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CNRS, UMR 8531, ENS Cachan, F-94235 Cachan Cedex, France

E-mail: alain.ibanez@grenoble.cnrs.fr

Received 24 April 2009, in final form 8 June 2009
Published 13 July 2009
Online at stacks.iop.org/Nano/20/315301

Abstract
To develop highly sensitive biosensors, we made directly available to biological aqueous
solutions organic nanocrystals previously grown in the pores of sol–gel films. Through the
controlled dissolution of the sol–gel surface, we obtained emerging nanocrystals that remained
strongly anchored to the sol–gel coating for good mechanical stability of the final sensing
device. We demonstrated that in the presence of a solution of DNA functionalized with a
molecular probe, the nanocrystal fluorescence is strongly quenched by Förster resonance energy
transfer thus opening the way towards very sensitive fluorescent biosensors through
biomolecules grafted onto fluorescent nanocrystals. Finally, this controlled dissolution,
involving weak concentrated NaOH solution, is a generic process that can be used for the
thinning of any kind of sol–gel layer.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the last few years, DNA and protein biochips have become
a powerful tool in clinical research, in particular for the
development of diagnostic tests and new therapies. To detect
the interaction between a probe and a targeted biomolecule
on a chip microarray [1] numerous kinds of labels can
be used: radioisotopes [2], chemiluminescent enzymes [3],
metallic nanoparticles [4], fluorescent quantum dots (QDs) [5],
or dyes [6]. The most sensitive method of labeling is
radioactivity, but the use of 32P or 125I radioelements presents
serious drawbacks [7] such as risks of contamination, delicate
experimental set-up, and the problem of waste disposal. The
other methods involve several chemical amplification steps
by PCR (polymerase chain reaction) to obtain a sufficient

amount of DNA molecules to be detected but they are long,
expensive, and are not adapted to the detection of precious
and rare clinical samples or the detection of weakly expressed
genes and proteins [8]. Thus, even if microarrays have a
large screening potential of a high number of samples for
multiple and simultaneous analyses, they are under-exploited
due to a lack of sensitivity. Indeed, although the theoretical
detection limit was predicted to be a few femtograms or
less [9], it has been difficult in practice to generate detectable
signals for picograms of analyte in solution [10]. Moreover,
in complex solutions containing several analytes, the relative
sensitivity is expected to be even lower. In this context, there
is a real need for more sensitive labels to improve current
biochip microarrays, particularly for protein biochips, where
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the noise level is usually higher than that of DNA biochips
because of non-specific adsorptions [11]. Fluorescence
methods present several unique experimental features such
as large ranges of excitation and emission wavelengths, high
quantum yields, and convenient fluorescence lifetimes: not
too short for efficient temporal discrimination of short-lived
fluorescence interference from scattered excitation light [12].
This allows detecting by typical fluorimeters quenched or
emitting labels as a function of their biological surroundings.
Moreover, the fluorescence intensity of the labels can be
significantly enhanced through the increase of their absorption
cross section by involving a high number of fluorophores.
This should decrease the detection threshold by enhancing
the fluorescence contrast. This strategy has been recently
followed by involving organic-dye-doped silica nanoparticles
to detect DNA molecules [13]. About 104 fluorophores were
dispersed inside a single nanoparticle of 100 nm in diameter
which produced a strong fluorescence signal, greatly amplified
compared to that of a single fluorophore. However, the
synthesis of these silica nanoparticles is delicate because it
implies several steps of surface functionalization to make
hydrophobic organic dyes compatible with the hydrophilic
surface of the nanoparticles. Furthermore, dispersed organic
fluorophores in silica nanoparticles are submitted to a
significant photobleaching, even if it is lower than that of the
fluorescent molecules dissolved in solutions.

