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Binding of biological effectors on magnetic nanoparticles measured by a magnetically induced
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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 phagocytes, and the differential tissue deposifiba.
In this paper, we propose a method based on an optical

Magnetic particles in the nanometer range possess irtechnique[13] to detect the binding reaction of the biologi-
creasing importance as diagnostic and therapeutic tools ically active substance on the MNP in colloidal suspension,
medicine, as well as in cellular biolog{—3]. In vitro, mag- by characterizing the hydrodynamic size of the complex that
netic forces are used to track and separate magnetically las formed. Unlike biological methods based on immu-
beled cells or targeted organelles and are involved in a widaochemical reactions on the unbound effectors, our assay is
variety of magnetic immunoassaj4]. In vivo, performing based on a physical measurement of the size of the formed
magnetic resonance imagindIRl), the presence of mag- complex compared to the bare particle and thus does not
netic nanoparticle8VINP) in tissue of interest results in con- depend on the nature of the bound effector except via its size
trast variations by modifying the proton relaxation param-in solution. Under an external magnetic field, the magnetic
eters[5]. The combination of magnetic nanoparticles with moment of each patrticle together with its optical axis aligns
biologically active molecules, such as proteins, peptides, realong the direction of the field: the colloidal suspension ac-
ceptor ligands or antibodies builds the most promising conguires a net magnetization and simultaneously an optical
cepts of biomedical applications. The binding of a biologicalbirefringence[14], which is measured with the appropriate
effector on the MNP offers the opportunity to target effi- setup. Switching off the external field, the particles lose their
ciently specific receptors of the celwith applications in  preferential orientation under the effect of their Brownian
intracellular organelles purification for instandé,7], spe-  rotational motion within the carrier fluid. The magnetically
cific cells (cell sorting [8] and thus specific anatomical sites induced birefringencéthe analogous of the electric birefrin-
(increasing MRI diagnostic sensitivity and specifi¢ifi]. gence[15,16) relaxes with a characteristic time that is pro-
One approach to improve functional imaging is to graftportional to the hydrodynamic volume of the particle or of
monoclonal antibody to MNP in order to induce receptorthe complex formed by the particle and the grafted biomol-
mediated uptake in targeted cells as for instance tumor cellscule. We investigate in this work the nonspecific physisorp-
[10]. A recent MRI study takes advantage of the targetingtion of a polyclonal antibody on ionic nanoparticles and by
ability and the produced signal amplification to imageivo ~ comparison on ionic particles previously coated with bovine
an exogeneous gene expresdibhl. The targeting efficiency serum albumin. The birefringence relaxation is measured for
grounds on one part on a stable link between the active sulalifferent amounts of antibodies involved in the binding reac-
stance and the MNP and on the preservation of the effectdion. From the analyses of the birefringence relaxation
functionality, and on the other part on nonspecific factorscurves, we determine the distribution of the complex sizes
such as the complex size, charge, and surface modificatiorisr the different conditions. The robustness of the method
that affect the interactions with cells and further the cleardis proved by comparing samples sorted in size through gel
ance from the circulation, complement fixation, adherence tdiltration.
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Il. MATERIALS AND METHODS kDa) are added to 1.5 ml of a suspension of DMSA particles
and to 1.5 ml of a suspension of BSA-coated particles, both
o ) S ) in hepes 0.1M, at pH=7.5 and with an iron concentration
The aqueous ionic ferrofluid, usgd in this work, is COM-[ Fe|=0.215 M (measured by atomic absorptioihe initial
posed of nanoparticles of maghemitgFg,0s). The mag-  mojar ratio[IgG]/[ Particles] varies from 0 to 0.96. The
netic particles bearing surface charges are also MacroioNSixiure is then incubated overnight at 4°C. 0.5 ml of the

