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he need for the detection of biomol-

ecules traces and for the real time

follow up of the living machinery
from subcellular scale to whole organism
(as small animals) led to the development
of a large panel of luminescent markers for
biological labeling." 3 Many works empha-
sized on the great potential of luminescent
nanoparticles. Luminescent properties can
be an intrinsic feature of the particles like in
the case of quantum dots or can stem from
the presence of organic fluorophores or of
luminescent rare earth ions onto or inside
the particles. As the chemical composition
and the luminescence mechanisms are dif-
ferent, each kind of particles has a preferen-
tial application field. For instance, quantum
dots and rare earth based nanoparticles are
very well suited for multicolor and long-
term imaging since they are characterized
by large absorption bands, narrow emission
bands and a high photostability.*” ' How-
ever, their use for in vivo imaging is re-
stricted both in the case of QD and rare
earth based nanoparticles but for different
reasons. The high toxicity of Cd>" ions con-
tained in QD is effectively a serious handi-
cap for their use in living organisms.">~'>
This problem could be overcome by their
encapsulation in silica shell'®'” or by the re-
placement of cadmium by manganese'®'?
or by the use of InP nanoparticles.® Con-
cerning lanthanide ions, as the excitation
wavelength is in the UV region and the low
absorption capacity imposes a high flu-
ence, the energy necessary to induce light
emission from nanoparticles containing lu-
minescent rare earth ions is too high to be
compatible with in vivo application.?’ 2> A
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ABSTRACT For labeling proteins (streptavidin and fibronectin) by luminescent aminated nanoparticles, an

interesting strategy that requires neither activation nor chemical pre- or post-treatment was explored. Because

biomolecules are easily rendered luminescent after reaction with organic dyes carrying isothiocyanate moiety,

phenylene diisothiocyanate (DITC) was used for covalently binding proteins onto luminescent hybrid gadolinium

oxide nanoparticles whose ability to combine imaging and therapy was recently demonstrated.

KEYWORDS: nanoparticles - polysiloxane shell - bioconjugation -

streptavidin - fibronectin

first solution is to develop lanthanide-based
biolabels that emit in the visible region by
either up-conversion or down-conversion.
Recent works demonstrate this potentiality
by developing an assembly with nearly
monodispersed nanophosphors of lan-
thanides based nanoparticles encapsulated
into silica shell and their biological conjuga-
tion to chitosan, FITC avidin, and
streptavidin.>*~2° Another strategy con-
sists in the sensitization of rare earth ions
with antenna. The association of rare earth
ions with antenna which absorbs light in
the visible domain and transfers the energy
to the luminescent centers induces a more
intense light emission with a higher excita-
tion wavelength.?” 3" On the contrary, the
recent demonstration that the encapsula-
tion of organic fluorophores in silica par-
ticles or vesicles led to higher photostabil-
ity allows envisaging their application for in
vivo imaging or for the detection of small
amount of biomolecules.3?>~3° Moreover, a
large color palette can be obtained by mix-
ing several organic fluorophores in a same
particle.>¢3” Based on the works of the re-
search groups of van Blaaderen, Tan, and
Wiesner, many different and reliable routes

*Address correspondence to
roux@pcml.univ-lyon1.fr.

Received for review July 16, 2008
and accepted October 24, 2008.

Published online November 6, 2008.
10.1021/nn8004476 CCC: $40.75

© 2008 American Chemical Society

 TAN I
VOL.2 = NO. 11 = 2273-2282 = 2008 A@i%{\)

2273



NANO vor

(a) ¥ ¥ » % * % »
3* % 3 %3
Qo Qi
e * 2.SAV %4 *
¥y * 3ty ¥
aminated nanoparticles
nanoparticles labeled streptavidin

i‘,{)*NHz + S:C—NQN—C—S e *>—NH— C—NH—/ N N—c—s

*—NH— c— NH—@—NH— c— NH*

*_NHZ Portion of the fluorescent polysiloxane shell

S=C=— QN=C=S p-diisothiocyanatophenylene (DITC)

‘ streptavidin (SAV)

