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Magnetic resonance imaging (MRI) offers the possibility of tracking cells labelled with a contrast agent and evaluat-
ing the progress of cell therapies. This requires efficient cell labelling with contrast agents. A basic incubation of cells
with iron oxide nanoparticles (NPs) is a common method. This study reports the synthesis at the gram scale of iron
oxide nanoparticles as MRI T2 contrast agents for cell labelling. These NPs are based on small iron oxide cores coated
with a thin polysiloxane shell presenting carboxylic acid functions. The iron oxide cores produced have been
characterized by transmission electron microscopy, X-ray diffraction, ζ -potential, infrared, photon correlation
spectroscopy, atomic force microscopy, magnetometry and relaxometric measurements. These measurements
confirmed the expected surface modification by carboxysilane. Carboxylic groups created electrostatic repulsion
between NPs when they are deprotonated. Therefore, highly concentrated aqueous solutions of carboxysilane
coated iron oxide NPs can be obtained, up to 70% (w/w). These NPs could be used for cell labelling owing to their
aggregation and re-dispersion properties. NPs precipitated in Dulbecco's modified Eagle medium induced a rapid
association with 3 T6 fibroblast cells and could easily be re-dispersed in phosphate buffer saline solution to obtain
properly labelled cells. Copyright © 2013 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this article.
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1. INTRODUCTION

Among their different applications, magnetic nanoparticles
used in biomedical research have been developed for detec-
tion (1), imaging (2), therapeutic (3) and multimodality
purposes (4). Their size is a key factor in their use as probes
or as vectors in biological environments because such probes
should be at the scale of biological entities in order to
facilitate their interaction with cells or biological molecules.
These applications are closely dependent on the nanoparticle
design and surface modifications. Nanoparticles (NPs) have a
great potential for biological applications and, among them,
superparamagnetic iron oxide NPs occupy a prominent place
owing to their magnetic properties (5). Small iron oxide NPs
(<20 nm) are superparamagnetic and play an important role
in MRI. These nanoparticles induce magnetic field inhomoge-
neities that speed up the NMR transverse relaxation of water
protons, providing a negative contrast in T2-weighted MRI. As
a consequence, the presence of superparamagnetic NPs in an
organ causes it to appear darker than surrounding tissue.
Because of this property, iron oxide NPs have been widely
used in MRI to monitor in vivo populations of cells labelled
with T2 contrast agents (6).

In vivo cell tracking by MRI is one of the primary applications
of intracellular magnetic labelling (7,8). Basically, intracellular
magnetic labelling with iron oxide nanoparticles is achieved by
incubating cells in culture with the nanoparticles for a given
time. Several strategies, based upon nonspecific uptake mecha-
nisms, are employed to magnetically label cells (6). In this

approach, a direct or indirect interaction between the nanoparticles
and the cell membrane appears to be a critical step. Both cell type
and nanoparticle-related parameters, such as surface properties
(nature of the coating and charge, serum protein adsorption) and
size (including the formation of aggregates), are determinant param-
eters for the cellular uptake of magnetic markers (9,10). Prior to be
taken off the market for economic reasons, ferumoxides and
ferucarbotran [contrast agents for liver MRI approved by the US
Food and Drug Administration (FDA)] had become very popular
for in vitromagnetic cellular labelling applications (11–14). Ferumoxides
were often combined with protamine sulfate, an FDA-approved
cationic protein used as a heparin antidote (15). Montet-Abou et al.
demonstrated that the proportion of ferumoxides and protamine
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sulfatemust be selected carefully to avoidproblems related to complex
precipitation (16). Nevertheless, the formation of nanoparticle com-
plexes or agglomerates seems to be a promising pathway for the
optimization of cellular magnetic labelling parameters. Indeed it
has been observed that cellular uptake is higher when the agglom-
eration stage of nanoparticles is advanced (17). After interaction of
clusters with the cell surface, vesicle formation and subsequent
internalization occur (18).
For in vivo cell tracking, eliminating the excess of iron oxide