_and repel egph other through_el_ectrostatlc mteragtlon ensurQG-ferroquids is reserved for birefringence measurement.
ing the stability of the ferrofluid in aqueous solution. Thus,

we obtain stable colloidal suspension without using surfac-

tant. The precursor ionic ferrofluid is synthesized according 4. Gel filtration
to the Massart’s method 7] by alkalizing an aqueous mix-
ture of iron(ll) chloride and iron(lll’) chloride. The so ob-

tained magnetite (R®,) particles are then acidified, oxi- Sigma length 52 cm, section 0.785 &n flow rate

dized in maghemite ¥Fe,0O;) and dispersed into water 0.24 cn¥/min, dead volume 14 cfy eluanthepes The

leading to an acidic ferrofiuid composed of magnetic par_fractionation range of this colomn made of beaded agarose
ticles positively charged with nitrate counterions. 9 9

lies between 60 and 20000 kDa for globular proteins. The
1. DMSA-coated magnetic particles successive populations are collected using a fraction collec-
tor (25 drops eachin 1 ml flasks. The optical densit§OD)

at 575 nm is measured for each fraction in a 1-cm-thick
chamber. It is verified that the OD is directly proportional to
the iron concentration, so that the particle content for each
fraction is determined. The gel filtration is performed for the
‘samples with DMSA particles.

A. Synthesis of the magnetic nanoparticles and binding assay

Gel filtrations are performed on 1 ml sample in an exclu-
sion chromatography colomiiSepharose Gel, CL4B200,

According to the process described elsewher@|, the
positively charged particles are chelated witheso-2,
3-dimercaptosuccinic  acid ([HOOC-CHSH)]-CH(SH)-
COOH) or DMSA, which forms strong complex with the
surface layer of the particle. To eliminate the different coun
terions (NG ,TAM™,CI™) and the free DMSA, the ferrof-
luid is purified two times by ultrafiltration in a 100 kDa
Macrosep filter(Filtron) centrifugated at 3000 rpm during B. Characterization of the magnetic nanoparticles

45 min. One obtains an aqueous sol of thiolated maghemite he bh hs obtained b . | .
nanoparticles, which is stable in a largel range(from 3 to The photographs obtained by transmission electron mi-

11), in suitable ionic strength<(0.35 mol/l) and in various croscopy show that the magnetic nanoparticles are roughly

buffers such as hepes. In our study, the DMSA particles aréphe_rical and polydispe_rse (3 _FmDTEM_<15 nm). The_:y
dispersed in hepes 0N (Sigma H. 9897 at pH 7.5. The consist Qf monocrysta_llme fgrnmqgnguc mono'domaln of
surface charges are mainly due to unbound carboxylat@agher_n'te ¥Fe0s, an iron oxide with inverse spinel struc-
groups (COQ). After thiolation, there exists SH groups re- “!fe) V\,"th a crystalllte_ diameter, calculated from x-ray-
maining free on the particle surface that can be used to graﬂ'ﬁraCt_'on data, .Of .typl_caIIny_,ayZS nm. The magnetic

a biological effector to the particle via covale®t—S bridge core dlamet'er Q|str|but|on may be obtained from qnalyzmg
or S—C bridge, if the effector is previously activated with the magnetization curve of the agueous suspension of the
heterobifunctional cross-linking reagentd]. In this paper, part!cles as described e_Isewhé&é)]. E_ach magnetic nano-
however, we study the adsorption of a polyclonal imrnuno_partlcle bears a magnetic momentypically of the order of

globuline on the particle surface. 10*ug (ug is the Bohr's magnetordepending 0fdmag the
magnetic diameter of the particle as

2. BSA-coated magnetic particles wd3
_ mag
Bovine serum albuminBSA) is a single polypeptide m=mMs—g—,

chain consisting of about 583 amino acid residgeih an
excess of acidic amino acidend no carbohydrates, with

molecular weight 66.4 kDa and isoelectric point about 5.where m=3.51F A/m is the saturation magnetization of

DMSA-particles (Fe]=0.2 M) are incubated overnight at he grain material. For particles of magnetic momenthe

4°C with an aqueous solution containing 0.5% BSA, COMeynagnetization is a Langevin function of the parameger
sponding to an initial molar ratipBSA]/[ Particles|=5.

=mu,H/kgT. Taking into account the polydispersity of the
As demonstrated later by the birefringence measuremen Mol 1B g POLCISP y

) . . Fnagnetic core diameter, the Langevin function must be
BSA is efficiently adsorbed on the DMSA-patrticles S“rface'weighted by the size distribution to obtain the ferrofluid

magnetization as a function of the magnetic fieldExperi-
mental magnetization curves are correctly described assum-
For the binding assay, the antibody is a polyclonal puri-ing a log-normal distribution of particle size with a charac-
fied bovine (Immunoglobuline G IgG (Sigma, refl5506  teristic magnetic diametety .4 and a polydispersity index
isolated from pooled normal bovine serum and used in ar. For the ferrofluid used in this study, the fit of the magne-
variety of immunoassays. It is chosen for its low price andtization curve givesly n,4=7.2 nm ando=0.35. The mean
for its easy adsorption on the particle surface. Differentdiameter of the magnetic core t,,g=do magexp(302/2)
quantities of purified bovine Ig@molecular weight 150 =8.7 nm, corresponding to 13700 iron atoms.