Scheme 1. (a) General principle of the grafting of streptavidin on aminated nanoparticles by using DITC; (b) detail of the
covalent immobilization of streptavidin onto the aminated nanoparticles

for preparing luminescent silica particles have been
described.>>3#3° They were applied for encapsulating
a large series of cores by luminescent polysiloxane shell.
In most cases, the inorganic network is yielded by the
hydrolysis—condensation of tetraethyl orthosilicate
(TEOS) and aminopropyltriethoxysilane (APTES) or ami-
nopropyltrimethoxysilane (APTMS). APTES and APTMS
provide amino groups whose presence is crucial for the
preparation of multifunctional nanoparticles. The func-
tionalization of the nanoparticles or of the polysiloxane
shell can be carried out sequentially since amino groups
of APTES (or APTMS) can be coupled to various mol-
ecules via succinimidyl esters and isothiocyanates be-
fore and/or after the hydrolysis—condensation.*° 43
The modification of a part of APTES by fluorescent dyes
carrying sulfonylchloride, NHS-ester, or isothiocyanate
moieties before the hydrolysis condensation step al-
lows a homogeneous repartition of the dyes within the
particles, whereas the unmodified amino groups
present on the surface can act as anchoring sites for
the surface derivatization of the nanoparticles.?>4°~43
The immobilization of biomolecules on luminescent
aminated nanoparticles can therefore be envisaged
through an amide linkage. The formation of amide from
an aminated surface requires the activation of the car-
boxylic acid moiety for improving the condensation
yield. However, in the case of biomolecules containing
several amino groups, in addition to the carboxylic acid

.2 = NO. 11 = FAURE ET AL.

functions, such activation can lead to their undesirable
polymerization. Glutaraldehyde, which carries at both
ends an aldehyde function, is also widely used for graft-
ing aminated biomolecules onto aminated substrates.**
However, a reduction step, which can be detrimental
for the colloidal stability or for the integrity of the bio-
molecules, is required for converting the fragile imine
linkages into resistant C—N bonds of secondary amines.
Despite its very attractive feature, click chemistry can
be penalized by the necessity of modifying the biomol-
ecules by the acetylene derivative and the hazardous
manipulation of azides.*>*®

In this paper, an alternative way which consists in
derivatizing the nanoparticles surface prior to the graft-
ing of the biomolecules is reported. As isothiocyanate
functions are able to easily react with amine without ac-
tivation, the use of DITC which carries at both ends an
isothiocyanate group appears very attractive for co-
valently linking the biomolecule to the aminated sur-
face (Scheme 1). In this work, streptavidin and fibronec-
tin were used to prove the possible bioconjugation of
aminated luminescent nanoparticles derivatized by
DITC. Streptavidin is pertinent owing to this specific
and well-known high affinity recognition for biotin. In-
deed, the avidin/biotin couple is well defined and usu-
ally used as a model for biomolecule detection.*”*® Fi-
bronectin is a large extracellular-matrix glycoprotein
(550 kDa) found soluble in corporal fluids and immobi-
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Figure 1. TEM images of Gd,0; nanoparticles (a) before and (b)
after polysiloxane shell growth.

lized in various tissues. The structure and stability of hu-
man plasmatic fibronectin are well-known and
controlled.*~>" This protein can specifically interact
with many other proteins like collagen or heparin and
is implicated in numerous physiological or pathological
processes. Moreover, these proteins exhibit several
amine moieties, which have been proved to react with
isothiocyanate group because they can be rendered lu-
minescent by the covalent immobilization of fluores-
cein isothiocyanate.>? This work was carried out on
nanoparticles composed of gadolinium oxide core em-
bedded in a fluorescent polysiloxane shell because we
recently demonstrated that these nanoparticles can be
used as contrast agents for both fluorescence imaging
and magnetic resonance imaging, but also as therapeu-
tic agents.*>>3 Their great potential for biomedical ap-
plications will be plentifully exploited only if they can be
selectively accumulated in zone of interest. This study
appears, therefore, as a preliminary step for exploring
efficient ways of the derivatization of nanoparticles by
biotargeting groups.

RESULTS AND DISCUSSION

The labeling of streptavidin and fibronectin was per-
formed with gadolinium oxide nanoparticles embed-
ded in a fluorescent polysiloxane shell. These core—
shell nanoparticles were obtained by applying a previ-
ously published two-step procedure.?? First, well-
dispersed 3 nm sized gadolinium oxide cores were syn-
thesized by a polyol route (Figure 1a).

The growth of the fluorescent polysiloxane shell
was controlled at 40 °C for 48 h by a sequential
hydrolysis—condensation of a mixture of TEOS, APTES,
and fluorescein or rhodamine conjugated APTES (40,
59.2, and 0.8%, respectively). TEM experiments show
obviously the core—shell structure of the resulting
nanoparticles (Figure 1b). It appears that each particle
contains at least one core whose size is not altered by
the shell growth.