material from the cell culture after incubation is crucial to avoid
undesired signal voids (i.e. those not owing to exogenously
labelled cells). An innovative method should consist of working
on a reversible system based on aggregates. First, aggregates
made from nanoparticles bearing a charged coating would be
formed during the incubation to allow efficient interaction of
the magnetic tag with cells and subsequent intracellular uptake.
Next, aggregates remaining settled onto the cell layer or plastic/
glass bottom of the plate would be dispersed in small clusters or
individual NPs and removed during the post-incubation wash.
For this reason, it is advantageous to develop NPs presenting
low colloidal stability in cell culture media but high stability in
phosphate buffered saline (PBS), which is the solution often used
to wash cells. To reach this objective, we propose in this work the
synthesis of carboxysilane-coated NPs. We first present the
process for coating iron oxide NPs by carboxysilane at the gram
scale as well as the characterization of coated or uncoated NPs
by transmission electron microscopy (TEM), X-ray diffraction
(DRX), photon correlation spectroscopy (PCS) and atomic force
microscopy (AFM), magnetometry, ζ -potential and relaxometry
measurements. Second, we report the cellular labelling strategy
in a preliminary observation of cell-associated carboxysilane
coated NPs by cytochemical staining of iron on 3 T6 fibroblasts.

2. EXPERIMENTAL SECTION

All chemical compounds were purchased from Aldrich and used
as received.

2.1. Synthesis of Iron Oxide NPs

Iron oxide NPs were synthesized using the polyol route (19). An
aqueous solution (25ml) of FeCl2

. 4H2O (0.045mol) and FeCl3
(0.0375mol) were added to diethylene glycol (250ml) under
mechanical stirring. The solution was heated to 170 °C and
maintained at this temperature for 15min before adding solid
NaOH (0.375mol). The mixture was maintained at 170 °C under
mechanical stirring for 1 h before cooling at 60 °C. Iron oxide
NPs were collected with a magnet and washed five times with
100ml of an HNO3 solution (1 M). Finally, iron oxide NPs were
dispersed with water (< 25 μS cm�1) in order to constitute the
stock solution of NPs.

2.2. Coating of Iron Oxide NPs by Polysiloxane Shell

Iron oxide NPs are coated with a polysiloxane shell composed
of TEPSA [3-(triethoxysilyl)propyl succinic anhydride; CAS no.
93642-68-3; Scheme S1 in the Supporting Information] in
basic media. NPs were transferred into dimethylformamide
(DMF) and water was removed under reduced pressure.
3-(triethoxysilyl)propylsuccinic anhydride (TEPSA, 0.15 mol) was
then slowly added to 100ml of NPs solution in DMF, then
25ml of water was added, followed by 15ml of an aqueous

solution of tetramethylammonium hydroxide (1 M) at room
temperature and under stirring. The solution was heated at
100 °C for 24 h under continuous stirring. NPs were then
precipitated by adding an acetone–ether mixture 50:50 (v/v)
and collected with a magnet. The precipitate was washed five
times with 100ml of acetone under stirring (10min) and finally
dispersed in water. Afterwards, the solution containing NPs was
purified by dialysis against water for 3 days, changing the water
bath three times per day.

2.3. Transmission Electron Microscopy

TEM was used to obtain detailed morphological information on
the samples and was carried out using a Microscope Fei Tecnai
10 operating at an accelerating voltage of 80 kV (Oregon, USA).
The sample was prepared by placing a drop of diluted solution
of iron oxide nanoparticle suspension on a grid.

2.4. X-Ray Diffraction

The X-ray diffraction experiments were performed on a D5000
Siemens diffractometer (Karlsruhe, Germany) using the Cu Kα
radiation (λ=0.154056 nm). The scattering intensities were
measured over an angular range of 0< 2Θ< 120 for all samples
with a step size (2Θ) of 0.05° and a step time of 25 s.

2.5. Photon Correlation Spectroscopy and ζ -Potential
Measurement

The measurements of the size distribution and the ζ -potential of
the nanoparticles suspended in aqueous medium were
performed on a Zetasizer nano zs (Malvern Instruments) using
laser He–Ne (633 nm). The ζ -potential was determined directly
in solution containing NaCl (0.01mM). The pH of the aqueous
solution containing NPs was adjusted by adding 0.1–0.001mM

HNO3 or NaOH solution.

2.6. Fourier Transform Infrared Spectroscopy

Infrared spectra of dried samples were recorded on FTIR
spectrometer. The measurements were performed on a
Perkin Elmer Spectrum 100 spectrometer (UK) with a solid
potassium bromide method, using 2 cm�1 resolution and 10
scanning times.

