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Binding of biological effectors on magnetic nanoparticles measured by a magnetically induced
transient birefringence experiment
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We have investigated the relaxation of the magnetically induced birefringence in a suspension of magnetic
nanoparticles in order to detect the binding reaction of polyclonal antibodies on the particle surface. The
birefringence relaxation is driven by the rotational diffusion of the complex formed by the magnetic nanopar-
ticles bound to the antibody and thus is directly related to the hydrodynamic size of this complex. Birefrin-
gence relaxations are well described by stretched exponential laws revealing a polydisperse distribution of
hydrodynamic diameters. Comparing the size distribution of samples with different initial ratios of immuno-
globuline added per magnetic nanoparticles, we evidence the graft of an antibody on particle and eventually the
onset of particles agregation. Measurements on samples separated in size by gel filtration demonstrate the
robustness of our experiment for the determination of size distribution and its modification due to the adsorp-
tion of a macromolecule. The immunoglobuline binding assay is performed comparatively for ionic magnetic
nanoparticles with different coatings.
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I. INTRODUCTION

Magnetic particles in the nanometer range possess
creasing importance as diagnostic and therapeutic tool
medicine, as well as in cellular biology@1–3#. In vitro, mag-
netic forces are used to track and separate magneticall
beled cells or targeted organelles and are involved in a w
variety of magnetic immunoassays@4#. In vivo, performing
magnetic resonance imaging~MRI!, the presence of mag
netic nanoparticles~MNP! in tissue of interest results in con
trast variations by modifying the proton relaxation para
eters @5#. The combination of magnetic nanoparticles w
biologically active molecules, such as proteins, peptides,
ceptor ligands or antibodies builds the most promising c
cepts of biomedical applications. The binding of a biologic
effector on the MNP offers the opportunity to target ef
ciently specific receptors of the cell~with applications in
intracellular organelles purification for instance! @6,7#, spe-
cific cells ~cell sorting! @8# and thus specific anatomical site
~increasing MRI diagnostic sensitivity and specificity! @9#.
One approach to improve functional imaging is to gr
monoclonal antibody to MNP in order to induce recep
mediated uptake in targeted cells as for instance tumor c
@10#. A recent MRI study takes advantage of the target
ability and the produced signal amplification to imagein vivo
an exogeneous gene expression@11#. The targeting efficiency
grounds on one part on a stable link between the active
stance and the MNP and on the preservation of the effe
functionality, and on the other part on nonspecific fact
such as the complex size, charge, and surface modifica
that affect the interactions with cells and further the cle
ance from the circulation, complement fixation, adherenc
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phagocytes, and the differential tissue deposition@12#.
In this paper, we propose a method based on an op

technique@13# to detect the binding reaction of the biolog
cally active substance on the MNP in colloidal suspensi
by characterizing the hydrodynamic size of the complex t
is formed. Unlike biological methods based on imm
nochemical reactions on the unbound effectors, our assa
based on a physical measurement of the size of the for
complex compared to the bare particle and thus does
depend on the nature of the bound effector except via its
in solution. Under an external magnetic field, the magne
moment of each particle together with its optical axis alig
along the direction of the field: the colloidal suspension
quires a net magnetization and simultaneously an opt
birefringence@14#, which is measured with the appropria
setup. Switching off the external field, the particles lose th
preferential orientation under the effect of their Browni
rotational motion within the carrier fluid. The magnetical
induced birefringence~the analogous of the electric birefrin
gence@15,16#! relaxes with a characteristic time that is pr
portional to the hydrodynamic volume of the particle or
the complex formed by the particle and the grafted biom
ecule. We investigate in this work the nonspecific physiso
tion of a polyclonal antibody on ionic nanoparticles and
comparison on ionic particles previously coated with bov
serum albumin. The birefringence relaxation is measured
different amounts of antibodies involved in the binding rea
tion. From the analyses of the birefringence relaxat
curves, we determine the distribution of the complex siz
for the different conditions. The robustness of the meth
is proved by comparing samples sorted in size through
filtration.
©2002 The American Physical Society04-1
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II. MATERIALS AND METHODS