The aim of our work is to design a new type of
fluorescent biochip whose signalization function (sensor
transducer) is made up by ultra-bright fluorescent nanocrystals
confined in silicate sol–gel thin films, with high sensitivity
to biological surroundings. These molecular nanocrystals
are composed of about 104–108 organic fluorophores as
their size can be easily adjusted with the preparation
conditions, from 20 to 800 nm in diameter. Such
high numbers of molecules increase the corresponding
absorption cross section of nanocrystals by several orders of
magnitude, resulting in brilliant nano-objects which exhibit
good photostabilities due to their crystallinity [14, 15].
Moreover, the crystal structure favors the delocalization
of the fluorescence excitation through weak molecular
coupling which leads, for selected organic nanocrystals,
to their behavior as unique fluorescent transmitters [16].
These combined properties of the organic nanocrystals
can lead to high fluorescence contrasts depending on
the biological medium and thus to very low sensing
thresholds.

The production of such organic nanocrystals is performed
by a simple one-step generic process [17, 18]: the solution,
containing the organic dye, sol–gel precursors, solvent,
and a small amount of water, is aged for a few hours
and then deposited by spin-coating on a substrate. The
solvent evaporation at the end of the deposition leads to the
polymerization of the silicate coating forming first a wet gel
while the nucleation and growth of nanocrystals then take
place in the pores of this gel. This confined nucleation
avoids the nanocrystal coalescence and allows the control
of their size. After drying, these nanocomposite thin films
combine the good stability and easy handling of amorphous

inorganic materials with the specific optical properties of
organic nanocrystals. Our method can be applied to a
large range of organic fluorophores: polyaromatic molecules,
perylenes, stilbenes, bodipys etc. In this study, rubrene was
selected as this fluorophore emits around 600 nm (orange-red),
which is an appropriate wavelength to overcome biological
noise by reducing the fluorescence background and lying in
the biological transparency window. In addition, rubrene
presents the advantage of exhibiting a simple signature;
monoexponential fluorescence decay [19] with a fluorescence
lifetime of 16 ns, which is longer than those of typical
fluorophores used in biochips e.g. 1.5 ns for Cy5 and 3.6 ns
for nile red [12].

On the other hand, our nanocrystallization method leads
to buried nanocrystals in the sol–gel thin films that are thus
well mechanically stabilized [18, 20]. The open porosity
of the sol–gel coatings allows a selective reactivity between
nanocrystals and their chemical surroundings. Indeed the pore
size of silicate coatings can be easily modulated through the
sol–gel chemistry to play the role of filter avoiding unwanted
chemical interactions [21]. However, the pore size obtained
by our sol–gel preparation cannot be higher than 10 nm.
Indeed, in acidic conditions (pH < 2), hydrolysis is faster
than condensation. Thus, a low interconnected network is
obtained which is limited to microporosity (1–2 nm) and weak
mesoporosity (2–5 nm) [22, 23]. Furthermore, the rapid
evaporation applied at the end of spin-coating is linked to
very high capillary forces, leading to a maximal shrinkage,
which ensures both the high quality of the films and the
strong confinement of organic nanocrystals. This pore size
is convenient for the development of chemical sensors, but
is significantly smaller than the average size of biological
molecules: several tenths of nanometers for DNA fragments.
Therefore, to obtain nanocrystals potentially sensitive to their
biological surroundings by direct contact, we have prepared
emerging nanocrystals at the surface of the nanocomposite
thin films. A first way would be to induce the organic
nanocrystallization after impregnation of substrates, exhibiting
large pores with diameters of around 50 nm [24, 25], by
solutions. But this route requires a multi-step, delicate process,
involving template agents, which is difficult to apply for the
development of low cost fluorescent sensors.

In this work, the nanocrystals are first grown embedded
in a sol–gel film as introduced above. Then, a specific
and well-controlled chemical treatment is applied to par-
tially dissolve the surface of the sol–gel layer to obtain
nanocrystals emerging from silicate coatings, but remaining
strongly anchored to the sol–gel thin films for good me-
chanical stability of the final sensing device. To obtain a
controlled and reproducible dissolution process, the following
parameters have been adjusted: the nature and concentration
of the dissolving agent, dissolution rate, initial thickness
of the films, and nanocrystal size. Nanocrystals emerging
from the surface of dissolved films were then characterized
by fluorescence confocal microscopy (FCM), atomic force
microscopy (AFM), and time-resolved fluorescence spec-
troscopy.
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2. Experimental details