2.7. Atomic Force Microscopy

The surface morphology can be best observed when an AFM
apparatus operates in tapping mode (TM), which greatly reduces
tip-induced damage. The ultimate resolution of TM-AFM
depends on the sharpness of the probe; typically, it is in the
order of a few nanometres. AFM was performed on a drop of iron
oxide nanoparticle solution deposited on a cleaved mica
substrate after solvent evaporation. AFM images were recorded
with a Multimode AFM microscope equipped with a Nanoscope
V control unit (Veeco, Santa Barbara, CA, USA) running at room
temperature in air, using cantilevers with a resonance fre-
quency of about 300 kHz. The working frequency was chosen
slightly below the resonance frequency to ensure it was in
the repulsive regime and with very low forces during imaging
to avoid moving the NPs on the surface. The number of pixels
in the images was 512× 512.
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2.8. Magnetometry

The magnetization curves were recorded on a 50mM iron
solution in a Teflon capsule, with a magnetometer VSM-NUVO
(Molspin, Newcastle Upon Tyne, UK) at 25 °C. Magnetizations of
the studied materials were obtained after subtraction of the
diamagnetic part of the holder sample and the solvent. Magne-
tizations are expressed as A m2 kg�1 of iron.

2.9. Relaxometry

Proton nuclear magnetic relaxation dispersion profiles extending
from 0.23 mT to 1.4 T were recorded at 37 °C on a spinmaster
field cycling relaxometer (Stelar, Mede, Italy). Relaxation time
measurements (T1 and T2) were performed at 37 °C on low-reso-
lution relaxometers operating at 20 and 60MHz (Minispec mq20
and Minispec mq60, respectively, Bruker, Karlsruhe, Germany).

2.10. Induced Coupled Plasma

Determination of the iron content was performed by Induced
coupled plasma–Atomic Emission Spectroscopy (ICP-AES).
Samples were dried and solid materials were dissolved in HNO3

and HCl 1:3 v/v at 60 °C for 1 h before analysis.

2.11. Perl's Cytochemistry of Cell-Associated Iron

3 T6 cells (adherent mouse embryonic fibroblasts) were seeded
(2 × 105cells) on sterile glass cover slides to allow microscope
observation of cell-associated iron oxide nanoparticles placed
in the wells of six-well plates (Greiner, Wemmel, Belgium) and
maintained in Dulbecco's modified Eagle medium (DMEM)
supplemented with 1% antibiotic–antimycotic solution and
10% heat-inactivated foetal bovine serum (all provided by
InvitroGen, Merelbeke, Belgium) in a CO2 incubator (37 °C, 5%
CO2). The next day, cells were labelled for 4 h with iron oxide
nanoparticles coated with carboxysilane (0.5mM of iron) mixed
with 2ml of serum-free DMEM (to allow nanoparticles agglomer-
ation without influence of serum proteins). After this time,
serum-free DMEM was replaced by 2ml of fresh complete DMEM
to restore normal cell growth conditions. After a chase period of
16 h, cells were washed three times with 2ml of PBS solution. For
cytochemical revelation of iron, cells were fixed with 4% formal-
dehyde prepared in PBS for 15min and permeabilized with 0.1%
triton-100 in PBS for 5min. Cells were then treated with Perl's
reagent (made from equal volumes of 2% potassium ferrocya-
nide prepared in 2-fold concentrated PBS and 2% HCl in distilled
water), and washed with distilled water before counterstaining in
aqueous eosin solution. Cover slides are finally mounted in
Acrytol (Surgipath, Labonord, Villeneuve D'Ascq, France) on
microscope slides. Observations were performed on a Leitz Leica
Orthoplan microscope (Wetzlar, Germany) equipped with a Leica
DC300F digital camera for recordings.

3. RESULTS AND DISCUSSION

Iron oxide cores were obtained by the polyol method, which
consisted of the co-precipitation of metal oxide in high boiling
alcohol. The black precipitate of flocculated iron oxide NPs was
then washed and suspended in acidic media as previously
described in the literature (19).