This observation indicates that polymerization of
the polysiloxane precursors occurred preferentially
from the Gd,O; core surface. Moreover, the preserva-
tion of the core size reflects the absence of agglomera-
tion during the coating step. The resulting particles
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have a size around 35 nm (Figure 1b). Photon cor-
relation spectroscopy (PCS) experiments which
provide higher values for size than measurement
from TEM images confirm that the size of the
nanoparticles is 39 nm (mean standard deviation:
14 nm), whereas the size of the core is 3.8 nm
(mean standard deviation: 0.4 nm; Figure 2). The
increase of the size results from the encapsula-
tion of the cores by a polysiloxane shell. The en-
capsulation induces a broadening of the size dis-
tribution which is inherent to the polymerization
process (Figure 2). The incorporation of the fluoro-
phores (FITC or RBITC) inside the polysiloxane
shell is confirmed by the absorption and emission spec-
tra of the colloids (Figure 3).

If the maximum absorption of free dyes and dyes co-
valently bound to the polysiloxane network of the fluo-
rescent nanoparticles is almost located in the same
spectral region (\,,.x = 493 nm for FITC in the polysilox-
ane shell (Figure 3a) versus N\, = 494 nm for free
FITC and ., = 557 nm for RBITC in the polysiloxane
shell (Figure 3b) versus \,,., = 554 nm for free RBITC),
the maximum emission of dyes within polysiloxane
shell is shifted toward higher wavelength (.., = 529
nm for FITC in the polysiloxane shell (Figure 3a) versus
Nmax = 518 nm for free FITC and \,,,, = 592 nm for
RBITC in the polysiloxane shell (Figure 3b) versus \ ..
= 575 nm for free RBITC). This arises from changes in
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Figure 2. Size distribution determined by photon correlation
spectroscopy of Gd,0; nanoparticles (a) before and (b) after
polysiloxane shell growth.
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Figure 3. Absorption and emission spectra (black and red
curves, respectively) of nanoparticles containing (a) FITC
(Aexc = 500 nm) and (b) RBITC (A, = 554 nm) in water.

the environment of fluorophores and can be attrib-
uted to the incorporation of the organic dyes in the pol-
ysiloxane shell. Although mass spectrometry analyses
demonstrated that all RBITC molecules are bound to
APTES, the yield of incorporation is relatively low. The
precipitation of nanoparticles induced by the addition
of alkaline solution yields a colored supernatant. This re-
sults from the presence of the fluorophores, probably
in the form of small fluorescent oligomers, which are
not bound to the polysiloxane shell. After the removal
of the colored supernatant, particles are easily redis-

0 T T T T T 1
0 0,05 0,1 0,15 0,2 0,25 0,3
[Gd] (mM)

Figure 4. Water proton longitudinal relaxation rate (1/T,) of
the gadolinium oxide—polysiloxane core—shell nanoparticles
as a function of increasing amounts of gadolinium element.
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persed in slightly acidic water. The resulting colloid is,
as expected, less fluorescent. However, it must be
pointed out that the fluorescence intensity of the col-
loid remains unchanged after further
precipitation—redispersion cycles. This indicates that
the coloration of the supernatant after the first addi-
tion of alkaline solution (which was never observed in
the case of the following cycles) is attributed to un-
grafted fluorescent entities. The alteration of the polysi-
loxane, which could induce the departure of fluoro-
phores, can be consequently ruled out. Finally, the
intensity of purified colloids is 4-fold weaker than crude
colloids. In the case of FITC, cyanine 5, and porphyrins,
the grafting yield is higher because fluorescence inten-
sity is divided only by about two. Besides fluorescence
imaging, we recently demonstrated that core—shell
nanoparticles with gadolinium oxide core are well
suited for in vivo MRI.** However, in this previous study,
polysiloxane shell was thinner. Figure 4 displays the
evolution of the longitudinal relaxation rate 1/T, as a
function of the gadolinium concentration. From the
slope of the resulting straight line can be deduced the
longitudinal relaxitivity r,, which characterizes the abil-
ity of these particles to enhance the positive contrast of
images acquired by MRI. Although the polysiloxane
shell is relatively thick, these particles are able to en-
hance the positive contrast of MRI because they exhibit
a longitudinal relaxivity r;, which is equal to 3.8

mM~ - s~ ", This value is smaller than the one of the
particles coated by a thin shell (3.8 vs 88 mM ™ "-s ).
The decrease of r, can be assigned to the difficulty for
water molecules to access to the surface of the core
since the shell is thicker. However, it is similar to the
one of DTPA-Gd, which is widely used for clinical diag-
nosis 3.8 vs 41 mM~'-s7 "),

