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N
anoparticles (NPs) made of inor-
ganic or organic materials exhibit
many novel properties compared

with the bulk materials.1 Magnetic NPs have
unique properties such as superparamag-
netism, high coercivity, low Curie tempera-
ture, and high magnetic susceptibility, etc.2

Magnetic NPs are of great interest for a
broad range of applications, from mag-
netic fluids to data storage, catalysis,3 and
bioapplications.4 Examples of applications
of NPs in the study of biology and biomedi-
cine are magnetic bioseparation,5 cell
sorting,6,7 detection of biological entities,8

clinical diagnosis, and therapy (such as MRI,
magnetic resonance imaging),9�18 MFH
(magnetic fluid hyperthermia),19 targeted
drug delivery,20�23 immunoassays,24 and
biomacromolecules purification.25 Magnetic
iron oxide NPs play an important role in
these applications, and they have been
used in in vitro diagnosis for about 50
years.26 In the past decade, numerous inves-
tigations have been carried out in the field
of magnetic NPs,27 especially on magnetite
and maghemite, owing to their biocompat-
ibility, FDA approval,28 and absence of
toxicity.29�31

The control of the nanoparticles size,
shape, stability, and dispersibility in specific
solvents is a technological challenge. Bioap-
plications, for example, require water-
solubility and colloidal stability. However,
most reported synthesis routes for high-
quality nanoparticles of metals,32,33

semiconductors,34,35 and metal oxides36�38

involve nonaqueous solvents and coating
with monolayers of hydrophobic surfac-

tants. Several strategies to tackle these chal-
lenges have been formulated,39 such as (i)
polymer coating,40,41 (ii) exchanging the
original hydrophobic stabilizer with
dendrons,42,43 thiols, or even oligomeric
phosphines,44 and (iii) silica coatings.45�53

To expand the scope of the iron oxide
NPs in biological applications, biomole-
cules have been employed as coatings, such
as amino acids,54 vitamins,55,56 proteins,57

antibodies,58,59 polypeptides,60 biotin, avi-
din,61 and saccharides.62 However, silica
coating remains one of the most popular
and well-known techniques for nanoparti-
cle surface modification, because the result-
ing cross-linked silica shell protects the
core from the environment and vice versa.
The silica coating also provides colloidal sta-
bility in biological solutions by avoiding in-
terparticle interactions and agglomeration.
Furthermore, it can act as an anchor for the
binding of biological vectors at the NPs sur-
face.63 While there are numerous
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ABSTRACT We report the fine-tuning of the relaxometry of �-Fe2O3@SiO2 core�shell nanoparticles by

adjusting the thickness of the coated silica layer. It is clear that the coating thickness of �Fe2O3@SiO2 nanoparticles

has a significant impact on the r1 (at low B0 fields), r2, and r2* relaxivities of their aqueous suspensions. These

studies clearly indicate that the silica layer is heterogeneous and has regions that are porous to water and others

that are not. It is also shown, that the viability and the mitochondrial dehydrogenase expression of the microglial

cells do not appear to be sensitive to the vesicular load with these core�shell nanoparticles. The adequate silica

shell thickness can therefore be tuned to allow for both a sufficiently high response as contrast agent, and

adequate grafting of targeted biomolecules.

KEYWORDS: iron oxide nanoparticles · silica coating · NMR relaxation rates · MRI
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publications concerning silica coatings, only a few
methods have been reported for the preparation of
water-soluble silica-coated nanoparticles with a high
colloidal stability and with sizes below 20 nm.45,50,53

Particles with tunable size are important when con-
sidering biomedical applications. While small nanopar-
ticles exhibit reduced nonspecific interactions, minimal
steric effects, and high clearance rates,64 larger nano-
particles are subjected to internalization by macro-
phages. The thickness of the silica shell has also a strong
influence on the physical properties of the NPs, espe-
cially in terms of contrast agent efficacy for magnetic
resonance imaging. In this paper, we describe the syn-
thesis of �-Fe2O3@SiO2, core�shell nanoparticles with
tuned shell thicknesses. These particles were character-
ized by transmission electron microscopy (TEM), zeta
potential determinations, diffuse reflectance infrared
Fourier-transform (DRIFT), and nuclear magnetic reso-
nance (NMR). The longitudinal (T1) and transversal (T2)
relaxation times of aqueous suspensions of the pre-
pared particles were measured, and their cytotoxicity
was investigated. We show that the shell thickness of
�-Fe2O3@SiO2 nanoparticles has a significant impact on
their relaxivities. This silica layer exhibits two regions
around the core, one, which is porous to water, and a
second one, which is not.