The TEM picture of the as-prepared particles (Fig. 1) showed
spherical objects characterized by a mean size of about 8 nm

and by a quite good size homogeneity polydispersity index
(PDI 1.38). Characteristic peaks of maghemite were observed
by XRD (Fig. S1 in the Supporting Information) and confirmed
the inverse spinel structure of these particles.
NPs are characterized by a high surface/volume ratio, up

to few hundreds of square metres per gram, which creates
a major drawback: NPs tend to agglomerate owing to the
short range Van der Waals attractive interaction. Colloidal
suspensions are unstable from a thermodynamical point of
view but can be stabilized kinetically by the presence of
charges and/or polymers inducing electrostatic and/or
sterical stabilization (20–23). Uncoated iron oxide nanoparticles
present an isoelectric point at neutral pH. To stabilize the iron
oxide nanoparticles, TEPSA was used. It is now established that
silanol groups react with hydroxyl groups at the iron oxide surface
to form a Si–O–Fe link. To have a better control of the hydrolysis of
silane's alkoxy groups, the reaction was performed in organic
medium in the presence of controlled amount of water. As
indicated by TEM (Fig. 1) and XRD (Fig. S1 in the Supporting Infor-
mation) analysis, the silane treatment of the particles did not lead
to a modification of their shape, size nor structure.
The different behaviours of uncoated and coated NPs with

respect to the pH are the first indication of the surface modifica-
tion. Uncoated iron oxide NPs present hydroxyl functions on
their surface characterized by a pKa of 7. At neutral pH, then,
the electrostatic repulsion is not sufficient to preserve the colloi-
dal stability of the solution, leading to the precipitation of
agglomerated NPs. However, in acidic and basic aqueous media,
the protonation and deprotonation of surface hydroxide groups
result in colloidal solutions that are electrostatically stabilized by
positive or negative charge, as demonstrated by the ζ -potential
measurements at different pHs (Fig. 2). Unlike the uncoated NPs,
carboxysilaned NPs were stable at neutral pH. The stability
domain of coated NPs extends from pH5 to basic pH. As the
pKa of carboxylic groups is more acidic (pH between 3 and 5)
than that of iron oxide surface hydroxide groups (close to 7),
carboxysilane coated NPs are stable at neutral pH, as confirmed
by the ζ -potential measurements (Fig. 2).
Surface modification was confirmed by FTIR spectroscopy

(Fig. S2 in the Supporting Information) by comparing the spec-
tra before and after silane treatment. In the FTIR spectra of
TEPSA-modified nanoparticles, we noticed the presence of
bands around 2880 cm–1 and 1710 cm�1, which can be respec-
tively attributed to C–H and C=O bond vibrations. Bands in
the 1000–1200 cm �1 region can be attributed to Si–O–Si bond
vibrations, confirming the formation of a polysiloxane shell.
Surface modification is also characterized by an increase in the

NPs' hydrodynamic diameter (HD). Native iron oxide NPs present
a size distribution in intensity characterized by a mean HD of
17.5 nm, while coated ones have an HD of 21.1 nm, as shown
in Fig. 3. A difference of 3.6 nm in the HD is thus observed by
PCS measurements, which corresponds to an increase in
thickness of 1.8 nm, suggesting a thin shell of polysiloxane
surrounding the iron oxide core. In number representation, the
HDs of uncoated and carboxysilane coated NPs are 9.0 and
12.8 nm respectively.
Except when used in high-resolution mode, transmission

electron microscopy (TEM) analysis generally failed to character-
ize the thin polysiloxane shell owing to the low contrast between
polysiloxane and carbon film (Fig. 1). AFM observations were
performed on nanoparticles to confirm that they are coated by
a thin layer. Uncoated and coated NPs were deposited on a

J.-L. BRIDOT ET AL.

wileyonlinelibrary.com/journal/cmmi Copyright © 2013 John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2013, 8 466–474