A. Synthesis of the magnetic nanoparticles and binding assay

The aqueous ionic ferrofluid, used in this work, is co
posed of nanoparticles of maghemite (gFe2O3). The mag-
netic particles bearing surface charges are also macro
and repel each other through electrostatic interaction en
ing the stability of the ferrofluid in aqueous solution. Thu
we obtain stable colloidal suspension without using surf
tant. The precursor ionic ferrofluid is synthesized accord
to the Massart’s method@17# by alkalizing an aqueous mix
ture of iron ~II ! chloride and iron~III ! chloride. The so ob-
tained magnetite (Fe3O4) particles are then acidified, oxi
dized in maghemite (gFe2O3) and dispersed into wate
leading to an acidic ferrofluid composed of magnetic p
ticles positively charged with nitrate counterions.

1. DMSA-coated magnetic particles

According to the process described elsewhere@18#, the
positively charged particles are chelated withmeso-2,
3-dimercaptosuccinic acid ~@HOOC-CH~SH!#-CH~SH!-
COOH! or DMSA, which forms strong complex with th
surface layer of the particle. To eliminate the different cou
terions (NO3

2 ,TAM1,Cl2) and the free DMSA, the ferrof-
luid is purified two times by ultrafiltration in a 100 kD
Macrosep filter~Filtron! centrifugated at 3000 rpm durin
45 min. One obtains an aqueous sol of thiolated maghem
nanoparticles, which is stable in a largepH range~from 3 to
11!, in suitable ionic strength (,0.35 mol/l) and in various
buffers such as hepes. In our study, the DMSA particles
dispersed in hepes 0.1M ~Sigma H. 9897! at pH 7.5. The
surface charges are mainly due to unbound carboxy
groups (COO2). After thiolation, there exists SH groups re
maining free on the particle surface that can be used to g
a biological effector to the particle via covalentSuS bridge
or SuC bridge, if the effector is previously activated wit
heterobifunctional cross-linking reagents@19#. In this paper,
however, we study the adsorption of a polyclonal immun
globuline on the particle surface.

2. BSA-coated magnetic particles

Bovine serum albumin~BSA! is a single polypeptide
chain consisting of about 583 amino acid residues~with an
excess of acidic amino acids! and no carbohydrates, wit
molecular weight 66.4 kDa and isoelectric point about
DMSA-particles (@Fe#50.2 M ) are incubated overnight a
4°C with an aqueous solution containing 0.5% BSA, cor
sponding to an initial molar ratio@BSA#/@Particles#55.
As demonstrated later by the birefringence measurem
BSA is efficiently adsorbed on the DMSA-particles surfac

3. IgG binding assay

For the binding assay, the antibody is a polyclonal pu
fied bovine ~Immunoglobuline G! IgG ~Sigma, ref15506!
isolated from pooled normal bovine serum and used i
variety of immunoassays. It is chosen for its low price a
for its easy adsorption on the particle surface. Differe
quantities of purified bovine IgG~molecular weight 150
03140
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kDa! are added to 1.5 ml of a suspension of DMSA partic
and to 1.5 ml of a suspension of BSA-coated particles, b
in hepes 0.1M, at pH57.5 and with an iron concentratio
@Fe#50.215 M ~measured by atomic absorption!. The initial
molar ratio @ IgG#/@Particles# varies from 0 to 0.96. The
mixture is then incubated overnight at 4°C. 0.5 ml of t
IgG-ferrofluids is reserved for birefringence measuremen

4. Gel filtration

Gel filtrations are performed on 1 ml sample in an exc
sion chromatography colomn~Sepharose Gel, CL4B200
Sigma, length 52 cm, section 0.785 cm2, flow rate
0.24 cm3/min, dead volume 14 cm3, eluant:hepes!. The
fractionation range of this colomn made of beaded agar
lies between 60 and 20000 kDa for globular proteins. T
successive populations are collected using a fraction col
tor ~25 drops each! in 1 ml flasks. The optical density~OD!
at 575 nm is measured for each fraction in a 1-cm-th
chamber. It is verified that the OD is directly proportional
the iron concentration, so that the particle content for e
fraction is determined. The gel filtration is performed for t
samples with DMSA particles.

