize or delay
he nanoparticles uptake by the mononuclear phagocyte sys-
em (MPS or reticuloendothelial system) (Moghimi et al., 2001;
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es; Size

ornet et al., 2004). Nanoparticles showing the longest plasma
alf-life generally have a small size, neutral and hydrophilic sur-
ace. Therefore, the particle surface properties, which control
he stability of the ferrofluids against aggregation phenomena,
ave an important role in the transport and biodistribution result-
ng efficient contrast agents (Pouliquen et al., 1992; Guptaa and
upta, 2005; Tartaj et al., 2005).
In order to prevent particles aggregation due to attractive

an der Waals or magnetic dipole–dipole interactions a repul-
ive force between particles may be created by means of steric
r electrostatic repulsion. An interesting approach to the deter-
ination of electrostatic and steric stabilization mechanism of

he colloidal particles is based on following their aggregation
inetics by varying the salt concentration.

The major difficulties encountered in the physicochemical
tudy of USPIO particles are due to their small dimensions.
ccording to our knowledge a similar study, applied to particles

n the 100 nm range, was not previously described with so tiny

articles (hydrodynamic radius RH around 12 nm). Our purpose
as hence to suggest an experimental procedure that could
elp determine the contribution of different coatings to the sta-
ilization of ultra small iron oxide nanoparticles. The stability

mailto:mariagraziad@gmail.com
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f iron oxide particles in the presence of NaCl was studied
y dynamic light scattering, following the particle radius with
ime. The results were interpreted using the classical DLVO
heory (Derjaguin and Landau, 1941; Vervey and Overbeek,
948) of colloidal stability, extended to take in account
ydration effects. Electrophoretic mobility was determined and
he models generally used to convert it to zeta potential were
iscussed.

. Materials and methods

.1. Nanoparticles characterization

Superparamagnetic iron oxide nanoparticles (maghemite)
ere synthesized via aqueous precipitation of magnetite, accord-

ng to a previously reported method (Port et al., 2004), and
ollowed by an oxidation to maghemite under acid conditions.
he ferrimagnetic fine particles were then coated with different

ypes of organic layers in order to prevent colloidal coagulation.
articles were purified by ultrafiltration. Colloids were consid-
red as ready to use and contaminant-free when the conductivity
f the supernatant liquid after ultrafiltration was close to that of
eionised water. Table 1 shows the kind of coatings investigated
n our experiments: five samples including the reference (parti-
les only electrically stabilized by carboxylates), two different
dsorption densities of a low molecular weight amino-alcohol
erivative of glucose (MW ca. 330) and two PEG chains vary-
ng by their length (MW ca. 750 and 2000). The iron core and
he coating content of the �-Fe2O3 nanoparticles in aqueous
uspension were determined, respectively, by Inductively Cou-
led Plasma Atomic Emission Spectrophotometry (ICP-AES)
sing a Varian Liberty 150 and elemental analysis of the organic
ompounds.

.2. Colloid aggregation kinetics

Colloidal particles randomly collide with each other at a
ate determined by their Brownian motion. The rate of parti-
le collision in a suspension is therefore diffusion limited and is
roportional to the suspension concentration and temperature.
he collision can result in the formation of an aggregate if the
articles remain in contact after the encounter. The stability ratio

of colloidal system is commonly expressed by (Holthoff et

l., 1996):

= kfast

k
(1)

able 1
xamined coatings and % of surface binding sites occupied

ind of coating % of surface occupied binding sites

eference –
mino-alcohol100 100
mino-alcohol86 86
EG750 60
EG2000 50

i

g
d

V

V

w
m
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here the rate constant kfast describes rapid aggregation (all
ollisions result in aggregation) and k is the rate constant for
low aggregation state (only a fraction of the collisions results
n aggregation). When W > 1 only a fraction of the collisions
eads to aggregates because of the presence of an energy barrier
enerated by the sum of the attractive and repulsive forces acting
etween the particles. Aggregation occurring when the energy
arrier is not sufficiently high to completely stabilize the sus-
ension is named ‘slow’. When W = l every collision produces
n aggregate (lack of the energy barrier) and the diffusion lim-
ted aggregation rate (fast) occurs. Our purpose is to determine
he stability W ratio of the different USPIO suspensions. In this
ork, the rate constant of coagulation W was measured by moni-

oring the increase in RH with time at different salt concentrations
sing dynamic light scattering (Schudel et al., 1997):

dRH

dt

)
t→0

∝ kn0 (2)