RESULTS AND DISCUSSION
The aqueous maghemite suspension was synthe-

sized by basic precipitation from iron chlorides, fol-
lowed by complete oxidation of the magnetite ma-
terial. For the coating, a polymerization of silane
monomers in the presence of the nanoparticles under
Stöber conditions65,80 was performed. This procedure is
widely used since it provides uniform silica coating with
a controllable thickness. Stöber’s conditions involve
alcohol�water�ammonia as the medium and tetra-
ethoxysilane (TEOS) as the silane monomer (Support-
ing Information, Figure S5). A preactivation of the sur-
face of the nanoparticles through acidic treatment was
found to improve the silica coating, leading to a simple
and highly reproducible method for producing mono-
dispersed water-soluble stable colloidal nanoparticles
with silica shells whose thickness is tunable in the range
2�70 nm.

To tune the silica shell thickness, the required
amount of TEOS was calculated from the initial and
the desired final particle size,66,67 taking into account
the number of �-Fe2O3 nanoparticles, Npart, using eq 7
in the experimental section. The estimated and experi-
mental thicknesses of the silica coatings are summa-
rized in Table 1, while Figure 1 displays the TEM im-
ages obtained at various stages of the NPs synthesis.

The TEM showed that spherical core�shell (�-
Fe2O3@SiO2) nanoparticles with different shell sizes
were obtained; as clearly evidenced by these images,
all the �-Fe2O3 particles were surrounded by the silica

layer. The scheme on the right of the lower row of the

images defines the measured size or diameter (d) of the

NPs, and their silica shell thickness (t). The average

thickness of silica shells was determined from these im-

ages by measurements in four directions for each par-

ticle and at least 100 particles per �-Fe2O3@SiO2 sample,

showing that the size dispersion of the particles is very

small.

Figure 2 shows the relationship between the ob-

tained shell thicknesses and the expected ones through

calculations. They are proportional to the amount of

TEOS added during the preparation. Note the devia-

tion from a slope of 1, which is significant of the errors

taking place at each step as well as some aggregation of

the maghemite particles, as can be detected by TEM.

Figure 3 shows the zeta potential titrations as a func-

tion of pH, and both the pH range of stability and the

isoelectric points (IEP) of the two types of particles (2.3

for silica and 7.0 for �-Fe2O3). Silica has long been used

as a nonmagnetic coating material in order to avoid ag-

gregation or sedimentation of ferrofluid magnetic

nanoparticles because of its extraordinary stability over

a wide range of polar and nonpolar solvents.

In particular, aqueous dispersions of silica are known

to be stable over a large pH range (IEP at pH 2). The

shift of the IEP toward lower pH values (from �6.5�7

to �2.5) upon coating (Figure 3) provides an additional

confirmation that the coating was successful. The large

negative zeta potential (�80 mV) at physiological pH of

the coated NPs suggests that the aqueous suspensions

will by highly stable under in vivo conditions and will

not flocculate at pH 7.

DRIFT spectroscopy was also used to probe the ef-

fectiveness of the chemical coating of silica on the

maghemite NPs (FF) (Supporting Information, Figure

S6). Several absorption bands in the DRIFT spectrum of

�-Fe2O3@SiO2 samples (Figure S6,c) are assigned to

silica and clearly show that this material covers the sur-

face of the maghemite NPs. The bound Si�OH groups

are characterized by the very broad IR absorption band

in the 2800�3700 cm�1 region, whereas the so-called

free Si�OH groups provide a narrow IR absorption

TABLE 1. Synthesis of Maghemite Core�Shell (�-
Fe2O3@SiO2) Nanoparticle: Comparison between
Estimated and Experimental Values of Shell Thicknesses

sample
estimated shell
thickness (nm)

experimental shell
thickness (nm)

experimental
diameter (nm)