Because the polysiloxane shell is obtained from a
mixture composed of a large portion of APTES, a large
number of surface amino groups is expected. Their
presence was revealed by {-potential measurements.
Between pH 3 and 6, {-potential is almost constant and
amounts to +6.4 mV. The positive charge of the par-
ticles that ensures the colloidal stability in slightly acidic
water by electrostatic repulsion is attributed to the am-
monium groups (NH;™), which are yielded by the pro-
tonation of NH, groups. For higher pH, precipitation is
observed due to the deprotonation of ammonium
groups. Higher colloidal stability in biological pH range
(pH ~ 7.4) is obtained by grafting carboxylated or ami-
nated poly(ethylene glycol) chains (PEG). The latter
(PEG-NH,) is successfully immobilized by using DITC as
cross-linker according to the protocol described in this
manuscript for labeling streptavidin and fibronectin.

The reactive amino groups of core—shell particles
are proven to be accessible for further functionaliza-
tion. Indeed, we recently succeeded to immobilize on
similar particles NHS-biotin and carboxylated poly(eth-
ylene glycol) (PEG-(COOH),) via an amide linkage.?***

www.acsnano.org



Figure 5. SEM images of biotinylated microspheres (a) before
and (b) after incubation with nanoparticle-labeled streptavidin.

Biomolecules carrying carboxylic acid moiety should
therefore be tethered to aminated surfaces. Neverthe-
less, the activation of the carboxylic acid moiety, which
is required for improving the condensation yield, is not
recommended when biomolecules contain several
amino groups in addition to the carboxylic acid func-
tions (case of proteins and peptides) because it can un-
fortunately lead to their undesirable polymerization.
An alternative way consists in derivatizing the nanopar-
ticles surface with DITC prior to the grafting of the bio-
molecules (streptavidin or fibronectin). DITC carries at
both ends an isothiocyanate group and appears very at-
tractive for covalently linking the biomolecule to the
aminated surface because isothiocyanate functions are
able to easily react with amine without activation
(Scheme 1). When DITC is added to the amine-rich
nanoparticles, one of the isothiocyanate moieties of
DITC is expected to yield thiourea group after reaction
with an amino group present on the particle, while the
other one remains intact because the rigid structure of
DITC should limit the bridging between two neighbor-
ing amino groups. As a result, the nanoparticles are cov-
ered by isothiocyanate groups, which will act as the an-
choring site for biomolecules.

The immobilization of streptavidin or fibronectin
needs, therefore, two steps: the conversion of the sur-
face amino groups into surface isothiocyanate groups
and the tethering of the biomolecule onto the nanopar-
ticle. A total of 8 h after DITC addition to nanoparticles
at room temperature, the latter were incubated with ei-
ther streptavidin overnight or fibronectin for 1 h to ob-
tain, through the formation of urea linkage, the labeling
of streptavidin or fibronectin by the luminescent par-
ticles. Figure 5 shows that biotinylated silica microbeads
exhibit higher roughness when they are incubated
with nanoparticles after the reaction with DITC and
streptavidin. This results from the immobilization of
the nanoparticles on the microbeads. The presence of
these nanoparticles confers to the beads a fluorescence
that is characteristic of rhodamine (Figure 6). Both ob-
servations seem indicate the presence of streptavidin

Www.acsnano.org

on the nanoparticles whose strong and specific in-
teraction with biotin allows the immobilization of
the luminescent nanoparticles on the beads.
Biochips and commercially available
fluorescein-conjugated streptavidin were also used
to confirm that streptavidin was successfully
grafted to luminescent-aminated nanoparticles
that contain within the polysiloxane shell
rhodamine as dye. The chips are composed of an
array of spots, each containing 1 wm latex beads
partially inserted in a PDMS matrix.>* The spotting
pattern shows how the spots are distributed on
each chip delineated by a white frame (Figure 7a).
In the spots B, the beads are biotinylated for the
recognition of streptavidin-coated luminescent hy-
brid particles by specific binding, whereas the latex
beads of the spots X (called negative control) are un-
able to specifically fix the nanoprobes because they are
devoid of biotin. For each biochip, two different signal
acquisitions were performed to evidence either the FITC
(fluorescein) luminescence (excitation, 280 nm; emis-
sion, 512 nm) or the RBITC (rhodamine) one (excitation,
490 nm; emission, 605 nm). Figure 7b and d corre-
spond to the same biochip incubated in presence of lu-
minescent nanoparticles after reaction with FITC la-
beled streptavidin, whereas Figure 7c and e display the
same biochip incubated in presence of the fluorescein-
conjugated streptavidin. Each biochip was visualized at
N = 512 nm (Figure 7b and c) and A = 605 nm (Figure
7d and e) to evidence the presence of the two dyes. The
efficiency of the biochip was demonstrated by using
fluorescein-conjugated streptavidin (Figure 7c and e).
Due to the specific interaction between streptavi-
din and biotin, biotinylated spots B emitted, as ex-
pected, a green light (characteristic of fluorescein),
whereas no light is detected from spots X (Figure 7c).
Because the emission wavelength of fluorescein is
around 515 nm, biotinylated spots are naturally not vis-
ible when only the light with A = 605 nm (correspond-