B. Characterization of the magnetic nanoparticles

The photographs obtained by transmission electron
croscopy show that the magnetic nanoparticles are roug
spherical and polydisperse (3 nm,DTEM,15 nm). They
consist of monocrystalline ferrimagnetic monodomain
maghemite (gFe2O3, an iron oxide with inverse spinel struc
ture! with a crystallite diameter, calculated from x-ray
diffraction data, of typicallyDx-ray58 nm. The magnetic
core diameter distribution may be obtained from analyz
the magnetization curve of the aqueous suspension of
particles as described elsewhere@20#. Each magnetic nano
particle bears a magnetic momentm typically of the order of
104mB (mB is the Bohr’s magneton! depending ofdmag the
magnetic diameter of the particle as

m5ms

pdmag
3

6
,

wherems53.5 105 A/m is the saturation magnetization o
the grain material. For particles of magnetic momentm, the
magnetization is a Langevin function of the parameterj
5mmoH/kBT. Taking into account the polydispersity of th
magnetic core diameter, the Langevin function must
weighted by the size distribution to obtain the ferroflu
magnetization as a function of the magnetic fieldH. Experi-
mental magnetization curves are correctly described ass
ing a log-normal distribution of particle size with a chara
teristic magnetic diameterd0 mag and a polydispersity index
s. For the ferrofluid used in this study, the fit of the magn
tization curve givesd0 mag57.2 nm ands50.35. The mean
diameter of the magnetic core isdmag5d0 magexp(3s2/2)
58.7 nm, corresponding to 13700 iron atoms.
4-2
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C. Optical birefringence measurements

In the absence of magnetic field, a colloidal suspension
magnetic nanoparticles presents no magnetization and is
tically isotropic. Under magnetic field, the ferrofluid exhibi
a strong optical birefringence, as well as a net magnetizat
which both saturate in high fields. In our ionically stabilize
colloid, it is experimentally demonstrated that this mac
scopic birefringence is related to the microscopic optical
isotropy of the particles and to their orientation under m
netic field. The physical origin of the particle optic
anisotropy is discussed in Ref.@14#: it is attributed to a single
grain behavior and correlated to the surface magnetic an
ropy of nanosized maghemite particles that is evidence
Refs. @21–23#. This uniaxial surface magnetic anisotrop
originates from disordering defects in the ferrimagnetic l
tice on the particle surface, associated to a slight ellipticity
the particles ~of the order of 1.25!. For most of the
maghemite particles in the ferrofluid used here, the ani
ropy energy is of the same order as the thermal energy.
first approximation, let us assume that the magnetic mom
is locked to the crystalline lattice in the easy direction. T
magnetic moment being linked to the optical axis, it rota
together with the particle body. As an external magnetic fi
is applied, the particle magnetic moments and conseque
the anisotropy axes tend to align along the field direction
the ferrofluid solution acquires a net magnetization and
hibits a magnetically induced optical birefringence. Wh
the field is switched off, the magnetization and optical bi
fringence decrease to zero due to the Brownian rotatio
motion of the particles. The characteristic time for a parti
to lose the orientation of its optical axis under the effect
thermal orientational fluctuations writes@24#

t5
p

6
d3

h

kBT
,

whereh is the viscosity of the carrier fluid,T the tempera-
ture, kB the Boltzmann constant, andd the hydrodynamic
diameter of the particle. The principle of the experiment is
measure the relaxation of the magnetically induced biref
gence to deduce the hydrodynamic diameter of the parti
in the ferrofluid@25–27#.