0A 1 � 1 2 � 1 14 � 2
1A 4 � 1 8 � 2 27 � 5
2A 10 � 1 15 � 4 40 � 8
3A 18 � 2 20 � 4 50 � 7
4A 23 � 3 28 � 4 66 � 8
5A 31 � 3 52 � 6 114 � 14
6A 56 � 6 67 � 5 145 � 10

aEstimated shell thickness calculated with eq 7.
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band at 3630 cm�1. The stretching band at 1635 cm�1

shows the presence of residual physisorbed water mol-

ecules, while the large bands centered at 1864 cm�1,

1108 cm�1, and 796 cm�1 are assigned to the Si�O and

Si�O�Si stretching modes.

To investigate the influence of the shell thickness

of the silica coating on the MRI contrast agent (CA) effi-

ciency of the �-Fe2O3 NPs, the ri (i � 1, 2) relaxivities (de-

fined as enhancement of Ri � 1/Ti, i � 1, 2, the relax-

ation rates per mM concentration of CA) of the different

core�shell NPs were measured at two resonance fre-

quencies (20 and 500 MHz) and two temperatures (25

and 37 °C). Figure 4 shows typical values of the r1 and r2

relaxivities for the aqueous suspensions of

�-Fe2O3@SiO2 NPs as a function of the diameter d of

the NPs with a 10.0 nm diameter �-Fe2O3 core and an in-

creasing thickness of its silica layer, yielding d values of

14 nm (sample 0A) to 145 nm (sample 6A) (Table 2).

The r1 values obtained at 20 MHz decrease with the

increase of the silica shell thickness. This decrease is ini-

tially quite sharp, from 32.0 s�1 mM�1 for NPs without

silica coating (d � 10.0 nm) to 11.2 s�1 mM�1 for d � 14

nm, while the r1 values become very small (�2 s�1

mM�1) for d � 25 nm (Figure 4, inset). At 500 MHz, r1

values are very small in all cases, even in the absence

of silica shell (Figure 4).

For superparamagnetic NPs, the relaxivities ri (i � 1,

2) are dominated by the outer-sphere relaxation mech-

anism, which is due to the effect of local magnetic

field gradients generated by the NPs on the water pro-

tons diffusing near their surface.68,69 Taking into account

the effect of water diffusion through the nonfluctuat-

ing magnetic field (B0), inhomogeneities created by the

time-averaged value of the magnetic moment (�	z
) of

the NPs aligned onto B0, and the effect of the fluctua-

tion of the magnetic moment itself (�	z), a theoretical

model was developed, where the r1 and r2 relaxivities

contain terms proportional to �	z
2, which define the

Curie relaxation70 and dominate at high fields, and fluc-

tuating terms proportional to �	z
2 (Néel relaxation)

that dominate at low fields.69�71 This model accounts

quite well for the magnetic field dependence of r1 for ul-

trasmall particles of iron oxide (USPIO) (diameters of

10�40 nm) at high fields (B0 � 0.02 T, corresponding

to �0.8 MHz Larmor frequency), where Curie relaxation

dominates, but does not account for the small r1 disper-

sion observed at low fields (below 1 MHz), which de-

pends on the crystal anisotropy energy.72 Above 1 MHz,

Figure 1. (a) TEM images showing the average size (diameter d) of different maghemite core�shell (�-Fe2O3@SiO2) nanoparticles and
of their silica shell thickness (t); (b) histograms with experimental size distributions of samples 0A (�-Fe2O3@ SiO2 14 nm) (left) and 4A
(�Fe2O3@SiO2 28 nm) (right) and corresponding calculated normal cumulative distributions for the specified mean and standard
deviation.
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r1 depends on the translational diffusion correlation

time �D and decreases with increase of the proton Lar-

mor frequency I, with an inflection point defined by

the condition I · �D � 1. �D � rp
2/D, where D is the rela-

tive diffusion coefficient of the paramagnetic center

and the water molecule and rp is the radius of the par-

ticle, which determines their distance of closest

approach.