Figure 6. Confocal microscope image of biotinylated microspheres
after incubation with nanoparticle-labeled streptavidin (scale bar =
5 m).
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vidin and the rhodamine encapsulated within particles
are localized in the same place. This colocalization is a

a second proof that streptavidin is effectively conjugated
to hybrid nanoparticles. Precisely, this experiment dem-
BB onstrates that (i) luminescent hybrid gadolinium oxide
B|B nanoparticles are successfully functionalized by strepta-
vidin; (i) the grafting of streptavidin on nanoparticles
AR does not affect the behavior of streptavidin; and (ijii)
streptavidin-coated nanoparticles exhibit specific im-
t AR mobilization. For verifying the absence of the polymer-

c e

Figure 7. (a) Spotting pattern of the biochip (B for biotiny-
lated spots and X for spot without biotin). Images of biochips
incubated with nanoparticles after reaction with DITC and
with FITC-conjugated streptavidin (b,d) and with FITC-
conjugated streptavidin (c,e) under illumination (b,c) at 280
nm for recording FITC signal (A, = 512 nm) and (d,e) at 490
nm for recording RBITC signal (A,,,, = 605 nm).

ing to RBITC emission) is collected after excitation at
490 nm (Figure 7e). The biochip incubated in the pres-
ence of hybrid particles encapsulating rhodamine in the
polysiloxane shell and expected to be grafted to
fluorescein-conjugated streptavidin after DITC surface
derivatization exhibits a similar appearance when the
light is recorded at A =512 nm (Figure 7b and c) but ap-
pears obviously different for recording at A\ = 605 nm
(Figure 7d and e). Indeed, a red light characteristic of
rhodamine is emitted from the biotinylated spots
whereas no light is emitted from negative control spots
X (Figure 7d). From this observation, we can deduce
that hybrid nanoparticles are specifically bound to the
biotinylated spots. Moreover, the detection of fluores-
cein (green light collected at A = 512 nm) and of
rhodamine (red light collected at A = 605 nm) only on
spots B reveals that the fluorescein-conjugated strepta-
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ization of the streptavidin during the labeling step, ex-
periments on biochips were carried out with various
concentrations of streptavidin labeled by fluorescent
nanoparticles (Figure 8a). After incubation, biochips
were immersed in a solution containing streptavidin
conjugated peroxidase to detect free and accessible
biotin on biochips (i.e., biotin, which is not engaged in
the interaction with streptavidin labeled by nanoparti-
cles). The interaction of the streptavidin with free biotin
led to the immobilization of the peroxidase. This en-
zyme is well-known for inducing the emission of light
by catalyzing the oxidation of chemiluminescent lumi-
nol. Because the intensity of light emitted by luminol is
proportional to the quantity of peroxidase on the bio-
chip, the intensity reflects the amount of free biotin. The
RBITC fluorescence intensity decreases with the dilu-
tion of the colloid (Figure 8a). As expected, the dilu-
tion induces the decrease of the amount of nanoparti-
cles specifically immobilized onto the biochips through
the interaction between biotin and streptavidin conju-
gated to the nanoparticles. Meanwhile, the amount of
free and accessible biotin on biochips increases with
the dilution of the colloid (Figure 8b) because the lumi-
nescence intensity increases gradually with the dilu-
tion. Assuming that the luminescence intensity of lumi-
nol measured after the incubation of a biochip only by
streptavidin-conjugated peroxidase is proportional to
the total amount of biotin contained in each spot of the