The ferrofluid is probed by a laser beam of wavelen
l0. The sample behaves as a birefringent plate character
by a phase lagw related to its birefringenceDn. Dn is de-
fined asDn5ni2n' ,ni being the optical index in the direc
tion of the magnetic field andn' the optical index in the
perpendicular direction. For a sample of thicknesse, the
phase lag isw52peDn/l0. The ferrofluid presents also
weak dichroism, that we neglect here since it is of seco
order with respect to birefringence@28#. The polarization of
the light transmitted by the ferrofluid sample is analyz
using the optical setup of Fig. 1. An He-Ne laser beam~L! of
weak power ('5 mW) and wavelengthl05632.8 nm
goes through the optical setup constituted by a polarizer (P),
the sample (S), a quaterwave plate (l/4), an analyzer (A),
and a photodetector~PD!. The ferrofluid sample is put in a
nonbirefringent glass chamber~thicknesse5200 mm! and
submitted to a pulsed vertical magnetic field (Hp
03140
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512 kA/m) produced by Helmholtz’s coil~HC!. The re-
spective directions of polarizer, analyzer, andl/4 plate are
indicated in the Fig. 1~a!. When the magnetic field is
switched on, the ferrofluid presents a phase lagw and the
light intensity I (t) detected by the photodetector increas
towards a saturation valueI 0. The field is thus switched off
with a characteristic time lower than 200 ns and the decre
of transmitted light is observed as illustrated in the part b
Fig. 1~b!. The signal is averaged by repeating the seque
of magnetic field pulse in order to obtain a good accuracy
evaluate the baseline. The overall response time of the a
ratus is of the order of 1ms. As demonstrated elsewhe
@29#, the transmitted intensityI is proportional tow in the
limit of small phase lagw ~that is verified for the low iron
concentration and chamber thickness used in this study!, and
thus proportional toDn. As shown in Fig. 1~c!, the relaxation
of I (t)/I 0 is not a single exponential, but is correctly d
scribed by a stretched exponential lawI (t)/I 05exp@
2(t/t0)

a#, t0 being a characteristic relaxation time anda
characterizing the width of the relaxation time distributio
~the smallera,1, the larger the distribution!.

FIG. 1. Experimental setup for the birefringence measureme
Part ~a! presents the orientations of the different optical axes.A,
analyzer;P, polarizer;L, He-Ne laser; HC, Helmholtz coils; PD
photodetector;S, sample. Part~b! shows the pulse of the magnet
field HP and the corresponding time dependance of transmi
light intensity I (t). I 0 is the saturation value of the light intensit
under the magnetic fieldHP . Part~c! shows the time relaxation o
the transmitted intensity in linear scale for the ferrofluid~DMSA
particles! samples with different ratioR5@ IgG#/@Particles#. Plain
lines represent the fit of experimental data using stretched expo
tial law ~see Table I for the details ofR values and the fit param
eters!. t50 corresponds to the switched off of the magnetic fiel
4-3
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III. RESULTS

A. IgG adsorption on DMSA particles

1. Samples with different initial [IgG]Õ[Particles] ratios

Birefringence measurements are performed on all IgG
rofluid with @ IgG#/@Particles# initial ratio R from 0 to
0.96. The birefringence relaxations for these differe
samples are represented in Fig. 1~c!. Stretched exponentia
law fits with a very good agreement the experimental rel
ation for each sample. One can remark the slowering of
birefringence decay as the number of available IgG per p
ticle is increased. Table I summarizes the parameterst0 and
a with their standard errors deduced from the fit, and
corresponding hydrodynamic diameterd0 according to the
expression of relaxation time for the birefringencet0

5p/6d0
3(h/(kBT). Note the tiny values of standard errors f

each sample. Figure 2 presents the evolution ofd0 anda as
a function of the ratioR. The initial ferrofluid (R50) has a
characteristic hydrodynamic diameter of 34.7 nm and a po
dispersity indexa50.86. Adding the IgG, the hydrodynami
diameter increases linearly with the ratioR until R50.41.
For R>0.55. the hydrodynamic size grows dramatically
flecting the onset of particle agregation. Consistently w
the size increase, the polydispersity is enhanced toge
with the IgG adsorption. The size and polydispersity grow

TABLE I. Characteristic relaxation timest0, hydrodynamic di-
ametersd0, and polydispersity indexa as a function of the ratio
R5@ IgG#/@Particles# for the DMSA particles as deduced from
the fit of experimental intensity transmitted relaxation.