The decrease of the r1 values at 20 MHz with the in-

crease of the silica shell thickness reflects the decrease

of the outer-sphere contribution of the core to r1 due to

the increase of the distance of closest approach of the

diffusing bulk water molecules to the superparamag-

netic core of the particle. This induces an increase of the

translational diffusion correlation time, �D. At least a

large part of the silica layer is expected to be imperme-

able to water. The relative diffusion coefficient D is ex-

pected to be nearly constant for all NPs. Being the sum

of the diffusion constants of water (DH2O) and of the NP

(DNP); it is dominated by DH2O because of the large size of

the NPs and the slow diffusion of water in the putative

silica surface layer. The very small r1 values obtained at

500 MHz result from the expected field dependence of
outer-sphere relaxation.

The effective transverse relaxation rates (R2*) for the
aqueous suspensions of the �Fe2O3@SiO2 NPs were ob-
tained from the spectral line widths of their proton wa-
ter resonance. Values of R2p* (the paramagnetic contri-
bution to R2*) were calculated by subtraction of the
diamagnetic contribution of aqueous suspensions of
diamagnetic iron oxide-free silica NPs from each para-
magnetic contribution, using the spectral line widths
for the various samples. The corresponding relaxivities,
r2*, were also obtained (see Table 2). The line broadening
effects reflect the dephasing of the water proton mag-
netic moments diffusing past the magnetic field gradi-
ents in the vicinity of the small superparamagnetic NPs,
causing their T2 shortening.

The transverse relaxation times are characterized
by the correlation time parameters �D, (�)�1, and �CP.
The uncoated particles have a radius of 5 nm, from
which it can be calculated that for these particles �D is
10�8 s. From simulations reported by Gillis et al.,73 the
transverse relaxivity may be predicted by the outer-
sphere theory eq 1, where � is the difference in the
Larmor frequency at the particle surface and the infin-
ity, and v is the volume fraction of the particles.

Upon coating, both �D and (�)�1 will decrease,
and we assume that the outer-sphere regime remains
valid.

The r2 values were measured as a function of the
time interval between two consecutive 180° pulses
(�CP) in a CPMG pulse sequence, for aqueous suspen-
sions of the various NPs of increasing diameter. Figure
S7 (see Supporting Information) shows that the trans-
verse relaxivities of these NPs are virtually independent
of �CP for all silica shell sizes. This observation is not sur-
prising, since the �D values of the systems measured
are all much smaller that the applied �CP values, and
consequently the refocusing pulses are fully effective.
Figure 4b and Table 2 show that the r2 relaxivity
(measured at �CP � 1.6 ms) sharply decreases when
the thickness of the coating of the NPs increases. As dis-
cussed above for r1 effects, this results from the de-
crease of the outer-sphere contribution of the core to
r2 due to the increase of the distance of closest ap-
proach of the diffusing bulk water molecules to the su-
perparamagnetic core of the particle.

Data show that r2 � r2* for the smallest particles (�-
Fe2O3 NPs (core), 0A and 1A), but r2 � r2* for particles
with thicker coatings. It is possible that for the thicker
coatings the silica layer is only impermeable to water up
to a certain silica shell thickness. The diffusion of the
water molecules in the permeable silica layer may be
relatively slow. If in this layer the diffusion is so slow that
the condition �D �� (�)�1 holds, the diffusion correla-

Figure 2. Correlation between the experimental thickness of the
silica shell as determined by TEM (t) and the thickness calculated
with eq 7.

Figure 3. Zeta potential titrations as a function of pH of �-Fe2O3

(black) and �-Fe2O3@SiO2 (red) aqueous suspensions.

r2 ) r2* ) 4
9

∆ω2vτD (1)
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tion time is not effective when refocusing pulses are ap-

plied and, consequently, the phase incoherence of the

water protons is fully refocused in that part of the sys-

tem, resulting in zero contribution to r2. As far as r2 and

r2* are concerned, it will be assumed that the particles

consist of three spheres74 with radii rc, ri, and rdiff (Fig-

ure 5).

Here, rc is the radius of the core (5 nm), ri is the ra-

dius of the sphere around the core, that seems to be im-

permeable to water, and rdiff is the radius of a sphere,

in which any water molecule that is inside diffuses very

slowly and does not contribute to r2. Water molecules

outside the latter sphere are assumed to contribute

fully to r2, whereas all water (including that inside the

latter sphere) contributes to r2*.