Actually the slope of the RH versus time curve for t → 0
t each salt concentration is proportional to the product of the
ggregation rate constant k and the colloid number concentration
0. When n0 is kept constant from one experiment to another, the
tability ratio W is proportional to kfast/k and can be simply given
y the ratio of the initial slopes of the RH versus time curves:

= (dRH/dt)t→0 fast

(dRH/dt)t→0
(3)

Thus, Eq. (3) was used for the experimental determination
f the stability ratio W of the iron oxide suspensions by simply
ividing the initial slopes (estimated with low-order polynomial
tting) of the RH versus time curves for the fast and the slow
egion of coagulation. The stability ratio W, previously intro-
uced as the ratio between rapid and slow aggregation rates,
epends on the total interaction energy (or energy barrier) VT(H)
nd their relation is defined by the following equation (Puertas
nd de las Nieves, 1999):

=
∫ ∞

0 β(H)/(H + 2a)2 exp(VT(H)/KBT ) dH∫ ∞
0 β(H)/(H + 2a)2 exp(VA(H)/KBT ) dH

(4)

here H is the distance between the particle surfaces, β(H) the
ydrodynamic correction factor (Overbeek, 1982), a the radius
f the spherical particles, VA(H) the potential energy of the van
er Waals interaction and VT(H) is the total potential energy of
nteraction.

The total interaction energy between the particles VT(H) is
iven by the sum of the van der Waals VA(H) and the electrostatic
ouble layer VE(H) interaction energy (DLVO theory):

T(H) = VA(H) + VE(H) (5)

The van der Waals interaction is given by:

A(H) = −A
[

2a2

+ 2a2

2 + ln
H(4a+H)

2

]

6 H(4a+H) (2a+H) (2a+H)

(6)

here A is the Hamaker constant of particles interacting in the
edium (water). The repulsive interaction between the electrical
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ouble layers of the particles, VE(H), is given by:

E(H) = 2aε0εrπ

(
4KBT

ze
γ

)2

e−κH (7)

ith

= ezeψd/2KBT − 1

ezeψd/2KBT + 1
(8)

here κ is the Debye parameter referred as the reciprocal of
he double-layer thickness which depends on the ionic strength
f the solution, ε0 the permittivity in vacuum, εr the relative
ermittivity. z the valence of the electrolyte, KB the Boltzmann
onstant, T the absolute temperature and ψd is the diffusion
otential that may be very close to the zeta potentials (ζ) (Ortega-
inuesa et al., 1996; Kobayashi et al., 2005). The determination
f A and ψd by fitting procedure also allows estimating the
nergy barrier of the colloidal system. Our purpose was then to
se this procedure to compare the barrier levels of the different
SPIO coatings. The procedure consisted in fitting the experi-
ental points of log W versus electrolyte concentration by Eq.

4), using the Hamaker constant (A) and the potential of diffu-
ion (ψd) as fitting parameters. The fitting procedure followed
he Levenberg–Marquardt method (general last square fitting).

.3. Particle size analysis

The particle size was measured in different conditions (vary-
ng salt concentration) by dynamic light scattering (DLS)
erformed on a Malvern 4700 system (Malvern Instruments,
K). NaCl was used as electrolytes for all the samples and CaCl2

or the NaCl stable samples. All measurements were performed
t 20 ◦C with the scattering angle fixed at 90◦. Colloid coagu-
ation was started by adding to the electrolyte solutions, in the
ight scattering cell, an appropriate amount of iron oxide sus-
ension (initial concentration varying between 0.2–0.4 mol/1 Fe
epending on the batches) to have the same n0 concentration in
ach experiment (Schudel et al., 1997). The resulting dispersion,
fter a quick shake, was then placed in the index matching vat.
ndividual autocorrelation functions were successively acquired
ver a period of 1–2 h. The lower limit of the temporal resolution
or a given sample is determined by the time necessary to obtain
n autocorrelation function with sufficient statistical accuracy.
onsidering that the initial particle size (RH) was uniformly dis-

ributed around 12 nm, the calculated values obtained along the
ime represented a mean hydrodynamic radius, RH, taken over

distribution of colloid monomers, dimers, and higher order
ggregates.