3. IgG binding assay
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C. Optical birefringence measurements —

L . . Hp (a) HP (b)
In the absence of magnetic field, a colloidal suspension of P | | |
magnetic nanoparticles presents no magnetization and is op- A4

tically isotropic. Under magnetic field, the ferrofluid exhibits
a strong optical birefringence, as well as a net magnetization, L) 0 t
which both saturate in high fields. In our ionically stabilized E’ A
colloid, it is experimentally demonstrated that this macro- B g A4 A
scopic birefringence is related to the microscopic optical an- L I S I | @l
isotropy of the particles and to their orientation under mag- I I |

netic field. The physical origin of the particle optical %

u

anisotropy is discussed in R¢L4]: it is attributed to a single

grain behavior and correlated to the surface magnetic anisot- 14
ropy of nanosized maghemite particles that is evidenced in "
Refs. [21-23. This uniaxial surface magnetic anisotropy
originates from disordering defects in the ferrimagnetic lat-

tice on the particle surface, associated to a slight ellipticity of .
the particles (of the order of 1.2h For most of the =
maghemite particles in the ferrofluid used here, the anisot- =
ropy energy is of the same order as the thermal energy. In a - oy
first approximation, let us assume that the magnetic moment A e T
is locked to the crystalline lattice in the easy direction. The N i e, B
magnetic moment being linked to the optical axis, it rotates 0 500 1000
together with the particle body. As an external magnetic field t (us)

is applied, the particle magnetic moments and consequently . o

the anisotropy axes tend to align along the field direction and FIG. 1. Experlmental_ setup for the blrefrlngence measurements.
the ferrofluid solution acquires a net magnetization and exPart (@ presents the orientations of the different optical axes.
hibits a magnetically induced optical birefringence. When2naly2er:P. polarizer;L, He-Ne laser; HC, Helmholtz coils; PD,
the field is switched off, the magnetization and optical bire—phOtOOIeteCtorS sample. Parﬂ?) Sh(.)ws the pulse of the magnetic
fringence decrease to zero due to the Brownian rotatione{leld Hp ar_ld the cor_respondmg time dependance_of t_ransm_nted
motion of the particles. The characteristic time for a particle'ght intensity I (t). 1, is the saturation value of the light intensity

| h . . fi ical axi der the eff funder the magnetic fieldl, . Part(c) shows the time relaxation of
to lose t (—:: oner.]tatlon of its pptlca .aX'S under the effect o the transmitted intensity in linear scale for the ferrofl(MSA
thermal orientational fluctuations writ¢24]

particles samples with different rati®=[IgG]/[ Particles]. Plain
- lines represent the fit of experimental data using stretched exponen-
= _d3i tial law (see Table | for the details d® values and the fit param-

6 kgT’ eterg. t=0 corresponds to the switched off of the magnetic field.

oodopbvdonD

where 7 is the viscosity of the carrier fluidl the tempera-

ture, kg the Boltzmann constant, andl the hydrodynamic

diameter of the particle. The principle of the experiment is to=12 kA/m) produced by Helmholtz’'s cofHC). The re-

measure the relaxation of the magnetically induced birefrinspective directions of polarizer, analyzer, axfl plate are

gence to deduce the hydrodynamic diameter of the particlesdicated in the Fig. (8. When the magnetic field is

in the ferrofluid[25-27. switched on, the ferrofluid presents a phase ¢agnd the
The ferrofluid is probed by a laser beam of wavelengthlight intensity I (t) detected by the photodetector increases