Taking into account the distance dependence of

�, v, and �D, the following scaling may be applied:75,76

Combination of eqs (1�4) gives

Similarly, it can be derived that

Using the two latter equations and the experimen-

tal values of r2 and r2*, the values of ri and rdiff were cal-

culated for the various samples (see Table 2 and Figure

5b). These calculated rdiff values are in relatively fair

agreement with the particle diameters obtained from

the TEM measurements. The results also suggest that

the water impermeable part of the silica coating tends

to a maximum value of 40 nm, while the water perme-

able part increases with the coating thickness.

The cytotoxicity of the �-Fe2O3@SiO2 nanoparticles

was assessed after incubations with microglial cell lines

for 3/4, 24, 48, 72, 96, 120, and 144 h. For each time

point, cells were incubated or not with the nanoparti-

cles (0.16 mM). Then, the cells were separated in two

sets, one used as control and the other one being sub-

mitted to the MTT assay. This test was performed in or-

der to characterize the viability of the cells and evalu-

ate the residual toxicity after the internalization of the

nanoparticles.77 The cell viability tests (Figure 6), show

that with and without NPs as well as for all nanoparti-

cles sizes except for that of [6A], cells can survive inter-

nalization and the cell growth process is maintained up

to 144 h. Additionally, cells internalized with both

�-Fe2O3 or �-Fe2O3@SiO2 particles exhibit the same lag

phase of 48 h as the control ones.

The MTT test characteristic of the mitochondrial de-

hydrogenase activity was performed after NPs cell inter-

nalization. This metabolic test is illustrated in Figure 7

by the measurement of the 570 nm absorbance of incu-

bated cells at different time course with different sizes

of core�shell NPs.

Both coated and uncoated particles induce an opti-

cal density of the cells, which varies with the incuba-

tion time reaching a maximum value at 120 h, follow-

ing the same behavior as the control cells. Like the cell

growth in the preceding experiment, the dehydroge-

nase activity is not affected by NPs internalization in the

cells from FF to 4A. In these experiments, the crude

analysis of the dehydrogenase activity is relevant for

the cell viability, but it is not sufficient to give informa-

tion about modifications of the cell phenotype. How-

ever, the dehydrogenase activity is drastically modified

for the larger particles (e.g., 6A). Such nanoparticles are

Figure 4. Dependence of water relaxivities of aqueous suspensions
of the �-Fe2O3@SiO2 nanoparticles on their diameter, as a result of
increased silica layer thickness: (a) inset: r1 at 20 MHz (25 °C); (b) main
plot: ri (i � 1, 2) at 500 MHz (25 and 37 °C). r2 relaxivities were meas-
ured at �CP � 1.6 ms.

TABLE 2. Parameters Obtained from Analysis of r2 (�CP �
1.6 ms) and R2* Values of Aqueous Suspensions of
Core�Shell (�-Fe2O3@SiO2) Nanoparticles at B0 � 11.7 T
and 25 °C

sample
diameter

(nm)
r2

(s�1 mM�1)
R2*

(s�1 mM�1)
2ri

(nm)
2rdiff

(nm)

FF (core) 10 � 2 228 � 2 230 � 1 13 � 1 13 � 1
0A 14 � 2 100 � 1 103 � 1 29 � 1 30 � 1
1A 27 � 5 64 � 2 68 � 1 44 � 1 46 � 2
2A 40 � 8 47 � 2 58 � 1 52 � 1 63 � 3
3A 50 � 7 38 � 2 57 � 1 53 � 1 77 � 5
4A 66 � 8 23 � 3 52 � 1 58 � 2 126 � 18
5A 114 � 14 15 � 2 35 � 1 86 � 2 192 � 30
6A 145 � 10 13 � 2 33 � 1 90 � 2 225 � 33

∆ωi ) ∆ωc(rc

ri
)3

(2)

vi ) vc( ri

rc
)3

(3)

τDi
) τDc( ri

rc
)2

(4)

r2* ) r2,c* (rc

ri
) (5)

r2 ) r2,c( rc

rdiff
) (6)
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known to be internalized and stored in lysosome-like

vesicles. In the case of NPs 6A, the consequences of

their accumulation inside such cells able to phagocy-

tose particles larger than 100 nm are still unknown.