R t0 (ms) a d0 (nm)

0 5.360.2 0.8660.05 34.760.5
0.14 10.360.2 0.7560.02 43.360.3
0.27 17.260.4 0.6160.01 51.360.4
0.41 25.160.5 0.5560.01 58.260.4
0.55 46.760.8 0.5160.01 71.560.4
0.69 77.661.6 0.4460.006 84.960.6
0.82 184.762.4 0.4360.003 113.060.5
0.96 673.7613.5 0.4260.005 173.961.1

FIG. 2. Characteristic hydrodynamic diameterd0 and polydis-
persity indexa as a function of the ratioR5@ IgG#/@Particles# for
the DMSA particles~plain square! and for the BSA-coated particle
~empty circles! as deduced from the fit of experimental transmitt
intensity relaxation.
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reflect first the IgG adsorption on particles surface forR
<0.55 and second forR.0.55, the formation of complex
aggregates probably due to the crosslinking of antibod
fixed to the particles.

2. Samples with different initial [IgG]Õ[Particles] ratios after
fractionation by gel filtration

The samples with 0<R<0.55 were separated b
sepharose gel filtration. The separation depends upon
ability of sample particles to enter pores of a stationa
phase. Above a certain size~the exclusion limit is 20 000
kDa for globular proteins!, the particles move equally fas
and no separation occurs : it corresponds to the first fract
collected (f raction,14 ml). Below the exclusion limit,
particles of decreasing size move at slowering rates
separation occurs (14< f raction<42 ml!. Thus the succes
sive collected fractions correspond to decreasing part
sizes. The OD at 575 nm, providing the iron concentration
measured for each fraction and reported on Fig. 3
samples with variousR. The initial ferrofluid (R50) shows
a single peak distribution contained in the later fractions w
efficient fractionation. For samples with increasing IgG co
tents, the distribution is enriched in the faster fractions a
thus larger particle sizes and a second peak is growing.
conservation of total particles concentration is verified.

Birefringence measurements were performed on all
fractions of samples withR50, 0.14, 0.27, 0.41, and 0.55
Figure 4 shows the evolutions ofd0 anda for the successive
collected fractions. Consistently with the chromatograp
separation with respect to the particle size, the later is

FIG. 3. Optical density~OD! at 575 nm for each successiv
fraction ~1 ml! collected after gel filtration for the samples wit
differentR. The first fractions contain the larger particles. Gauss
distributions in the fraction range 20–42 ml@representing the bare
particles~see the text!# are shown by bold lines. The area under t
Gaussian is plotted in the inset as a function ofR. Note that assum-
ing a linear extrapolation, this area cancels forR close to 1.
4-4
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BINDING OF BIOLOGICAL EFFECTORS ON MAGNETIC . . . PHYSICAL REVIEW E 65 031404
fraction, the smaller the hydrodynamic diameter is fou
For a givenR, the polydispersity indexa does not vary no-
tably for the different fractions and remains always sma
for each fraction (a'0.8) than for the nonfractionated fe
rofluid. It demonstrates the efficiency of the size separa
as well as of the distribution determination by the birefr
gence experiment. In the first fractions, one observes an
crease of the particle size and the polydispersity asR is
incremented. By contrast, for the later fractions, the birefr
gence measurements give approximatively the same cha
teristic diameters and polydispersity index for all ratiosR.
This can be explained by the fact that the first fractions be
nonselective contain all particles above a typical size co
sponding to the exclusion limit, while the particles sorting
effective for the later fractions. In the range of efficient fra
tionation, the diameter and polydispersity of each fraction
not depend upon the initial size distribution but only up
the particular type of gel used here in the filtration colom

B. IgG adsorption on BSA-coated particles

For this binding assay, the DMSA particles are previou
incubated with BSA and thus in a second step incubated w
the IgG. From the birefringence measurement, we obtain
the particles incubated with BSA,d0541.2 nm anda
50.8 to be compared to the bare DMSA particles in he
with d0534.7 nm anda50.86. These differences demo

FIG. 4. Characteristic hydrodynamic diameterd0 and polydis-
persity indexa as a function of the fraction collected after g
filtration of the DMSA particles withR50, R50.27, and R
50.55.

TABLE II. Characteristic relaxation timest0, hydrodynamic di-
ametersd0, and polydispersity indexa as a function of the ratio
R5@ IgG#/@BSA Particles# for the BSA-coated particles.