No. The sample behaves as a birefringent plate characterizeadwards a saturation valdg. The field is thus switched off

by a phase lag related to its birefringencAn. An is de-  with a characteristic time lower than 200 ns and the decrease

fined asAn=n;—n, ,n; being the optical index in the direc- of transmitted light is observed as illustrated in the part b of

tion of the magnetic field and, the optical index in the Fig. 1(b). The signal is averaged by repeating the sequence

perpendicular direction. For a sample of thicknessthe  of magnetic field pulse in order to obtain a good accuracy to

phase lag isp=2meAn/\y. The ferrofluid presents also a evaluate the baseline. The overall response time of the appa-

weak dichroism, that we neglect here since it is of secondatus is of the order of 1us. As demonstrated elsewhere

order with respect to birefringen¢@8]. The polarization of [29], the transmitted intensity is proportional toe in the

the light transmitted by the ferrofluid sample is analyzedlimit of small phase lagp (that is verified for the low iron

using the optical setup of Fig. 1. An He-Ne laser bg&ynof  concentration and chamber thickness used in this $twaahyl

weak power &5 mW) and wavelengthhg=632.8 nm thus proportional tdAn. As shown in Fig. {c), the relaxation

goes through the optical setup constituted by a polarigr (  of 1(t)/l, is not a single exponential, but is correctly de-

the sample §), a quaterwave platen(4), an analyzer4), scribed by a stretched exponential law(t)/l,=exd

and a photodetectdiPD). The ferrofluid sample is put in a —(t/7)%], 79 being a characteristic relaxation time and

nonbirefringent glass chambéhicknesse=200 um) and  characterizing the width of the relaxation time distribution

submitted to a pulsed vertical magnetic fieldH{ (the smallera<1, the larger the distribution
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TABLE |. Characteristic relaxation times,, hydrodynamic di- 1.4 " I
ametersdy, and polydispersity indexx as a function of the ratio lL
R=[lgG]/[ Particles] for the DMSA particles as deduced from £ ~6
the fit of experimental intensity transmitted relaxation. 12 =o=letee ] ga 4 \\c\ ]
—A—R=0.41 < X N
R 7o (uS) @ do (nm) 1 —0—R=027 adhe 5 I
0 5.3+0.2 0.86+0.05 34.7#0.5 g + —0—R=0.14 0 02 0.4R0.6 08 1
0.14 10.3:0.2 0.75:0.02 43.3-0.3 £ 08 R
0.27 17.2:0.4 0.61-0.01 51.3:0.4 ﬁ ‘n
0.41 25.1:0.5 0.55:0.01 58.2:0.4 2 PN
0.55 46.7-0.8 0.51-0.01 71.5-0.4 g 06
0.69 77.6:1.6 0.44+0.006 84.90.6 © é
0.82 184.7%#2.4 0.43:0.003 113.6:0.5 0.4
0.96 673.7413.5 0.42-0.005 173.¢1.1
0.2
Ill. RESULTS
: . 0 > ™
A. 1gG adsorption on DMSA particles i 70 - e 55

1. Samples with different initial [IgG][Particles] ratios fraction (ml)

Birefringence measurements are performed on all IgG fer- FIG. 3. Optical density(OD) at 575 nm for each successive
rofluid with [IgG]/[Particles] initial ratio R from 0 to fraction (1 ml) collected after gel filtration for the samples with
0.96. The birefringence relaxations for these differentdifferentR. The first fractions contain the larger particles. Gaussian
samples are represented in Figc)l Stretched exponential distr.ibutions in the fraction range 20—42 .{mEpresenting the bare
law fits with a very good agreement the experimental re|axpart|cles(see the texi are shown by bold lines. The area under the
ation for each sample. One can remark the slowering of thgaussian is plotted in the inset as a functiorRoNote that assum-
birefringence decay as the number of available IgG per pafNd @ linéar extrapolation, this area cancels foclose to 1.

ticle is increased. Table | summarizes the parametgiend ) . :
P elg ereflect first the IgG adsorption on particles surface Ror

a with their standard errors deduced from the fit, and th 0.55 and d foR=0.55. the f ) ; |

corresponding hydrodynamic diametgg according to the — and second foR>0.55, the formation of complex

expression of relaxation time for the birefringencg aggregates probably due to the crosslinking of antibodies
fixed to the particles.