Their impact on the local changes in the overall redox

potential due to the high load of iron in the vesicles is

still an open question. We also normalized the activity

per cell as a function of the optical density per million

cells as shown in Figure 7b. This allows throughout the

duration of the cell culture, the characterization of the

cell growth on the dehydrogenase expression and the

possible contribution of the NPs uptake during the

growth time. The growth of control cells shows a basal

level decreasing until 24 h in correlation with the lag

phase of growth. Subsequently the expression of the

dehydrogenase per cell increases in two major steps,

the first one between 48 and 72 h, and the second

one between 96 and 144 h. After this period of time,

the cells are nearly confluent. When the cells are in-

cubated with NPs, the activity per cell is not signifi-

cantly affected except for sample 6A after 144 h of

exposure. Therefore, one can safely assume that in

these conditions, the dehydrogenase expression

does not appear to be sensitive to the vesicular load

with these core�shell nanoparticles.

CONCLUSIONS
The understanding of the relationship between the

coating properties and the changes in relaxivity is vital

for designing magnetic nanoparticle probes for MRI.

This is important for medical applications, as higher

contrast typically leads to a higher sensitivity and re-

duces the amount of contrast agent required for imag-

ing. Our choice of a silica coating was motivated by the

Figure 5. a) Schematic representation of a �-Fe2O3@SiO2 nanoparticle. Here, rc is the radius of the core and ri and rdiff are
the radii of imaginary spheres, as defined in the text. (b) Variation of the silica permeability to water molecules with the
shell thickness.

Figure 6. Cell viability after exposure to different core�shell NPs sizes incubated at different times.
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increased stability of the resulting nanoparticle suspen-

sions and the ensuing ease of conjugation of targeting

molecules to the surface of the contrast agents for sens-

ing and imaging. We have shown that in �-Fe2O3@SiO2

core�shell NPs, the coating thickness has a significant

impact on their r2 and r2* relaxivities at medium and high

fields and on r1 relaxivities at medium fields, as a result

of decreased outer-sphere relaxation effects. Compar-

ing the r2 and r2* values for the different sizes of particles,

we were able to identify two types of region in the

silica coating, one impermeable close to the �-Fe2O3

core and one permeable to water and at the interface

with the bulk water. We have shown that by controlling

this coating we are able to tune the size of these two re-

gions. The impermeable region seems to increase only

up to a maximum value of 40 nm, while the permeable

region goes on increasing with the coating thickness.

The diffusion of the water molecules in the permeable

silica region is relatively slow resulting in zero contribu-

tion to r2. The effect of silica coating of increasing thick-

ness on the r2/r1 ratio is different from that reported

for nanocrystalline superparamagnetic iron oxide NPs

(MIONs) coated with a polyethylene glycol (PEG)-

modified, phospholipid micelle coating with increasing

molecular weights which increase the particle diameter,

where this increase causes a r2 decrease and a r1 in-

crease74

Therefore, our results provide clues for the design

of magnetic-nanoparticle-based contrast agents and

their optimization for specific applications in medical di-

agnosis. This is up to now the only technique to pro-

vide clear evidence that a silica layer used as a coating

in a core�shell system exhibits regions that are porous

to water and other regions that are not.

Figure 7. (a) Variation of total activity and (b) activity per million of cells of mitochondrial dehydrogenase of microglial cells
as given by the variation of the solubilized formazan optical density of the medium with incubation times for different sizes
of NPs after incubation without (control cells) and with both coated and uncoated particles of different sizes (cells � NPs).
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Careful studies of all the factors that influence the re-
laxation properties of such contrast agents are under way.
The knowledge of theses systems may be extended to
other systems and applications. Additionally, preliminary
cytotoxicity studies confirmed that these contrast agents
do not appear detrimental to microglial cells. However, as

the naked nanoparticles have the highest relaxivities,
and the coating thickness does not play a role in their cy-
totoxicity, a preliminary conclusion is that overall optimal
particles should have a minimal coating thickness to pro-
vide solution stability and a basis for surface conjugation
without compromising their relaxivities.