R t0 (ms) a d0 (nm)

0 8.960.2 0.8060.02 41.260.3
0.14 10.760.2 0.7460.02 43.860.3
0.27 12.360.4 0.6260.02 45.660.5
0.41 15.160.5 0.6060.01 49.660.5
0.55 18.860.7 0.5060.01 52.860.7
0.69 22.860.8 0.5160.01 56.460.7
0.82 2660.9 0.4760.01 59.060.7
0.96 30.962.6 0.4560.02 62.561.7
03140
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strate an efficient coating of BSA on the particle surfa
Adding more than one IgG per BSA-coated particle, no flo
culation is observed. As shown in Table II and illustrated
Fig. 2, the hydrodynamic diameterd0 is a linear function of
R in the whole experimental range by contrast with the Ig
adsorption on bare DMSA particles.a is decreasing in the
same way that for bare DMSA particles. IgG adsorption
BSA-coated particles shifts of about 21 nm the characteri
particle diameter when one IgG per particle is added.
should see later that, for the IgG of 150 kD molecu
weight, the shift of characteristic particle diameter growi
from 0 to 21 nm is consistant with an increasing ratio
BSA-coated particles bearing one IgG.

IV. DISCUSSION

A. From birefringence relaxation measurements to particle
size distribution

In our experiments, the birefringence relaxation is sa
factory adjusted using a stretched exponentialI (t)/I 0
5exp@2(t/t0)

a#. This expression is commonly used in a wid
variety of system from condensed to soft matter~spin glasses
@30#, complex liquids@16#! if nonexponential time relaxation
are observed. This phenomenological behavior is often
tributed to the effect of a large distribution of relaxatio
times@30#. The shape of this distribution can, in principle, b
deduced from a fit to the experiments. Assuming a distri
tion of relaxation timet with a probability densityQ(ln t),
the time dependence of the birefringence can be written

I ~ t !5E I o~t!exp~2t/t!Q~ ln t!d~ ln t!.

Let us do approximations to derive analytically the probab
ity densityQ(ln t). We neglect in a first time the dependan
on t of the static birefringence of a particle,I 0(t).I o . This
dependance is here weak in front of the sharp variations w
ln t. Those variations are so sharp that we can split up
integral into two parts. The first part concerns the partic
with relaxation timest,t, their birefringence having relaxe
during the timet so that the exponential can be approximat
by zero. The second part concerns the particles with re
ation timest.t, which preserves at the timet the memory of
their birefringence: the exponential can be approximated
unity. Within this cutoff approximation,I (t)/I 0 can be re-
written as

I ~ t !/I 05E
t.t

Q~ ln t!d~ ln t!5E
ln t

`

Q~ ln t!d~ ln t!.

It follows that

Q~ ln t !52
d@ I ~ t !/I 0#

d~ ln t !
.

The stretched exponentialI (t)/I 05exp@2(t/t0)
a# fits with

a good agreement the experimental relaxations: the co
4-5
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C. WILHELM et al. PHYSICAL REVIEW E 65 031404
sponding relaxation time distribution can be written analy
cally within the cutoff approximation,

Q~ ln t!5aS t

t0
D a

expF2S t

t0
D aG .

The probability density for a particle hydrodynamic diame
d writes P(d)53/dQ(ln t).

B. Particle size distributions

1. IgG adsorption on DMSA particles and on BSA coated
particles

To reveal the IgG adsorption on DMSA particles and
BSA-coated particles, the diameter distributions found
each value ofR are represented in Fig. 5, comparatively f
both types of particles. ForR50, the size distribution is
slightly shifted and widened after BSA adsorption, five BS

FIG. 5. Distribution of hydrodynamic diameters of the samp
with increasing ratioR5@ IgG#/@Particles# for DMSA particles
~a! and BSA-coated particles~b!.
03140
-
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r

per particle being available during adsorption. At physiolo
cal pH and ionic strength, BSA appears on electron pho
micrographs as an oblate ellipsoid with a major axis of 6
and a minor axis of 4.5 nm@31#. Small angle neutron scat
tering study of BSA solution~1% BSA! @32# reports hard
sphere diameter of 6.9 nm. Besides, an hydrodynamic di
eter of 7.2 nm is deduced from the measurement of tran
tional diffusion coefficient by quasielastic light scatterin
@33#. A recent study@34# claims in favor of a rigid confor-
mation of BSA in neutral solution with a heart shape stru
ture. From the measurement of the birefringence relaxa
due to rotational diffusion, we find a shift of 6.5 nm on th
characteristic particle diameter. This shift is consistent w
the adsorption of BSA proteins on the particle surface. T
slight widening of the diameter distribution suggests that p
ticles may have adsorbed inhomogeneously one or sev
BSA molecules.