= 1-r/6dg( 7l (kgT). Note the tiny values of standard errors for
each sample. Figure 2 presents the evolutiodpénd a as - _— . _
a function of the ratidR. The initial ferrofluid R=0) has a 2. Samples W't? d'f.feren.t 'n'gal [Iglc:./}[Pa.rt'Cles] ratios after
characteristic hydrodynamic diameter of 34.7 nm and a poly- ractionation by gef filtration

dispersity indexx=0.86. Adding the 1gG, the hydrodynamic ~ The samples with &R<0.55 were separated by
diameter increases linearly with the rafountil R=0.41.  sepharose gel filtration. The separation depends upon the
For R=0.55. the hydrodynamic size grows dramatically re-ability of sample particles to enter pores of a stationary
flecting the onset of particle agregation. Consistently withphase. Above a certain siZéhe exclusion limit is 20 000
the size increase, the polydispersity is enhanced togeth&Pa for globular proteins the particles move equally fast

with the 1gG adsorption. The size and polydispersity growthgand no separation occurs : it corresponds to the first fractions
collected fraction<14 ml). Below the exclusion limit,

particles of decreasing size move at slowering rates and

mDMSA

200 patticles | 1 separation occurs (¥fraction=<42 ml). Thus the succes-

160 B oBsA o.sé sive collected fractions correspond to decreasing particle
—_ particles s sizes. The OD at 575 nm, providing the iron concentration, is
g120 ] 50.6 _— . measured for each fraction and reported on Fig. 3 for
E 80 S 0.4 fo g samples with variou®. The initial ferrofluid R=0) shows

2 a8 oop9 02 a single peak distribution contained in the later fractions with

T_. efficient fractionation. For samples with increasing 1gG con-
04 0 tents, the distribution is enriched in the faster fractions and
0 02 04 06 08 1 0 02 04 06 08 1 thyg |arger particle sizes and a second peak is growing. The
R R conservation of total particles concentration is verified.

FIG. 2. Characteristic hydrodynamic diametky and polydis- Bi_refringence measurements were performed on all the
persity indexe as a function of the rati®=[1gG]/[ Particles] for  fractions of samples witiR=0, 0.14, 0.27, 0.41, and 0.55.

the DMSA particlegplain squargand for the BSA-coated particles Figure 4 shows the evolutions df and« for the successive
(empty circle as deduced from the fit of experimental transmitted collected fractions. Consistently with the chromatography
intensity relaxation. separation with respect to the particle size, the later is the
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120 OR=0 . strate an efficient coating of BSA on the particle surface.
100 #R=0.27 - Adding more than one IgG per BSA-coated particle, no floc-
Oo OR=0.55 08 1 @ culation is observed. As shown in Table Il and illustrated in
g 80 0.6 Fig. 2, the hydrodynamic diametdy, is a linear function of
% s ‘90 3 R in the whole experimental range by contrast with the IgG
= 04 adsorption on bare DMSA particlea. is decreasing in the
40 %{’ 02 same way that for bare DMSA particles. IgG adsorption on
20 ‘ [ o BSA-coated particles shifts of about 21 nm the characteristic
L5 25 35 15 25 35 particle diameter when one IgG per particle is added. We
Fraction (ml) Fraction (ml) should see later that, for the IgG of 150 kD molecular

weight, the shift of characteristic particle diameter growing
FIG. 4. Characteristic hydrodynamic diametky and polydis- from O to 21 nm is consistant with an increasing ratio of
persity indexa as a function of the fraction collected after gel BSA-coated particles bearing one IgG.
filtration of the DMSA particles withR=0, R=0.27, andR