2.1. Preparation of nanocrystals in sol–gel coatings

First, a solution was poured into an airtight flask containing
THF (Aldrich, analytical grade), rubrene powder (Acros
Organics, 99%), silicon alcoxides, and water. Two silicon
alcoxides were used as sol–gel precursors: tetramethoxysilane
(TMOS) from ABCR™ while 1,2-bis(trimethoxysilyl)ethane
(TMSE) was synthesized [26]. The solutions were prepared
from a TMOS:TMSE = 1:2 molar ratio. The hydrolysis–
condensation reactions of these precursors were carried
out under acidic catalyzed conditions (HCl, pH = 1) with
one water molecule per alkoxide (–OCH3) function (h =
[H2O]/[–OCH3] = 1). The THF molar ratio referred to
silicon alcoxides was s = [THF]/[Si] with s between 10 and
20 ([Si] is the concentration of silicon alkoxide precursors)
while the rubrene amount was d = [rubrene]/[Si] = 1 × 10−2,
s = 16 for 800 nm-diameter nanocrystals, d = 1 × 10−3,
s = 16 for 120 nm-diameter nanocrystals and d = 1 × 10−3,
s = 20 for 60 nm-diameter nanocrystals. The solution was
first heated at 80 ◦C for 4 h for the rapid rubrene dissolution
and the enhancement of hydrolysis and condensation kinetics
of the alcoxides, leading to the formation of silicate chains
dispersed in solution. The resulting sols were then deposited
at room temperature by spin-coating onto microscopic glass
slides as substrates with a rotation speed of 4000 rpm applied
for 5 s. Before deposition, to ensure a good adhesion, glass
slides were first sonicated in a basic solution containing 5%
in water of a basic commercial reagent (TFD4, Franklab SA)
for 15 min, then washed several times in deionized water, and
finally dried under nitrogen. When the sol was spread out on
the substrate, the fast THF evaporation induced first the sol–
gel polycondensation and a high dye supersaturation in the
solution. This leads, at the end of the solvent evaporation,
to the confined nucleation and growth of nanocrystals inside
the pores of the silicate matrix. With this method, films
with a thickness of around 0.3–0.5 μm were prepared. These
nanocomposite coatings were then dried at 100 ◦C for 5 min.

2.2. Controlled dissolution of sol–gel thin films

The sol–gel coatings containing rubrene nanocrystals de-
posited onto microscope glass slides are plunged into stirred
solutions containing etching or dissolving agents such as
hydrofluoric acid HF and sodium hydroxide NaOH for various
periods of time ranging between 1 and 16 h. In order to obtain
homogeneous dissolutions, we chose a high volume of solution
(800 ml) to avoid any significant evolution of the etching bath
and also the redeposition of the dissolved silicate layer on the
sol–gel thin films. Different HF and NaOH concentrations
were tested ranging from 1 to 0.001 mol l−1. Finally, sol–gel
films were washed in a high volume of 18 M� water and dried
under nitrogen.

2.3. Fluorescence confocal microscopy

The thinning of sol–gel coatings was first followed by
fluorescence confocal microscopy (FCM) for a rapid and easy

evaluation with a LSM510 Carl Zeiss microscope using a 63×
oil-immersion objective (NA 1.4). The light excitation was
produced by a (Ar or He–Ne) laser working at the wavelength
λ = 488 nm. Fluorescence image data were then processed by
Scion Image Software.

2.4. Atomic force microscopy

The surface dissolution of the sol–gel coatings was then
accurately characterized by atomic force microscopy (AFM)
performed in tapping mode with a nanoscope V microscope
(Veeco). For all experiments, AC160TS silicon cantilevers
with a force constant between 35 and 97 N m−1 were used.
Tapping amplitudes were in the order of 150 mV. The
excitation frequency was between 341 and 344 kHz. Height,
amplitude, and phase images were recorded. AFM data were
processed with the Nanoscope 7.2 software (Veeco).

2.5. Transmission electron microscopy

The transmission electron microscopy (TEM) images were
obtained with a Philips CM300 under 300 kV. The samples
were prepared by spinning the initial sol–gel solutions on NaCl
cleaved crystal faces used as substrates. These substrates were
then dissolved in large volumes of 18 M� water while the
floating sol–gel films were placed on copper grids.