468



freshly cleaved mica substrate and the topographies were
recorded in tapping mode. The altitude of each spot was
measured to determine the size distribution of each kind of NP.
The mean size was determined by fitting the experimental data
with a log normal function. Size distributions obtained from
AFM images (Fig. 4) indicate that iron oxide NPs present one
population with a median altitude, h0, of 9.4 nm (σ= 0.34) for
uncoated and 9.9 nm (σ= 0.23) for TEPSA-coated NPs. Analyses
were performed on all spots present in a 2 × 2μm field of view,
corresponding to 220 and 192 uncoated and coated NPs, respec-
tively. These results confirm that a thin polysiloxane shell is
surrounding the iron oxide core. The HD measured by PCS in
intensity representation mode was greater than that measured
by AFM because this representation mode is very sensitive to

large NPs and induces a shift of the mean diameter to larger
sizes. The intensity representation mode could be converted into
a number representation mode using the Mie theory, which is a
more suitable representation mode for techniques such as
microscopy (24). In number representation mode, uncoated
and coated NPs had HDs of 9.0 nm and 12.8 nm respectively.
These values are closer to the AFM distribution results. Even in
number representation mode, the hydrodynamic diameter
appeared larger than the AFM diameter since the PCS technique
measures the hard core surrounded by water molecules and ions
of the solvation layer.

Iron oxide NPs developed for biomedical applications such as
MRI must remain efficient and preserve their capacity to speed
up the relaxation of surrounding protons. In other words, the

Figure 1. Comparison of transmission electron microscopy pictures of the particles before (a) and after (b) coating by TEPSA.
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coating process must not reduce the relaxation rates of iron
oxide NP solutions. Considering an outer sphere mechanism
and at high magnetic field, the efficiency of the contrast agent
is a function of the radius and the magnetic moment of the
nanoparticles which, in turn, is a function of their magnetization
(25). Magnetometry of iron oxide NPs renders it possible to
determine the saturation magnetization and the size of the
superparamagnetic crystals by fitting the data by a Langevin
function. The experimental results obtained are characteristic of
superparamagnetic NPs. The magnetization curves of uncoated
and carboxysilane coated NPs are quite similar (Fig. S3 in the
Supporting Information) as well as the parameters provided by
the fittings. Iron oxide NPs have a saturation magnetization of
around 78.1 A m2 kg�1 of Fe and a diameter of 9.8 nm while iron
oxide NPs coated with TEPSA have a saturation magnetization of
84.2 A m2 kg�1 of Fe and a diameter of 10.1 nm. Apparently, the
coating process does not significantly modify the magnetic
properties, which is appreciable since some coating induces a
reduction of the superparamagnetic domain owing to the forma-
tion of a spin canting layer near the surface (26). However, if the
magnetization of NPs is a significant factor of the transverse

relaxivity (r2) expression, the size of the NPs is another key
parameter (27,28). According to the outer sphere theory, the
volume surrounding the surperparamagnetic domain must be
free so that water molecules can diffuse in order to obtain
an optimal efficiency. Increasing the size of nanoparticles
without increasing their magnetic moment induces a decrease
of the relaxation rate proportional to the r/R ratio where r and
R are the radius before and after coating, respectively (29). This
assumption is only valid when the particles are in the
outersphere relaxation regime.
It appears that the shell must be thin or porous to avoid a

reduction of contrast agent efficiency by limiting the access
of water protons close to the superparamagnetic cores. A
nuclear magnetic resonance dispersion (NMRD) profile was
obtained in order to evaluate the relaxometric properties of
coated NPs at physiological pH (Fig. 5). NMRD profiles were
not obtained for uncoated NPs owing to the lack of stability
in solution in the presence of a magnetic field, especially at
neutral pH. NMRD profiles show the typical curve expected
for superparamagnetic NPs. Fitting was performed using the
outer sphere theory with saturation magnetization 58 A m2

kg�1 of Fe, a diameter of the magnetic core of 11.1 nm and
a Néel relaxation time of 7.43 10�9 s. The size and the satura-
tion magnetization remain compatible with previous data. The
size dispersion is responsible for the lower specific magnetiza-
tion obtained by relaxometry compared with that obtained by
magnetometry. Moreover, the small dispersion between 0.1
and 1MHz and the small r2/r1 ratios indicate that carboxysilane
coated NPs are well dispersed, confirming thus the absence of
aggregates, which is in agreement with the PCS measurements
(Fig. 3). Relaxometry at 20 and 60MHz highlights a high trans-
verse relaxivity value of about 75 s�1mM