=0.55. IV. DISCUSSION

A. From birefringence relaxation measurements to particle

fraction, the smaller the hydrodynamic diameter is found. R
size distribution

For a givenR, the polydispersity indexx does not vary no-
tably for the different fractions and remains always smaller In our experiments, the birefringence relaxation is satis-
for each fraction &~0.8) than for the nonfractionated fer- factory adjusted using a stretched exponentigt)/I,
rofluid. It demonstrates the efficiency of the size separatior exd —(t/7)“]. This expression is commonly used in a wide
as well as of the distribution determination by the birefrin- variety of system from condensed to soft matsgin glasses
gence experiment. In the first fractions, one observes an if30], complex liquidg 16]) if nonexponential time relaxation
crease of the particle size and the polydispersityRais  are observed. This phenomenological behavior is often at-
incremented. By contrast, for the later fractions, the birefrin-tributed to the effect of a large distribution of relaxation
gence measurements give approximatively the same charaiimes[30]. The shape of this distribution can, in principle, be
teristic diameters and polydispersity index for all ratRs deduced from a fit to the experiments. Assuming a distribu-
This can be explained by the fact that the first fractions beingdion of relaxation timer with a probability densityQ(In 7),
nonselective contain all particles above a typical size correthe time dependence of the birefringence can be written as
sponding to the exclusion limit, while the particles sorting is
effective for the later fractions. In the range of efficient frac- _ _
tionation, the diameter and polydispersity of each fraction do ()= J lo(m)exa(~t/7)Q(In 7)d(In 7).
not depend upon the initial size distribution but only upon
the particular type of gel used here in the filtration colomn. et us do approximations to derive analytically the probabil-
ity densityQ(In 7). We neglect in a first time the dependance
on r of the static birefringence of a particle,(7)=1,. This
dependance is here weak in front of the sharp variations with
For this binding assay, the DMSA particles are previouslyln 7. Those variations are so sharp that we can split up the
incubated with BSA and thus in a second step incubated witintegral into two parts. The first part concerns the particles
the 1gG. From the birefringence measurement, we obtain fowith relaxation timesr<t, their birefringence having relaxed
the particles incubated with BSAdy=41.2 nm and« during the timet so that the exponential can be approximated
=0.8 to be compared to the bare DMSA particles in hepedy zero. The second part concerns the particles with relax-
with dy=34.7 nm anda=0.86. These differences demon- ation timesr>t, which preserves at the tint¢the memory of
their birefringence: the exponential can be approximated by
unity. Within this cutoff approximation|(t)/I, can be re-

B. 1gG adsorption on BSA-coated particles

TABLE Il. Characteristic relaxation timesg,, hydrodynamic di-

ametersd,, and polydispersity index: as a function of the ratio Written as
R=[1gG]/[BSAParticles] for the BSA-coated particles.
R 7o (149) a do (nm) (/1= JTNQ(In m)d(In7)= JlmQ(In 7)d(In 7).
0 8.9+0.2 0.8G:0.02 41.2:0.3
0.14 10.720.2 0.74-0.02 43.8-0.3 It follows that
0.27 12.3:0.4 0.62£0.02 45.6-0.5
0.41 15.1-0.5 0.60-0.01 49.6-0.5 d[1(t)/1,]
0.55 18.8-0.7 0.50-0.01 52.8-0.7 Q(lnt)=— ——— 2>
0.69 22.8-0.8 0.5x0.01 56.4-0.7 d(int)
0.82 26+ 0.9 0.470.01 59.6:0.7
0.96 30.9-2.6 0.45+0.02 62.5-1.7 The stretched exponentib(t)/1 o= exd — (t/7p)“] fits with

a good agreement the experimental relaxations: the corre-
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0.03 - per particle being available during adsorption. At physiologi-
(a) R=0 cal pH and ionic strength, BSA appears on electron photo-
-~~~ R=0.14 micrographs as an oblate ellipsoid with a major axis of 6 nm

and a minor axis of 4.5 nrif81]. Small angle neutron scat-
tering study of BSA solutio1% BSA) [32] reports hard
sphere diameter of 6.9 nm. Besides, an hydrodynamic diam-
eter of 7.2 nm is deduced from the measurement of transla-
tional diffusion coefficient by quasielastic light scattering
[33]. A recent study{34] claims in favor of a rigid confor-
mation of BSA in neutral solution with a heart shape struc-
ture. From the measurement of the birefringence relaxation
due to rotational diffusion, we find a shift of 6.5 nm on the
characteristic particle diameter. This shift is consistent with
the adsorption of BSA proteins on the particle surface. The
slight widening of the diameter distribution suggests that par-
ticles may have adsorbed inhomogeneously one or several
BSA molecules.