EXPERIMENTAL DETAILS
Materials and Purification Methods. Iron(III) chloride hexahydrate

(98%), iron(II) chloride tetrahydrate (99%), iron(III) nitrate non-
ahydrate (99%), tetraethoxysilane (TEOS) (98%), and citric acid
(99.5%) were purchased from Aldrich. Absolute ethanol (J.T.
Baker) and ammonia (Carlo Erba) were used as received. All other
reagents were of analytical grade.

All the experiments were performed in deionized Milli-Q
water.

Preparation of the Maghemite Ferrofluid Suspension. The aqueous
maghemite suspension was synthesized by precipitation from
iron chlorides.78,79 Briefly, the Fe3O4 precipitate (black dispersion
of magnetite), obtained by alkalinization of the FeCl2 and FeCl3

(Fe2�/Fe3� � 1/2) aqueous mixture, was successively oxidized
with 2 M HNO3 and 0.33 M Fe(NO3)3 · 9H2O solutions at 100 °C
in order to obtain particles with a Fe2�/Fe3� ratio lower than 0.05.
With this oxidation process, magnetite is converted into
maghemite. The brown dispersion was peptized in a 2 M HNO3

solution under vigorous stirring in order to create positive sur-
face charges. The acidic precipitate was isolated by magnetic
separation, washed with acetone, and dispersed at pH � 2.5 in
water with nitric acid. The iron concentration was determined by
volumetric titration as well as by ICP measurements and the av-
erage particle size, as determined by transmission electron
microscopy (TEM), was 10 � 2 nm (see Supporting Information
Figures S1�S4 for further characterizations).

Preparation of the Maghemite Ferrofluid Core�Shell Suspension. The
selected method was derived from the so-called Stöber pro-
cess80 widely used for the synthesis of silica beads with diam-
eters from a few tens to a few hundreds of nanometers.81 It is
based on the hydrolysis/condensation of tetraethoxysilane
(TEOS) catalyzed by ammonia in alcoholic media. The surface of
�-Fe2O3 nanoparticles was activated by acidic treatment: where
7.55 mL of �-Fe2O3 colloidal suspension (concentration 74.4 g/L)
was dispersed in 40 mL of 0.01 M citric acid. They were isolated
by decantation on a magnet. The particles were dispersed in 12
mL of water and peptization was performed by adding 20 	L of
ammonia. Then, the alkaline sol of citrated-�-Fe2O3 nanoparticles
was poured in 1 L of ethanol�water�ammonia solution 75/
23.5/1.5 v/v/v %, to obtain a 0.561 g/L concentration. The appro-
priate amounts of TEOS precursors were added to the disper-
sion under mild stirring to reach the targeted shell thickness.
They were added in multiple steps and adjusted in order to reach
the desired thickness of the silica shell according to

where eshell is the shell thickness (the difference [4/3�(r � eshell)3

� 4/3�r3] then corresponding to the volume of the silica shell
(VSiO2

), �SiO2
is the density, and MSiO2

is the molecular weight of
SiO2; VTEOS, �TEOS, MTEOS are the volume, density, and molecular
weight of TEOS; Npart is the number of �-Fe2O3 nanoparticles. The
very first amount of added TEOS (763 	L) corresponds to the
smallest observable silica shell thickness (roughly 1 nm). Then,
after 12 h of the reaction, 200 mL of this solution was stocked for
analysis and replaced by the same amount of reaction medium.
For the following step, the resulting solution was added with the
necessary amount of TEOS to increase the shell thickness, and
left to react for another 12 h. A 200 mL portion of this solution
was also stocked for analysis and replaced by the same amount
of reaction medium. This procedure was used repeatedly to in-

crease shell thickness (the number of particles in each volume
being recalculated to estimate the right amount of TEOS). Un-
der these conditions, no secondary nucleation was observed,
which is in agreement with the results reported by Chen et al.82