c0/1000 ] 0 0,02 0,04 0,06 0,08 0,1

streptavidin concentration clcy

streptavidin concentration

Figure 8. (a) Fluorescence intensity of a spot on a biochip after the incubation in colloid containing nanoparticles labeled streptavi-
din at various dilution rates. (b) Luminescence intensity of luminol after the incubation of the biochip with nanoparticles labeled
streptavidin at various dilution rates and in a second step with streptavidin conjugated to peroxidase. (c) Normalized evolution of
the fluorescence and of the amount of biotin bound to streptavidin labeled by a fluorescent nanoparticle (Fl, fluorescence intensity;
Flax fluorescence intensity for the lowest dilution rate; Ny;...sav,» amount of biotin bound to streptavidin labeled by a fluorescent
nanoparticle; Ny, «or total amount of free biotin before the incubation with the colloid of streptavidin labeled nanoparticles; ¢, con-
centration of streptavidin in the colloid; c,, concentration of streptavidin in the stock colloid (i.e., before the dilution)).
@%\K) VOL.2 = NO.11 » FAURE ET AL
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biochip, the measurement of luminescence intensity of
a biochip, which was prior to the incubation with
streptavidin-peroxidase immersed in the colloid, al-
lows to determine the part of free biotin and conse-
quently the part of biotin ensuring the specific immobi-
lization of the nanoparticles through the interaction
between streptavidin and biotin. Because the part of bi-
otin bound to streptavidin labeled by nanoparticles
and the normalized fluorescence intensity of the
nanoparticles immobilized on the biochips exhibit a
very similar evolution with the dilution (Figure 8c),
we can assert that no polymerization of the strepta-
vidin during the labeling step occurs.

The strategy based on the colocalization of differ-
ent fluorescent markers was also exploited to vali-
date the particles functionalization by fibronectin via
DITC. Previous works demonstrated that fibronectin
can be labeled by, at the most, 23 fluorescein
isothiocyanate moieties due to the reaction of pri-
mary amine of the fibronectin and the isothiocyan-
ate group of FITC.>> Luminescent hybrid nanoparti-
cles derivatized by DITC appear, therefore, very
attractive for labeling fibronectin.

After the expected fixation of fibronectin to par-
ticles via DITC (see Methods), the fibronectin was ex-
tracted, deposited onto glass coverslip coated with
gelatin and an immunofluorescent staining was per-
formed. The examination of fibronectin with a fluores-
cent microscope reveals that the light emitted by fluo-
rescein and by rhodamine can be selectively detected
on the coverslip using appropriate filters under laser ex-
citation (Figure 9a and b). Fluorescein, which is con-
tained in the polysiloxane shell of the hybrid nanoparti-
cles and rhodamine, which is conjugated to IgG, allows
the localization of the particles and of fibronectin, re-
spectively. Figure 9c results from the computational
overlay of the micrographs of Figure 9a and b. An or-
ange color is observed everywhere that fluorescein and
rhodamine are colocalized. Because no more green
and red spots but only orange spots can be distin-
guished, Figure 9c shows a perfect superimposition of
the zones labeled by fluorescein and rhodamine. This
indicates that all the fibronectin present on the cover-
slip and revealed by rhodamine owing to the immun-
ostaining is grafted to nanoparticles containing
fluorescein.

CONCLUSION

The fluorescent detection of streptavidin and of the
fibronectin was rendered possible thanks to their im-
mobilization onto luminescent aminated nanoparticles
composed of a gadolinium oxide core embedded in a
polysiloxane shell. The labeling of these biomolecules
was confirmed by colocalization experiments which
consisted of labeling biomolecules with two different
fluorescent probes (organic dyes or organic dyes conju-
gated antibodies (immunostaining) and luminescent

Www.acsnano.org

Figure 9. Fluorescence microscope images of nanoparticle-
labeled fibronectin after incubation with antifibronectin anti-
body under laser excitation and with (a) FITC signal filter or (b)
rhodamine B signal filter and (c) overlay of images (a) and (b).

hybrid nanoparticles). The functionalization of hybrid
nanoparticles was revealed by the perfect superimposi-
tion of the zones containing each luminescent probe.
These experiments demonstrated that DITC is, there-
fore, an efficient linker for tethering aminated nanopar-
ticles to proteins. Because neither activation nor chemi-
cal pre- or post-treatment are required, this strategy
appears very interesting for an alternative functionaliza-
tion of nanoparticles coated by amine groups.
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METHODS