Adding the 1gG, the evolution of the diameter distribu-
tions with increasindR are qualitatively different for DMSA
particles and for BSA-coated particles. As noted before, in
the case of DMSA patrticles, the distributions are enlarged as
Ris increased, first because of IgG adsorption on the particle
surface, but mainly by the fact of particle agregates forma-
tion for R>0.55. By contrast, for the same valueRfBSA-
coated particles present relatively narrow distributions,
which evidence the absence of particle agregation. These dif-
ferent behaviors with respect to the particle aggregation very
probably originate from the different surface coatings. The
spontaneous dimerization of antibodies may induce the ag-
gregation of DMSA particles by cross-linking antibodies that
are simultaneously bound to one particle. On the contrary,
the negatively charged BSA proteins adsorbed on the par-
ticles surface strengthen the electrostatic repulsion and si-
multaneously create steric repulsions that are unfair to mul-
tiple antibody linking. As a conclusion, the hydrodynamic

d (nm) diameter distribution reflecting the complex size as well as
the aggregation state differenciates DMSA particles and

FIG. 5. Distribution of hydrodynamic diameters of the samplesBSA-coated particles. These features are important with re-
with increasing ratioR=[1gG]/[ Particles] for DMSA particles ~ SPect to their interactions with cells: we show in another
(a) and BSA-coated particle). study that their binding to the cell surface as well as their

subsequent uptake were lower by one order of magnitude for
sponding relaxation time distribution can be written analyti-BSA-coated particles compared to DMSA particles and di-
cally within the cutoff approximation, minish with increasing hydrodynamic diameter. Moreover,

the coating of particles with albumin reasonably mimics the
T\¢ T\¢ effect of opsonizatiorladsorption of serum proteins on the
T_o exp — T_o . particle surface when DMSA patrticles are injected intrave-
nously. Thus the characterization of both types of particles
The probability density for a particle hydrodynamic diameterand their behavior with respect to IgG adsorption are crucial
d writes P(d)=3/dQ(In 7). for the fate of particlesn vivo and the targeting efficiency.

0.00

Q(ln7)= a(

B. Particle size distributions 2. Separating bare particles and 1gG bound particles

The patrticle size distributions deduced from birefringence
measurement on each fraction obtained after the gel filtration
of DMSA particles withR=0.55 are illustrated in Fig. 6. The

To reveal the IgG adsorption on DMSA particles and ondiameter distributions are shifted to lower diameters with
BSA-coated particles, the diameter distributions found forincreasing collected fractions revealing the performance of
each value oR are represented in Fig. 5, comparatively for gel separation. The particle concentration in each fraction are
both types of particles. FOR=0, the size distribution is independently deduced from OD measurements. One can
slightly shifted and widened after BSA adsorption, five BSAthus reconstruct the particle size distribution of the nonfrac-

1. 1gG adsorption on DMSA particles and on BSA coated
particles
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FIG. 8. Diameter distributions of the bare particles and 1gG
bound particlegb) for R=0,0.14,0.27,0.41, and 0.55 reconstructed
as sum of distributions of different collected fractions with their

FIG. 6. Distribution of hydrodynamic diameters for the different respective weightsee the text for the detail of reconstruction
fractions collected after gel filtration of the DMSA-particles sample
with R=0.55. R>0, we assume that particles that are not bound to the IgG
keep their native diameter and contribute to the OD distribu-

tionated ferrofluid by simply adding the size distributions of ion on the form of a Gaussian distribution in the fraction
each fraction, weighted by the corresponding particles cont@n9€ 20—42 ml, which fits the right part of the OD curve
centrations. Figure 7 shows the remarkable agreement b&ractions>28 mi. These Gaussian distributions are plotted
tween the so obtained reconstructed distribution and the inin Fig- 3 in bold lines, representing the population of bare
tial distribution of the nonfractionated ferrofiuid for bare Particles for each sample with differeRt The area under the
particles R=0), and also the satifactory agreement for theGaussian distribution measures the proportion of bare par-
ferrofluid incubated with IgG at ratilk=0.14, 0.27, and t]cles: the.ms_et of F'g‘ 3 shows that th|§ proportion decr.eases
0.41. Moreover, the birefringence measurements demonstrai@€arly with increasing Assuming a linear extrapolation,
the efficiency of the gel separation for a size sorting of thePN€ can remark t_hat the proportion of bare paT"C'eS vanishes
functionalized ferrofluid. for R=1 suggesting that each IgG bound particle bears only
The OD measurements for each fraction of the native fer®n€ 19G. Actually this theoretical limit is not attained experi-
rofluid (R=0) (see Fig. 3 show that the bare particles are Mentally since we observe f&=>0.55 particles aggregation,
distributed in the fractions between 20 and 42 ml. Moreover'VNich probably occurs via antibody dimerization. However,
the OD distribution as a function of the collected fraction is € linear decrease of the proportion of bare particles cancel-

correctly adjusted foR=0 by a Gaussian distribution. For ing atR=1 suggests that f&R<0.55, an IgG bound particle
may bear only one IgG.