�1 which is similar to
commercial compound Sinerem (30).
After synthesis and purification, the batch of carboxysilane-

coated NPs can be concentrated by freeze drying and the
resulting powder can be easily redispersed by adding water,
unlike uncoated NPs, which are not redispersible in water after
freeze-drying. By adding small amounts of sodium hydroxide
solution and as a result of electrostatic repulsion, it is possible
to obtain a highly concentrated ferrofluid, up to 50% in weight
of iron oxide, as illustrated by Fig. 6. The iron oxide concentra-
tion can be increased up to 70wt% in water after an
additional evaporation step. To reach a high concentration,
the percentage of iron oxide in the dried powder must be
high. For carboxysilaned NPs, 80wt% of Fe2O3 is obtained in
dried powder. Stabilization by steric repulsion has been used
by Lee et al. to produce iron oxide NPs with a 70wt% of dried
powder (31). As a consequence, to increase the iron oxide
content in a solution, a reduction of the size of the NPs or
of the coating density is needed. With a short chain of diblock
copolymer acrylic acid acrylamide, Jain et al. produced aque-
ous solutions with about 65 and 76wt% in dried powder
(32). While steric repulsion by polymer is the most studied
strategy for the stabilization of ferrofluids (33), the present
work offers an alternative for the synthesis of highly concen-
trated ferrofluids, up to 70wt%, and at the gram scale using
electrostatic repulsion by carboxysilane.
Colloidal stability can be evaluated by determining the ζ -po-

tential, which can be defined as the potential value at the shear
plane (34). The ζ -potential is expressed as a function of the
surface charge density, the diffuse layer thickness depending
of the ionic force and the water permittivity. It appears that the

Figure 2. ζ -Potential measurements vs pH of uncoated (solid circles)
and carboxysilane coated (open circles) nanoparticles (NPs).

Figure 3. Size distribution in intensity as measured by photon correla-
tion spectroscopy (PCS) of uncoated (solid circles) and carboxy silane
coated (open circles) NPs.
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thickness of this layer decreases as the ionic strength increases.
This effect is a function of the concentration and the nature of
salt in solution. The Gouy Chapman model shows that multiva-
lent ions are more efficient in contracting the layer. Experimen-
tally, the Schulze–Hardy rule shows that the critical coagulation
concentration (c.c.c.) depends on the reciprocal charge at power
6. If the colloidal stability depends on many factors, the type of
electrolyte and its concentration are crucial. At neutral pH, iron
oxide NPs coated with carboxysilane are negatively charged.
The charge of NPs is affected by the presence of salts in solution.

Adding a salt like NaCl induces a change in ζ -potential value
owing to the presence of counter ions on the particle's surface.
This effect is generally larger with multivalent ions. Iron oxides
coated with carboxysilane are more sensitive to the presence
of calcium ions than sodium ions. As a consequence, turbidity
appears followed by the precipitation and sedimentation of
TEPSA-modified NPs in DMEM medium containing calcium ions.
The precipitate formed in DMEM could be redispersed in PBS
solution, a medium without calcium ions, after sedimentation
and elimination of the supernatant. After a few minutes, the
solution is optically clear without any apparent turbidity.

The instability in DMEM and the redispersion of iron oxide
nanoparticles coated with TEPSA in PBS was studied by PCS.
Figure 7 shows the size distribution results obtained after

Figure 4. Atomic force microscopy (AFM) images of (a) uncoated and (b) TEPSA-coated NPs and the corresponding altitude distribution of (a)
uncoated and (b) TEPSA-coated NPs.

Figure 5. Nuclear magnetic resonance dispersion (NMRD) profile (solid
circles) and transverse relaxivities (solid triangles) at 20 and 60MHz of
TEPSA-coated NPs in water.

Figure 6. A 50wt% aqueous ferrofluid solution of carboxysilane-coated
NPs stabilized by electrostatic repulsion with a magnet underneath.
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20min in DMEM. It illustrates that the number representation
mode can mask some aggregation in solution. In this representa-
tion mode, there is one peak around 10 nm, in agreement with
the size determined in water. However, in intensity mode, large
aggregates are observed, up to the micrometric scale. Figure 7
shows the size distribution in intensity representation mode of
the solution after precipitation in DMEM for 5 h and redispersion
in PBS. A peak at 20 nm is observed and correlates to the size
distribution observed before precipitation (Fig. 3), demonstrat-
ing the redispersibility of the system.