2.6. Time-resolved fluorescence spectroscopy

The measurements were performed with a titanium:sapphire
laser pumped by an argon ion laser (82 MHz, repetition rate
lowered to 4 MHz using a pulse-peaker) delivering very short
impulsions of 1.3 ps. An optical nonlinear crystal of LBO was
used to reach a 495 nm excitation through a second harmonic
generation. Fluorescence signal detection was performed by a
Europhoton GmbH photomultiplier. The samples were placed
under a NIKON TE 2000 microscope and illuminated in a large
field. Perfusion chambers (CoverWell™) of 35 μl were put on
the samples to obtain fluorescence decays of the nanocrystals
in the presence of different chemical environments. The
functionalized DNA solution was provided by Eurogentec
(reference: RPDDQ2B). The concentration of the solution was
100 μM l−1.

3. Results and discussion

The sol–gel thin films containing rubrene nanocrystals were
prepared using a well-established procedure [18]. They were
deposited onto microscope glass slides by spin-coating and
dried at 100 ◦C for a few minutes. Then, the films were
dipped for different amounts of time into a large volume
of stirred solution (1 l) of the dissolution agent. A typical
dissolving method of silicate materials is to perform a chemical
etching in HF acid solutions to transform Si–O bonds into Si–
F (SiF4 or H2SiF6) bonds that are highly soluble in aqueous
solutions. HF aqueous solutions of different concentrations
were tested for different etching times: from 30 s to 30 min.
In all cases, the etching proved highly inhomogeneous with
parts of the silicate films being completely removed, even
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Figure 1. FCM images of sol–gel thin films containing rubrene
nanocrystals (a) after a chemical etching in HF 10−1 M for 15 min
and (b) after the controlled dissolution of the film surface with NaOH
10−1 M for 15 min.

at low HF concentrations (10−2–10−3 M). This was directly
observed by FCM, figure 1(a), where some sample areas are
totally nanocrystal free. Indeed, the chemical etching happens
preferentially at small defects of the films such as micro-
holes due to a lack of wetting of the sol–gel solutions on the
substrates at the first step of the spin-coating process. Thus,
using HF as chemical agent, the process can be better described
as an inhomogeneous chemical etching of the coating rather
than a controlled dissolution of the film surface.

On the other hand, NaOH solutions are good solvents
of silicate compounds while molecular crystals are generally
insoluble in these aqueous media. Indeed, they are used for
the crystal growth of α-quartz crystals under hydrothermal
conditions [27] and, it has been shown that highly concentrated
NaOH solutions allowed the thinning of quartz piezoelectric
devices through a homogeneous dissolution of crystal
plates [28]. Thus, NaOH aqueous solutions were then tested
for the surface dissolution of sol–gel thin films. With a NaOH
solution of 10−1 M, dissolution times of the film surface
were evaluated around a few minutes before the loss of the
nanocrystals from the silicate matrix. This corresponds to high
dissolution rates of several tenths of nm min−1. In contrast
to HF solutions, we observed homogeneous dissolutions of
the film surfaces without removing any silicate plates and
fluorescent nanocrystals as shown by FCM (figure 1(b)). To
achieve a better control of the surface dissolution of these
nanocomposite coatings, lower kinetics are required. Thus,

lower concentrations of NaOH were then tested, around
10−3 M, firstly on nanocomposite thin films involving large
rubrene crystals of about 800 nm, as specified by FCM, with
film thickness evaluated to 130 nm by a profilometry. Indeed,
nanocrystals grow preferentially through the thickness of the
layer confinement leading to stick-shaped crystals (figure 2).
The dissolved surface of these coating was then characterized
by AFM imaging in the tapping mode.

Figure 2(a) shows the AFM amplitude image of the film
surface before dissolution exhibiting a significant roughness of
about 40 nm root mean square (RMS), including the surface
corrugation due to the underlying microcrystals. However, this
value is weak compared to the crystal size because the crystal
growth is confined in the depth of the coating. On the other
hand, the roughness measured between organic crystals of
around 0.5 nm RMS, corresponds to the typical low roughness
generally obtained for sol–gel thin films processed by spin-
coating. After 16 h of dissolution in NaOH 10−3 M, the
sample aspect on the AFM image changes significantly at the
crystal location: the surface dissolution of the silicate film
reveals directly the surface of rubrene crystals with surface
structure similar to the growth step while the surface of the
sol–gel coating remains very smooth, around 0.5 nm RMS
(figure 2(b)), as it was before the dissolution treatment. These
first results confirm that we can prepare emerging organic
nanocrystals at the surface of sol–gel thin films.