Adding the IgG, the evolution of the diameter distrib
tions with increasingR are qualitatively different for DMSA
particles and for BSA-coated particles. As noted before
the case of DMSA particles, the distributions are enlarged
R is increased, first because of IgG adsorption on the part
surface, but mainly by the fact of particle agregates form
tion for R.0.55. By contrast, for the same value ofR, BSA-
coated particles present relatively narrow distributio
which evidence the absence of particle agregation. These
ferent behaviors with respect to the particle aggregation v
probably originate from the different surface coatings. T
spontaneous dimerization of antibodies may induce the
gregation of DMSA particles by cross-linking antibodies th
are simultaneously bound to one particle. On the contr
the negatively charged BSA proteins adsorbed on the
ticles surface strengthen the electrostatic repulsion and
multaneously create steric repulsions that are unfair to m
tiple antibody linking. As a conclusion, the hydrodynam
diameter distribution reflecting the complex size as well
the aggregation state differenciates DMSA particles a
BSA-coated particles. These features are important with
spect to their interactions with cells: we show in anoth
study that their binding to the cell surface as well as th
subsequent uptake were lower by one order of magnitude
BSA-coated particles compared to DMSA particles and
minish with increasing hydrodynamic diameter. Moreov
the coating of particles with albumin reasonably mimics t
effect of opsonization~adsorption of serum proteins on th
particle surface!, when DMSA particles are injected intrave
nously. Thus the characterization of both types of partic
and their behavior with respect to IgG adsorption are cru
for the fate of particlesin vivo and the targeting efficiency.

2. Separating bare particles and IgG bound particles

The particle size distributions deduced from birefringen
measurement on each fraction obtained after the gel filtra
of DMSA particles withR50.55 are illustrated in Fig. 6. The
diameter distributions are shifted to lower diameters w
increasing collected fractions revealing the performance
gel separation. The particle concentration in each fraction
independently deduced from OD measurements. One
thus reconstruct the particle size distribution of the nonfr

s
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tionated ferrofluid by simply adding the size distributions
each fraction, weighted by the corresponding particles c
centrations. Figure 7 shows the remarkable agreement
tween the so obtained reconstructed distribution and the
tial distribution of the nonfractionated ferrofluid for ba
particles (R50), and also the satifactory agreement for t
ferrofluid incubated with IgG at ratioR50.14, 0.27, and
0.41. Moreover, the birefringence measurements demons
the efficiency of the gel separation for a size sorting of
functionalized ferrofluid.

The OD measurements for each fraction of the native
rofluid (R50) ~see Fig. 3! show that the bare particles a
distributed in the fractions between 20 and 42 ml. Moreov
the OD distribution as a function of the collected fraction
correctly adjusted forR50 by a Gaussian distribution. Fo

FIG. 6. Distribution of hydrodynamic diameters for the differe
fractions collected after gel filtration of the DMSA-particles samp
with R50.55.

FIG. 7. Comparison of the diameter distribution obtained for
ferrofluid sample before gel filtration~plain line! and the diameter
distribution reconstructed as the sum of the distribution of e
fraction collected after gel filtration~dotted line! weighted by their
respective iron concentration forR50, R50.14, R50.27, andR
50.41.
03140
f
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r,

R.0, we assume that particles that are not bound to the
keep their native diameter and contribute to the OD distri
tion on the form of a Gaussian distribution in the fractio
range 20–42 ml, which fits the right part of the OD cur
~fractions.28 ml!. These Gaussian distributions are plott
in Fig. 3 in bold lines, representing the population of ba
particles for each sample with differentR. The area under the
Gaussian distribution measures the proportion of bare
ticles: the inset of Fig. 3 shows that this proportion decrea
linearly with increasingR. Assuming a linear extrapolation
one can remark that the proportion of bare particles vanis
for R.1 suggesting that each IgG bound particle bears o
one IgG. Actually this theoretical limit is not attained expe
mentally since we observe forR.0.55 particles aggregation
which probably occurs via antibody dimerization. Howev
the linear decrease of the proportion of bare particles can
ing atR.1 suggests that forR,0.55, an IgG bound particle
may bear only one IgG.