In comparative studies performed with formerly clinically
applicable compounds, ferucarbotran was found to be more
efficient than ferumoxides (not complexed with protamine) in
labelling cells. It was hypothesized that the negative charges of
carboxylate groups in coating were responsible for this efficient
uptake (13,14). Cytochemical observations were performed in
order to test the feasibility of cellular magnetic labelling based
on the formation of carboxysilane-coated nanoparticle aggre-
gates during the incubation, followed by the redispersion of
extracellular remaining iron oxide materials during the PBS
washing steps. An iron incubation concentration of 0.5mM

allowed nontoxic conditions to be maintained, as suggested by
a preliminary tetrazolium assay for cellular viability and activity,
in which cells had similar proliferative activity after 24 h incuba-
tion with amounts of NPs ranging from 0 to 2mM Fe (not shown).

Incubation of carboxysilane-coated NPs in DMEM without
serum causes the appearance of a turbidity resulting from ag-
gregation. In such a medium, the influence of proteins that
could adsorb to nanoparticles is avoided. The sedimentation
of aggregates onto cells is expected to facilitate the interaction
between iron oxide nanoparticles and the cell membrane,
without the need to complex them to a transfection agent
as protamine sulfate. Such complexes can indeed be difficult
to wash away from the labelled culture, potentially impeding
the accuracy of the MRI detection of signal voids upon trans-
plantation of cells in the body. Macrophages could also phago-
cyte those extracellular complexes and be responsible for
undesirable areas of signal darkening (35). Our conditions
included a 16 h chase in complete medium to allow the cellu-
lar internalization of iron oxide nanoparticles settled onto the
membrane in normal cell growth conditions. During washing
steps performed afterwards, it was observed that the PBS
solution became slightly yellowish, indicating that NPs were
dispersed as expected. Figure 8 shows Perl's cytochemical
revelation of iron in nanoparticle-labelled 3 T6 fibroblast
cultures: iron is associated with cells and the underlying glass
substrate is mostly devoid of nanoparticle aggregates. On the
higher magnification image seen in Fig. 8, Perls-stained
clusters of nanoparticles can be noticed around the nucleus,
probably corresponding to endocytic vesicles in the cytoplasm.

4. CONCLUSIONS

In this study we describe a simple method for the production of
coated iron oxide nanoparticles at the gram scale with a stabili-
zation shell based on carboxysilane. Surface modification is
characterized by a shift to acidic pH of the isoelectrical point
after coating. PCS and AFM measurements suggest that the
stabilization shell is thin. Magnetometry indicates that the coat-
ing does not modify the magnetic properties of the iron oxide
core. NPs derivatized by carboxysilane present interesting

Figure 7. Size distribution for TEPSA NPs obtained by PCS (a) diluted in
DMEM after 20min and expressed in intensity mode (black), in number
(grey) and (b) after redispersion in phosphate-buffered saline solution
in intensity representation mode.

Figure 8. Cytochemical staining of cell-associated iron: 3 T6 fibroblasts
(original magnification 10×). Incubation concentration, 0.5mM Fe in
serum-free DMEM. Incubation time, 4 h; chase in complete DMEM, 16 h.
In insert, image at higher magnification (original magnification 25×).
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stability properties. An aqueous solution of electrostatically stabi-
lized NPs can be concentrated up to 70wt% with many
prospective applications in the field of true ferrofluids. In ad-
dition, NPs form large aggregates in DMEM, which favours
their interaction with cultured adherent cells. These aggre-
gates are redispersible in PBS, which confers to carboxysilane
coated nanoparticles interesting properties for nonspecific
cell labelling. For in vivo cell tracking applications, it is impor-
tant to use magnetically tagged cells having no contrast
agent stuck to their membrane. Our NPs have the advantage
of offering stability and redispersibility in PBS. After eliminat-
ing the supernatant, a few millilitres of PBS can be added to
dissolve the precipitate and form a clear solution. The
hydrodynamic size of NPs in solution is <100 nm and is
about 20–25 nm even in intensity representation mode
after a few minutes in PBS. Thus, for cell labelling, aggre-
gates of NPs can be removed during the PBS washing steps
after the incubation period in order to obtain properly
labelled cells.
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