Smaller nanocrystals were then successfully grown in the
sol–gel coatings by decreasing the initial rubrene concentration
and adjusting the solvent amount in the starting sol–gel
solutions [29]. An average diameter of 120 ± 20 nm was
measured on TEM images (figure 3(a)). These nanocrystals
exhibit a typical spherical shape as previously observed for
different types of molecular crystals when their diameters are
below 500 nm [30].

The sol–gel thin films were dissolved by a 10−3 M NaOH
solution for 16 h. The resulting AFM image (figure 3(b))
clearly shows that all the nanocrystals emerge from the
silicate surface after the film dissolution. The good control
of the dissolution allows us to expose the nanocrystals
while maintaining them in the thin films. Moreover, no
degradation of the nanocrystal surface was observed by AFM
after this dissolution of the matrix. For fluorescence decay
measurements, to obtain single emitter behaviors associated to

Figure 2. AFM amplitude images of 800 nm rubrene nanocrystals grown in sol–gel thin films (a) before chemical treatment and (b) after
surface dissolution in NaOH 10−3 M for 16 h.
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Figure 3. (a) TEM image of 120 ± 20 nm rubrene nanocrystals and
the corresponding AFM 3D topography image of these nanocrystals,
(b) after dissolution in NaOH 10−3 M for 16 h (3D topography).

strong fluorescence contrasts, we finally used smaller rubrene
nanocrystals exhibiting diameters of 60 ± 20 nm characterized
by TEM, figure 4(a). In this case, the sol–gel thin films were
dissolved by a NaOH 10−3 M solution for 8 h leading to 60 nm
nanocrystals emerging by about 10 nm from the silicate surface
(AFM 3D topography images, figure 4(b)).

On the other hand, between nanocrystals, the very low
roughness is conserved, thus confirming the high control of
the homogeneous surface dissolution of the sol–gel thin films
through a layer by layer mechanism. For NaOH 10−3 M
solvent, the dissolution rate was measured around 2 nm h−1

for all the sol–gel coatings whatever the size of the embedded
nanocrystals (figures 3 and 4). Indeed, the sol–gel thin films
were prepared from the same alkoxides and experimental
conditions leading to similar silicate structures. However, the
dissolution time must be carefully defined. If the dissolution of
the silicate matrix is too far advanced, the nanocrystals will be
ejected from the sol–gel matrix.

The fluorescence decay of these emerging rubrene
nanocrystals (60 ± 20 nm) was first recorded in the presence
of water (figure 5(a)—red curve with triangles). The decay
is almost monoexponential with a long fluorescence lifetime
of 13.33 ns (92%) and a short fluorescence lifetime of
2.22 ns (8%). This fluorescence decay being similar to
that of as-prepared nanocrystals embedded in the sol–gel
layer (figure 5(a)—yellow solid curve) confirms that the
fluorescence properties of hydrophobic rubrene nanocrystals
are left intact by the NaOH treatment. Fluorescence decays
of rubrene nanocrystals were then registered in the presence
of a solution of DNA fragments (10−4 M) functionalized by
dispersed blue 14 (DNA-DB14), which plays the role of the
fluorescence quencher (molecular probe) in this case. Indeed,
there is a strong overlapping between the fluorescence band of
rubrene nanocrystals and the absorption band of DB14 in the
visible wavelength region (figure 5(b)) that favors the Förster
resonance energy transfer (FRET) [31]. In the presence of this
DNA-DB14 solution, the fluorescence decay of the as-prepared
buried nanocrystals (figure 5(a)—purple curve with circles)
is barely modified in comparison to the initial one (yellow
solid curve). This weak difference can be explained by some
rubrene nanocrystals being located very close to the silicate
surface, a few nanometers, thus being quenched by FRET
with DNA-DB14 molecules adsorbed at the surface while
the great majority of the buried nanocrystals which are well
separated from the DB14 quencher remain fluorescent (scheme