Particle Characterization. TEM was performed at room tempera-
ture on a JEOL JEM2000 FX transmission electron microscope us-
ing an accelerating voltage of 200 kV. Drops of diluted disper-
sions of core�shell were air-dried on carbon films deposited on
200-mesh copper grids. The excess liquid was blotted with filter
paper. The diffuse reflectance infrared Fourier-transform (DRIFT)
spectra were recorded on a Bruker IFS Equinox 55FTIR spectrom-
eter (signal averaging 64 scans at a resolution of 4 cm�1 in KBr
pellets containing ca. 2 mass % of material). The zeta potential of
the nanoparticles was assessed using a Zetasizer 3000HSA setup
(Malvern Instruments) equipped with a He�Ne laser (50 mW,
532 nm). The zeta potential measurement based on laser Dop-
pler interferometry was used to measure the electrophoretic mo-
bility of nanoparticles. Measurements were performed for 20 s
using a standard capillary electrophoresis cell. The dielectric con-
stant was set to 80.4 and the Smoluchowsky constant f(ka) was
1.5. The iron content was measured by inductively coupled
plasma/optical emission spectrometry ICP/OES (ES720, Varian)
equipped with a crossflow nebulizer. A 1 g/L iron solution was
used to prepare the standard solutions (SCP Science to Paris) and
was used as internal standard to evaluate the instrumental drift.

Measurements of water proton longitudinal and transverse
relaxation times (T1 and T2, respectively) of aqueous suspen-
sions of the nanoparticles were carried out at 20 MHz on a Bruker
Minispec mq20 relaxometer and at 499.83 MHz (B0 � 11.7 T) on
a Varian Unity 500 NMR spectrometer at 25 °C. The T1 relaxation
times were measured using the inversion recovery pulse se-
quence, while the T2 relaxation times were measured using a
Carr�PurcellMeiboom�Gill (CPMG) pulse sequence and vary-
ing the time interval between two consecutive refocusing pulses
(�CP) in the train of 180° pulses applied. The values of T2*, the
transverse relaxation time in the presence of local field inhomo-
geneities, were obtained from the water spectral line widths. All
the experimental values were corrected for the diamagnetic con-
tribution using aqueous suspensions of hollow silica NPs, to ob-
tain each paramagnetic contribution. These hollow shells where
prepared by dilution of the core by addition of concentrated HCl.

Toxicity Tests. Cytotoxicity of the �-Fe2O3@SiO2 NPs was tested
by counting the cells in a Malassez chamber and using the MTT
assay to evaluate the cell viability after the nanoparticles prepa-
ration process. The core�shell NPs FF, 0A, 1A, 4A, and 6A had di-
ameters ranging between 10 and 143 nm. Briefly, microglial cell
lines were seeded at the rate of ca. 16 � 103 cells/cm2 in 35 mm
diameter plates and allowed to attach for 24 h. The cells were
then incubated for 0, 45 min, 24 h, 48 h, 72 h, 96 h, 120 h, and
144 h in 1 mL of culture medium for control cells and supple-
mented with 60 	L of different NPs (0.16 mM) for treated cells.
MTT and counting assays were performed as duplicate for each
condition, and the data were averaged. After incubation, cells
were scraped from the dishes, then stained with trypan blue and
counted with a hemocytometer. The MTT assay is a colorimetric
assay that measures the reduction of yellow 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) by
dehydrogenase mostly from mitochondria. The MTT enters the
cells and passes into the mitochondria, where it is reduced to an
insoluble, colored (dark purple) formazan product. After cell cul-
turing in the presence of nanoparticles, 260 	L of the MTT solu-
tion in culture medium (0.5 mg/mL) was added into each well.
The plate was then incubated at 37 °C in 5% CO2 for 45 min. The
medium was removed and 1 mL of PBS solution was added,

VTEOS ) Npart[(FSiO2
MTEOS)/(ΜSiO2

FTEOS)][4
3

π((r + eshell)
3 - r3)]

(7)
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then cells were scraped and centrifuged at 1000 rpm for 5 min.
The supernatant was removed, 1 mL of dimethyl sulfoxide
(DMSO) was added to the pellets to dissolve the formazan crys-
tals, and then it was centrifuged again at 1000 rpm for 5 min. Su-
pernatants were taken and their absorbance was measured
with a U-2800A (UV�vis) spectrophotometer (Hitachi, Japan) at
570 nm. Since reduction of MTT can only occur in metabolically
active cells, the level of activity is an estimation of the viability of
the cells as compared to untreated cells. The cell viability (%)
was calculated according to

where OD570 (sample) represents the optical density of the wells
treated with various iron sizes, and OD570 (control) represents
that of the wells treated with medium culture.
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