Chemicals. Gadolinium chloride hexahydrate (99.99%), so-
dium hydroxide (99.99%), tetraethyl orthosilicate (Si(OC,Hs),,
TEOS, 98%), (3-aminopropyl)triethoxysilane (H,N(CH,);-
Si(OC,Hs)5, APTES, 99%), fluorescein isothiocyanate (FITC, 90%),
rhodamine B isothiocyanate (RBITC), hepes solution (solution in
water, pH 7.0—7.6), triethylamine (TEA, 99.5%), dimethylsulfox-
ide, anhydrous dimethylsulfoxide (DMSO, 99.9%),
p-phenylenediisothiocyanate (DITC), streptavidin, streptavidin-
FITC, acetic acid, and dimethylformamide (DMF) were purchased
from Aldrich Chemical (France). Phosphate buffer saline (PBS,
0.01 M phosphate buffer, 0.138 M NaCl, 0.0027 M KCl), Tween
20, and bovine serum albumin (BSA) were purchased from
Sigma. Sodium chloride (NaCl) was purchased from VWR-
Prolabo. Boric acid was purchased from Merck. Ethanol, diethyl-
ene glycol (DEG, 99%), and other organic solvents (reagent
grade) were purchased from SDS (France) and used as received.

Encapsulation of Gd,0, Cores in Polysiloxane Shell. A solution con-
taining 3.2 mg of FITC or 4.4 mg of RBITC and 3.8 pL of APTES
(m/z = 611.1, 721.2 for FITC- and RBITC-APTES, respectively) dis-
solved in 350 pL of ethanol or DMSO was prepared as a precur-
sor and stirred overnight. This solution and a portion of 291.2 L
of APTES and of 187.4 pL of TEOS were added to 1 mL of solu-
tion containing Gd,O; nanoparticles diluted in 9 mL of DEG un-
der stirring at 40 °C. After 1 h, a portion of 714.3 pL of a DEG so-
lution (0.1 M of triethylamine, 10 M of water) was added. The
other portions of polysiloxane precursors and of hydrolysis solu-
tion were sequentially and alternatively added. The final mix-
ture was stirred for 48 h at 40 °C.

Size Measurement. Direct measurement of the size distribution
of the nanoparticles suspended in the polyol medium was per-
formed via Zetasizer 3000 HSa and Zetasizer NanoS PCS (Photon
Correlation Spectroscopy) from Malvern Instrument. Measure-
ments were directly taken on the colloid after synthesis or sur-
face modification.

C-Potential Measurements. Direct determination of the
{-potential of the hybrid nanoparticles were performed via a Ze-
tasizer NanoZS (laser He—Ne (633 nm)) from Malvern Instru-
ment. Prior to the experiment, the sol was diluted in an aque-
ous solution containing 0.01 M NaCl and adjusted to the desired
pH.

Absorption and Emission Spectra. Absorption and emission spec-
tra were acquired on WPA spectrophotometer and on fluores-
cence spectrometer F2500 Hitachi, respectively.

Relaxation Time Measurements and MR Imaging. Relaxation time
measurements were performed at 7 T using an inversion recov-
ery FLASH (IR-FLASH) imaging sequence with varying IR time
(Biospec System 70/20, Brucker, Ettlingen, Germany).

Fibronectin Preparation. Fibronectin (Fn) was purified from cryo-
precipitated human plasma according to a protocol described
by Poulloin et al. that yields a large quantity of homogeneous
protein.>® This protocol is based on the affinity of Fn for both
gelatin and heparin. Briefly, the protocol consists in a combina-
tion of gelatin and heparin affinity chromatography steps. The
purity of the preparation was estimated by densitometry analy-
sis of silver nitrate-stained SDS-polyacrylamide gels (98.2 = 0.8%
(w/w). Fn concentrations were determined by optical absor-
bance measurements at 280 nm: A,,, = 12.8. Purified Fn is con-
served in T10, pH 7.4 (10 mM Tris-HCl), at the concentration of 2
mg/mL at 10 °C.

Nanoparticles Bioconjugation. The p-phenylenediisothiocyanate
is used as cross-linker between free primary amine groups from
nanoparticles surface and amine containing biomolecule. Briefly,
18 pL of DITC dissolved in DMSO at a concentration of 10 mg/mL
and 500 p.L of Np in DEG solution (7.5 M) are mixed. After 8 h
of stirring at room temperature, 90 pL of streptavidin or FITC-
conjugated streptavidin in 0.1 M borate buffer (pH 8.5; 2.5 mg/
mL) or 2.07 mg of fibronectin, respectively, is added. This solu-
tion is allowed to react overnight at 4 °C in the case of
streptavidin or only for 1 h at room temperature for fibronectin
to prevent its denaturation by solvent. Coupled fibronectin is pu-
rified by centrifugation after dilution in a mixture of Tween 0.1%,
BSA 1%, and NaCl 1 M. Fibronectin-pellet is conserved whereas
the supernatant is replaced by the Tween mixture. Free nanopar-
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ticles in suspension are then progressively separated from
fibronectin.