Figure 4. (a) TEM image of 60 ± 20 nm rubrene nanocrystals and
corresponding AFM image of these nanocrystals, (b) after
dissolution in NaOH 10−3 M for 8 h (3D topography).

framed with purple). On the other hand, in the presence
of the DB14-DNA solution, the fluorescence of emerging
nanocrystals is strongly quenched (figure 5(a)—green curve
with squares). The obtained decay is highly biexponential:
the long fluorescence lifetime is unchanged (13.33 ns) but
its ratio is lowered to 24%. This long fluorescence lifetime
can be attributed to core molecules of the nanocrystals, which
did not interact with the DB14-DNA solution. The short
fluorescence lifetime (1.82 ns, 76%) corresponds to molecules
of the nanocrystals whose fluorescence is quenched by the
DB14-DNA solution. The DB14-DNA fragments inhibit
by FRET the fluorescence of the great majority of rubrene
nanocrystals that are located in their surroundings (scheme
framed with green). This illustrates the strong dependence of
the fluorescence properties of molecular nanocrystals on their
biological surroundings and their single emitter behavior for
diameters of several tenths of a nanometer.

These results represent a decisive step in the conception
of new types of highly sensitive biochips: it demonstrates
that DNA fragments functionalized with a quencher (molecular
probe) can strongly inhibit the fluorescence of emerging
nanocrystals (signalization function). The next step, in
progress, is the grafting with covalent bonds of DNA fragments
bearing a quencher (DNA-probe) on the nanocrystal surface.
These functionalized quenched nanocrystals will allow the
detection of DNA molecules (DNA-target) through their
hybridization with the complementary DNA-probe grafted
onto the nanocrystals. The DNA-target should be detected
through the fluorescence recovering of nanocrystals. Such
recovery could be based on a wavelength shift of the absorption
band of the probe or on an increase of the nanocrystal—probe
distance to stop the FRET quenching of nanocrystals. This
recovery will induce significant intensity contrasts and lower
detection thresholds, which are highly sought after features of
biochip sensors.

4. Conclusion

In conclusion, to develop biological sensors with high
sensitivity, we made directly available to biological aqueous
solutions organic nanocrystals that were previously prepared
embedded in sol–gel thin films. The selected route is the
controlled dissolution of the sol–gel matrix surface covering
the fluorescent nanocrystals by using weakly concentrated
NaOH aqueous solutions. After this soft dissolution, the
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Figure 5. (a) Fluorescence decays of buried and emerging rubrene nanocrystals in the presence of water and in the presence of DNA-DB14
solution; corresponding schemes of buried and emerging nanocrystal behavior in the presence of DNA solution (insets). (b) Spectral
overlapping between the fluorescence of rubrene and the absorption of DB14 favoring the FRET.

resulting silicate thin films present very low roughness,
around 0.5 nm RMS. The nanocrystals emerging only by
a few nanometers from the sol–gel surface are therefore
mechanically stabilized. The molecular nanocrystals are
fully insensitive to the NaOH aqueous solution as they keep
their spherical shape and the same fluorescence properties.
Hence, we have demonstrated the validity of this process
of chemical dissolution of sol–gel films to obtain organic
nanocrystals directly in contact with biological solutions.
Therefore, they can be functionalized by grafting DNA-probe
fragments to be integrated in biological sensor devices by
playing the role of a generic signalization function (sensor
transducer). This potential signalization function by emerging
nanocrystals through the quenching of their fluorescence was
demonstrated with solutions of DNA fragments functionalized
with DB14. The realization of a biosensor now requires
grafting these functionalizing DNA-probe fragments onto the
nanocrystals, work which is already in progress. Finally,
the perfectly controlled dissolution process developed in this
study [32] through a layer by layer mechanism, involving weak
concentrated NaOH solution, around 10−3 M, is a generic
process that can be used for the thinning of any sol–gel
layers, such as silicates, titanates, stanates, or zirconates. Low
concentrations of other inorganic bases, LiOH or KOH for
example, could also lead to well-controlled surface dissolution
unlike the HF solutions that are usually used, which give rise
to deep chemical etching in the sol–gel coatings.
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