We know for each fraction the weight of bare particles

0.037 R<0 0.0 Re0.14 (defined by the Gaussian contribution to the Jodnd the
complementary weight of IgG bound particles. It is thus pos-
202 2021 1N\ sible to reconstruct separately on one side the diameter dis-
& & 1F N tribution of the bare particles and on the other side the diam-
001 001 eter distribution of the 1gG bound particles. Figuréa)8
represents the diameter distributions of bare particles for the
00— =Tt 30 200 so 1w o 200  differentR reconstructed on the basis of about 20 birefrin-
0.03 d (nm) 0.03 d (nm) gence relaxation measurements for e&chrhese distribu-
R=0.27 R=0.41 tions superimpose remarkably attesting the robustness of the
0.02 002 method. Figure &) shows the diameter distribution of 1gG
<) ) bound particles. The binding of the 1gG on the particle sur-
3‘01 2 gfm """" face shifts the maximum of size distribution by about 10 nm,
. ‘ the shift being approximatively constant with increasRg
000 0.00” ' ~~~~~~~~ . ' Murphy et al. [35] have investigated the size parameters of
0 0 50 100 150 200

50 100 150 20

o d ooy model antigen-antibody complexes formed by the interaction

of bovine serum albumin with pairs of monoclonal anti-BSA
FIG. 7. Comparison of the diameter distribution obtained for the@ntibodies by quasielastic light scatterit@LS), classical
ferrofluid sample before gel filtratiogplain line) and the diameter light scattering(CLS) and electron microscopy. They find
distribution reconstructed as the sum of the distribution of eacHadius of gyration(from CLS) and hydrodynamic radius
fraction collected after gel filtratiofdotted ling weighted by their  (from QLS) varying from 10 to 20 nm for molecular weights
respective iron concentration f&=0, R=0.14, R=0.27, andR from 400 to 700 kDa depending of the pairs of antibodies
=0.41. binding to different BSA domain. The obtained shift of 10
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nm is thus consistent with the polyclonal IgG used in thatsible to separate the distribution of bare particles from the
study molecular weight of about 150 kDa. The most probablelistribution of IgG bound particles in order to obtain more
diameter of the 19G bound particles is only slightly modified quantitative results on the efficiency of the binding reaction.
whenR increases. It confirms that, on average, only one IgG  Birefringence measurements point out the different be-
is attached per particle and that the binding reaction do ndhavior of DMSA particles and BSA-coated particles with
induce agregation process in the rarige 0.55. However, respect to the IgG adsorption. As the complex size, the num-
for R=0.55, we remark a net widening of the size distribu-per and conformation of adsorbed IgG and the cluster forma-
tion towards large diameters, signaling the onset of particlgion are important factors for their interactions with cells,
aggregate formation. their characterizations by birefringence measurement are cru-
cial for the choice of particles, determining the fatevivo
C. Conclusion and the possibility of targeting.

In this paper, a physical method to detect the binding From a biomedical point of view, the certainty that mag-
reaction of macromolecules on magnetic nanoparticles igetic nanoparticles effectively bear a biological effector is
presented. In a first step, it is shown that the direct analysithe first step towards a wide variety of applications. In the
of the magnetically induced birefringence relaxation, withfield of cell biology, functionalized nanoparticles can be
the aid of a stretched exponential adjustment, could revealriven into intracellular compartmentdysosomes, reticu-
the binding of a macromolecule on the particle surface andum, golgi apparatus following the grafted antibody path-
distinguish it from an eventual onset of particle agregationway_ It then becomes possible to apply magnetic forces in-
This field induced birefringence experiment appears as gjde the cell and to displace one type of organelle. For
rapid and simple assay to probe binding reaction on magnetigedical diagnosis and therapy, specific antibodies or other
nanoparticles considered as substrates, which can be appligflectors grafted on magnetic nanoparticles allow to detect

in a wide variety ofin vitro process. the presence of a receptor in an analyteitro and to target
As a second step, a quantitative support for the robustnesggalytical sitesn vivo.

of the method is provided. An analysis of birefringence re-

Iaxat.ion.permits to deduce the distribution of the hydrqdy— ACKNOWLEDGMENTS

namic diameter of the complex formed by the nanoparticles
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