Fluorescence Imaging. Coverslips were homogenously coated
by a gelatin solution at 50 pwg/mL in PBS pH 7.4 for one night at
RT and rinsed three times with PBS. Then, nanoparticle-labeled fi-
bronectin is deposited onto gelatin coverslips over a period of
12 h at 4 °C. Immunofluorescent detection of Fn was performed
as follows. Coated coverslips were saturated for 30 min in PBS-
0.5% BSA and were then incubated for 1 h at room temperature
in a dark humidified chamber with rabbit antihuman plasma fi-
bronectin polyclonal antibody (Sigma, F-3648) diluted 1:50 in
PBS-0.5% BSA. After three washings with PBS-0.5% BSA, cover-
slips were incubated for 1 h and 30 min with goat antirabbit IgG
TRITC-conjugate antibody (Sigma, T-6678) diluted 1:50 in PBS-
0.5% BSA. Coverslips were washed three times in PBS-0.5% BSA
and one time in H,0. Finally, the coverslips were mounted with
Mowiol (Calbiochem) and examined with a fluorescent micro-
scope (Leica MPS 60, T00W halogen lamp).

Biochip Preparation. The biochips were prepared by arraying
1.2 nL drops of spotting solutions with a BioChip Arrayer BCA1
(Perkin Elmer). The spotting solutions were prepared by mixing
100 pL of an aqueous solution composed of glycerol 2.5% and
NacCl 0.05 M with 10 L of an aqueous suspension of 1 wm bioti-
nylated beads (1% w/v) purchased from Sigma (France). Each ar-
ray was composed of eight spots (4 X 2) that were spotted at
the surface of a 3D Teflon master composed of 24 rectangular
structures (w = 5 mm, / = 5 mm, h = 1 mm). After spotting, the
spots were dried and the arrays were transferred to a PDMS in-
terface by pouring a mixture of precursor and curing agent (10:1)
onto the Teflon substrate and cured for 5 min at 90 °C. The bio-
chip preparation was then terminated by peeling off the PDMS
polymer. The 3D structure resulting from this process produces a
24-well PDMS microarray (inner volume, 20 pL), exhibiting the
8-spot array at its bottom. All incubations or washing steps for
a particular array were then performed by depositing a 20 pL so-
lution volume into the wells.

Silica Microspheres Synthesis. Silica particles (4 wm) are obtained
by a process described by De et al.>® It consists in a microemul-
sion of tetraethoxysilane (TEOS) in acidic medium. Briefly, 11.4
mL of acetic acid are diluted in 3.6 mL of water. TEOS (0.05 mol)
is added to this solution under stirring. The mixture is allowed to
react only for exactly T min. Increasing the reaction time leads
to an increased polydispersity. A total of 30 min after the stir-
ring was stopped, the particles are separated by centrifugation.
Particles were successively washed twice by water and twice by
ethanol. The microspheres were then dried at room temperature
and in vacuum. The surface of the microspheres was deriva-
tized by amine groups after the reaction with APTES in dimeth-
ylformamide at 120 °C for 12 h.

Immobilization of the Nanoparticles on the Microspheres. A total of
50 mg of microparticles are suspended in 5 mL of water under
vigorous stirring over a period of 10 min. After adding 1 mg of a
NHS-biotin in DMSO solution (1 mg/mL) the mixture is allowed
to react at room temperature for 3 h. The solution is then centri-
fuged. The supernatant is changed three times against water to
eliminate nongrafted biotin molecules, whereas precipitated
functionalized particles are resuspended in 5 mL of water. They
are mixed with 500 pL of previously prepared streptavidin con-
jugated nanoparticles under slow stirring. After one night, the
microparticles are separated by centrifugation and washed three
times by solvent exchange against water. The microparticles
are finally resuspended in acetone or ethanol for microscopy ex-
periments (SEM and fluorescence microscopy).

Confocal Microscopy. An ethanol suspension of purified function-
alized microparticles was deposited onto a coverslip for their ob-
servation using a confocal microscope (Zeiss LSM510 META).
Confocal microscopy was performed at the Centre Tech-
nologique des Microstructures of the University Claude Bernard
Lyon 1.
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