We know for each fraction the weight of bare particl
~defined by the Gaussian contribution to the OD! and the
complementary weight of IgG bound particles. It is thus po
sible to reconstruct separately on one side the diameter
tribution of the bare particles and on the other side the dia
eter distribution of the IgG bound particles. Figure 8~a!
represents the diameter distributions of bare particles for
different R reconstructed on the basis of about 20 birefr
gence relaxation measurements for eachR. These distribu-
tions superimpose remarkably attesting the robustness o
method. Figure 8~b! shows the diameter distribution of IgG
bound particles. The binding of the IgG on the particle s
face shifts the maximum of size distribution by about 10 n
the shift being approximatively constant with increasingR.
Murphy et al. @35# have investigated the size parameters
model antigen-antibody complexes formed by the interact
of bovine serum albumin with pairs of monoclonal anti-BS
antibodies by quasielastic light scattering~QLS!, classical
light scattering~CLS! and electron microscopy. They fin
radius of gyration~from CLS! and hydrodynamic radius
~from QLS! varying from 10 to 20 nm for molecular weight
from 400 to 700 kDa depending of the pairs of antibod
binding to different BSA domain. The obtained shift of 1

e

h

FIG. 8. Diameter distributions of the bare particles~a! and IgG
bound particles~b! for R50,0.14,0.27,0.41, and 0.55 reconstruct
as sum of distributions of different collected fractions with the
respective weight~see the text for the detail of reconstruction!.
4-7
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nm is thus consistent with the polyclonal IgG used in th
study molecular weight of about 150 kDa. The most proba
diameter of the IgG bound particles is only slightly modifi
whenR increases. It confirms that, on average, only one I
is attached per particle and that the binding reaction do
induce agregation process in the rangeR,0.55. However,
for R50.55, we remark a net widening of the size distrib
tion towards large diameters, signaling the onset of part
aggregate formation.

C. Conclusion

In this paper, a physical method to detect the bind
reaction of macromolecules on magnetic nanoparticles
presented. In a first step, it is shown that the direct anal
of the magnetically induced birefringence relaxation, w
the aid of a stretched exponential adjustment, could rev
the binding of a macromolecule on the particle surface
distinguish it from an eventual onset of particle agregati
This field induced birefringence experiment appears a
rapid and simple assay to probe binding reaction on magn
nanoparticles considered as substrates, which can be ap
in a wide variety ofin vitro process.

As a second step, a quantitative support for the robustn
of the method is provided. An analysis of birefringence
laxation permits to deduce the distribution of the hydrod
namic diameter of the complex formed by the nanopartic
and attached macromolecules. Besides, thanks to a gel fi
tion, a size fractionation of samples with increasing IgG p
particles ratio is performed. It unambiguously confirms t
sensitivity of the proposed birefringence method to der
particle diameter distributions. Finally, on the basis of bi
fringence measurements on fractionated samples, it is
c
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sible to separate the distribution of bare particles from
distribution of IgG bound particles in order to obtain mo
quantitative results on the efficiency of the binding reactio

Birefringence measurements point out the different
havior of DMSA particles and BSA-coated particles wi
respect to the IgG adsorption. As the complex size, the n
ber and conformation of adsorbed IgG and the cluster form
tion are important factors for their interactions with cel
their characterizations by birefringence measurement are
cial for the choice of particles, determining the fatein vivo
and the possibility of targeting.

From a biomedical point of view, the certainty that ma
netic nanoparticles effectively bear a biological effector
the first step towards a wide variety of applications. In t
field of cell biology, functionalized nanoparticles can b
driven into intracellular compartments~lysosomes, reticu-
lum, golgi apparatus!, following the grafted antibody path
way. It then becomes possible to apply magnetic forces
side the cell and to displace one type of organelle. F
medical diagnosis and therapy, specific antibodies or o
effectors grafted on magnetic nanoparticles allow to de
the presence of a receptor in an analytein vitro and to target
analytical sitesin vivo.
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