.4. Electrophoretic mobility and zeta potential

The determination of the electrophoretic mobility μwas car-
ied out as function of ionic strength with a Malvern Zetasizer
ano ZS90 (Malvern Instruments, UK) using the Universal Dip

ell, guarantying the absence of any chemical incompatibil-

ty with the iron oxide nanoparticles sample. The measures
ere performed by the Cumulant method (monomodal) apply-

ng a voltage of 4 V. The optimal frequency and voltage had

a
o
i
t
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o be previously determined to minimize particles denaturation.
he literature reports several electrophoretic mobility formulas
hich relate the electrophoretic mobility to the zeta potential of
particle (Kuo and Lin, 2006). The electrophoretic mobility μ
f a spherical colloidal particle of radius a, carrying low zeta
otential, ζ, and moving in an electrolyte solution, is given by
enry formula valid when the particle surface can be considered

ocally planar (without any surface structures):

= ε0εr

η
ζf (κa) (9)

ith

(κa) = {1 − eκa[5E7(κa) − 2E5(κa)]} (10)

here f(κa) is Henry’s function, En(κa) the nth order exponen-
ial integral, εr and η, respectively, the relative permittivity and
he viscosity of the electrolyte solution, ε0 the permittivity in
acuum and κ is the Debye–Hückel parameter.

Only when κa → ∞, f(κa) tends to unity so that Eq. (9)
ecomes the most widely employed Smoluchowski formula
hown below:

= ε0εr

η
ζ (11)

hile when κa → 0, f(κa) tends to 2/3 and Eq. (9) becomes
ückel formula.
Therefore, the users have to carefully select the appropri-

te model to convert the electrophoretic mobility values to zeta
otential. Moreover, most of the colloidal nanoparticles used
or pharmaceutical purpose are coated and cannot really be
onsidered as having a locally planar surface. In order to take
nto account this parameter, Ohshima proposed a soft particle

odel by combining the theory of rigid spherical colloids with
he theory of completely permeable polyelectrolytes or poly-

er (Ohshima, 1995). The Ohshima equation tends to Henry
obility formula in the absence of polymer layer. This theoreti-

al survey clearly emphasizes that zeta potential values strongly
epend on the equation chosen to convert the electrophoretic
obility to zeta potential. Our particles (very small, strongly

egative, and coated) are not really suitable for anyone of these
heories and misuse of them could lead to artifacts.

In the present work, the surface properties of iron oxide
anoparticles were directly compared using the electrophoretic
obility data, combining the values obtained in various ionic

trengths.

. Results and discussion

The particle mean radius was determined by dynamic light
cattering as function of ionic strength for all samples in
rder to estimate the particle colloidal stability. As shown in
ig. 1 for the reference sample and in Fig. 2 for one of the

mino-alcohol-coated nanoparticles (that at higher percentage
f surface binding sites occupied), the hydrodynamic radius RH
ncreases with time depending on salt concentration. In contrast,
he PEG-coated particles were stable over the whole range of salt
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Fig. 3. Colloidal stability curves for reference iron oxide nanoparticles
(triangles), amino-alcohol86 coated iron oxide nanoparticles (square) and
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ig. 1. Hydrodynamic radius of reference nanoparticles measured by dynamic
ight scattering plotted vs. time for various NaCl concentrations.

oncentration (up to 2 M). In fact, the PEG-coated particles were
table in any condition using water as a medium of suspension.

Increasing electrolyte concentrations the slope of the hydro-
ynamic radius versus time curve increases progressively up to
critical electrolyte concentration, namely critical concentra-

ion of coagulation (c.c.c.) as clearly appears in both figures
Romero-Cano et al., 2001). Concentrations higher than c.c.c.
uperimposed curves with the same slope; this is a clear indi-
ation of the fast coagulation state, where the coagulation rate
onstant is independent of the electrolyte concentration.

The stability ratio W, calculated for each coagulation exper-
ment, was obtained using Eq. (3). The estimation of the slopes
f the dRH/dt curves was possible with a sufficiently accurate
olution using a low-order polynomial fitting, even though there
as a strong effect of the temporal limit resolution in our sam-
les and curves. The results obtained with NaCl as electrolyte

or reference sample and amino-alcohol-coated nanoparticles at
wo different surface percentages are shown in Fig. 3.

Fig. 3 displays the typical trend with the plateau of the fast
ggregation state on the right side. In the slow aggregation

ig. 2. Hydrodynamic radius of amino-alcohol nanoparticles measured by
ynamic light scattering plotted vs. time for various NaCl concentrations.
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mino-alcohol100 coated iron oxide nanoparticles (circles). The dash-dot lines
re determined from general least squares fitting of the data using Eq. (4) in the
ext.

egion, log W decreases as the salt concentration (ce) increases
ntil the c.c.c. is reached. Adding salt to the dispersion initiates
ggregation by suppressing the double-layer repulsion between
articles. According to the DLVO, below the c.c.c., the thickness
f the electrical double-layer repulsion decreases with increasing
alt concentration. The double layer is entirely suppressed above
he c.c.c., and the aggregation rate constant is then independent
f the salt concentration (rapid aggregation).

Coatings like PEG are usually added to stabilize the colloidal
uspensions. If the thickness of the polymer is large enough, the
an der Waals attraction between the particles is negligible in
omparison to the Brownian thermal energy. This is the ori-
in of the term ‘steric’ stabilization (Vincent, 1974; Napper,
977) leading extra repulsive terms in the energy barrier VT(H).
ndeed, even when the double layer is entirely suppressed by
he salt concentration, the overlap of polymer layers reduces the
olume available to each single chain of polymer, and hence
ncreases dramatically the total energy barrier VT(H), produc-
ng a strong repulsive force between particles (Flory, 1953;
aghavan et al., 2000). Consequently, we found that PEG-coated
SPIO particles in water suspension were very stable (W ≈ ∞).

n contrast, the amino-alcohol coating was too small to give rise
o significant steric repulsion and it even led to the reduction
f the double-layer repulsion between particles. An approxi-
ated value of the critical coagulation concentration can be

btained from the relationship between the stability ratio W
nd the electrolyte concentration (Reerink et al., 1954). In the
ase of reference iron oxide nanoparticle the c.c.c. value was
70 ± 20 mM (Table 2), for the amino-alcohol-coated system
orse values were observed (160 and 120 mM).
The theoretical curves were drawn by fitting the experimental
ata with Eq. (4), using the Hamaker constant A and the diffu-
ion potential ψd as fitting parameters to estimate the steric and
lectrostatic contributions discussed just above. The A and ψd
alues obtained are shown in Table 2. The values found of the
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Table 2
Diffusion potential and Hamaker constant determined from fitting procedure of
log W experimental points vs. electrolyte concentration by the Eq. (4) in the text

Kind of coating ψd (mV) A (10−20 J) c.c.c. (mM)

Reference −70 ± 3 5.3 ± 0.5 270 ± 30
A
A

H
r
L
w
A
e
a

F
i
d
u

F
a
p
d

mino-alcohol86 −47 ± 2 5.1 ± 0.3 160 ± 20
mino-alcohol100 −40 ± 2 4.8 ± 0.3 120 ± 20

amaker constant have the same magnitude order than those
eported in the literature for ferrofluids (Menager et al., 1996;
alatonne et al., 2004). The diffusion potential values obtained
ere discussed and related to zeta potential ones below. The

and ψd values were directly used to draw the total potential

nergy of interaction curves (VT(H)) for amino-alcohol-coated
nd reference nanoparticles (Figs. 4–6). These figures show that

ig. 4. Calculated total interaction potential (VT(H) in KBT units) of reference
ron oxide nanoparticles, plotted vs. the distance between the particles (H) for
ifferent NaCl concentrations. The Hamaker constant (A) and diffusion potential
sed values were, respectively, of 5.3 × 10−20 J and −70 mV.

ig. 5. Calculated total interaction potential (VT(H) in KBT units) of amino-
lcohol86 coated iron oxide nanoparticles, plotted vs. the distance between the
articles (H) for different NaCl concentrations. The Hamaker constant (A) and
iffusion potential used values were, respectively, of 5.1 × 10−20 J and −47 mV.

Fig. 6. Calculated total interaction potential (VT(H) in KBT units) of amino-
alcohol100 coated iron oxide nanoparticles, plotted vs. the distance between the
p
d
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e
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a
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articles (H) for different NaCl concentrations. The Hamaker constant (A) and
iffusion potential used values were of 4.8 × 10−20 J and −40 mV.

he stability of the amino-alcohol particles is worse than the
tability of reference sample (stabilized only by electrostatic
epulsion) and still decreases when the coating percentage is
igher. It can be observed in each case that the increase in
lectrolyte concentration results in a decrease of the potential
aximum height. The latter, which prevents aggregation, finally

isappears when the electrolyte concentration is similar to the
xperimental c.c.c. in agreement with the theoretical prediction.
t also clearly appears that, for a given salt concentration, the
eak level decreases with the lowering of colloidal sample sta-
ility. Taking into account, as an example, the curves at 1 mM of
aCl (Figs. 4–6) the peak stands at 40, 22 and 17 (VT(H) in KBT
nits) for reference, amino-alcohol86 and amino-alcohol100,
espectively.

The diffusion potential ψd value was estimated also by zeta
otential ζ (Table 3) determination. Since zeta potential depends
n electrolyte concentration, the electrophoretic mobility (μ)
as measured versus NaCl concentration (Fig. 7). The elec-

rophoretic mobility at the NaCl concentration of 1 mM was
onverted to zeta potential (Table 3) using the Smoluchowski
nd Hückel formula. Table 3 shows the effect of the equation
hosen to the zeta potential values. The iron oxide particles used
n this study are very small and Hückel formula could be more
ppropriate than Smoluchowski formula (especially for the ref-
rence sample, electrically stabilized). Indeed the zeta potential
nd diffusion potential are really the same when the particles
re uncoated. As expected, for this sample we found the dif-
usion potential being very close to the zeta potential obtained
y Hückel formula (Table 3). The difference between the zeta
otential and diffusion potential values observed for the amino-
lcohol coatings could be attributed to misuse of the Hückel
nd Smoluchowski theories since the particles are very small,
trongly charged and coated.
Fig. 7 shows the electrophoretic mobility of reference and
EG-coated samples across a range of NaCl concentrations. The
easures for amino-alcohol-coated particles were performed at
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Table 3
Zeta potential values of the different suspensions obtained by Smoluchowski and Hiickel formulas compared to the diffusion potential determined from fitting
procedure of log W experimental points vs. electrolyte concentration by the Eq. (4) in the text

Kind of coating μ (10−8 m2 s−1 V−1) ζ (mV) (Smoluchowski) ζ (mV) (Hückel) ψd (mV) (fitting)

Reference −3.77 ± 0.4 −48.1 −72.1 −70
Amino-alcohol86 −3.18 ± 0.4 −40.6 −60.9 −47
Amino-alcohol100 −2.89 ± 0.4 −37.0 −55.0 −40
PEG750 −3.19 ± 0.4 −40.7 −61.1 –
P

N
n
o

a
T
f
c
t
s
T
t
t
t
o
c
t
w
i
i
t
u
o
l
o
a

F
(
c

s
X

A

D
S
c
A
s

R

C

D

D

F

EG2000 −2.98 ± 0.4 −38.0

aCl 1 mM (see Table 3), denaturation and aggregation phe-
omena occurring at higher salt concentration during the course
f the experiment.

Fig. 7 shows a rise in electrophoretic mobility,μ (i.e. less neg-
tive) as NaCl concentration increases until a plateau is reached.
he zeta potential curve shows the same trend regardless of the

ormula used to convert μ to ζ potential. The charge of PEG-
oated nanoparticles is getting much closer to zero than that of
he reference sample while these particles remain completely
table, emphasizing the role of steric stabilization in this case.
heoretically, it might be possible to apply the Ohshima equa-

ion to estimate the values of the unknown parameters related
o the surface characterization (like the softness parameter) of
he USPIO particles through a curve-fitting procedure, but in
ur case it is not possible to find an univocal and physically
orrect solution. This study illustrates the difficulty of applying
he existent theories to particles as small as USPIO especially
hen trying to evaluate their ζ potential. The use of the orig-

nal electrophoretic mobility data to characterize the system
s surely the most convenient way to minimize misinterpreta-
ion. Moreover, the commercially available instruments may be
nsuitable for the characterization of size and surface properties

f such tiny particles. Indeed the users often encounter prob-
ems associated with analytical limits of resolution. A way to
vercome these problems could be the combination of different
nalysis techniques and methods as we recently did with the

ig. 7. Electrophoretic mobility vs. NaCl concentration of reference particles
only electrically stabilized by carboxylate) and PEG-coated particles with PEG
hains varying by their length (MW ca. 750 and 2000).

G

H

H

K

K

L

L

M

M
M

N

−57.0

tructural characterization of these USPIO, using two different
-ray diffraction techniques (Di Marco et al., 2006).
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