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a b s t r a c t

Spherical silica nanoparticles containing fluorescent trimethine indocyanine dyes (labs ¼ 547 nm,
lem ¼ 570 nm) were prepared using a water-in-oil microemulsion method. The nanoparticles were of
w50 nm diameter and were almost monodispersed in aqueous solution at pH 5.5. Entrapment of dye
molecules in the silica matrix stabilised photoemission over several hours of continuous irradiation. The
photoemission intensity of the indocyanine was increased 13-fold over that recorded in solution. As each
nanoparticle contained w110 dye molecules, the photoemission brightness of each particle was
enhanced by three orders of magnitude. The fluorescent nanoparticles have been tested as imaging tools
in in vitro tests. As an example of non-macrophagic cells, a highly differentiated neuronal cell line
(GT1-7) was used and the results showed that the prepared nanoparticles can be incorporated into these
cells with no apparent toxicity for up to three days.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

One of the main tasks of recent research in diagnostics and
cellular imaging is the development of highly luminescent and
photostable biolabelling agents [1–4]. Different types of fluorescent
markers have traditionally been used for imaging purposes [5], but
organic fluorophores are the most exploited, because of the large
number of commercially available molecules that display inter-
esting photophysical features as well as the possibility of tuning
such fluorophores for more effective applications. Whilst such
molecules are versatile and easy to use, they present several limi-
tations, such as photodegradation and high sensitivity to environ-
mental factors [1,6–8]. Furthermore, it is well known that
molecular fluorophores must usually be attached to biomolecules
in a w1:1 ratio, so as to avoid interference with the activity/binding
specificity of the biomolecular moiety and concentration quench-
ing of the fluorophore. Such a constraint actually results in
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116707855.
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a limitation of the intensity of the photoluminescence signal at the
basis of the imaging detection.

As a consequence, there is a growing interest in the develop-
ment of new kinds of biomarkers, characterized by high photo-
stability, biocompatibility, easy handling and bioconjugation,
minimal environmental effects (minimal or no changes in proper-
ties of both the biomarker and the biomolecule) and high photo-
emission intensity [9,10].

Quantum dots (QD) and fluorescent nanoparticles fulfil some of
these requirements, such as high photostability and insensitivity to
environmental factors [11,12]. QD of different sizes and surface
functionalisation are commercially available, and although there is
a great number of publications about their use in in vitro applica-
tions [13], there are contrasting views about their cellular toxicity
[2,3,14]. To avoid cell damage or death, it seems to be necessary to
surround QD with a biocompatible shell, such as silica or a polymer
[12,15].

Dye-doped silica nanoparticles (NPs) have also attracted
interest, because the entrapment of the organic molecules within
the silica matrix should result in an increase of the quantum yield of
the fluorophores, thus enhancing the overall brightness of the
fluorescent probe. Furthermore, the silica matrix preserves the
encapsulated fluorophore from environmental factors that can
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Fig. 1. Schemes of the structures of: IRIS3 (I), IRIS3NHS (II) and IRIS3/APTS conjugate (III).
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affect the optical performance, such as oxidation by reaction with
O2 present in air or dissolved in water. This kind of hybrid material
can be easily prepared by hydrolysis and condensation of a silica
precursor via sol–gel (Stöber method) or reverse microemulsion
synthesis, the latter resulting in the production of nanoparticles
more homogeneous both in shape and size [16,17]. In this respect,
recent publications refer to silica NPs of diameter<100 nm, varying
from 20–30 to 80 nm, doped with traditional dyes such as fluo-
resceine isothiocyanate (FITC), rhodamine 6G (R6G), 6-carbox-
yrhodamine, tetramethylrhodamine and RuII(bpy)3 [18–22].

However, it is of interest to extend the investigation to other
photoluminescent molecules, with different photophysical prop-
erties, such as indocyanines, that are characterized by a significant
quantum yield (around 0.05–0.1), and exhibit absorption and
emission wavelength (hereafter, labs and lem, respectively) that
can be tuned by changing the length of the polymethine chain
[23]. For our study, we selected a trimethine indocyanine, with
a lem ¼ 570 nm (of interest because its fluorescence is more
shifted towards to the red with respect to commonly used fluo-
resceins and rhodamines); the use of a cyanine dye emitting in the
red region of the spectrum reduces the interference with the
autofluorescence of biological samples. As for the preparation
method, the silica-based NPs were prepared by microemulsion,
resulting in a quite narrow size distribution, and the inclusion in
NPs of both the cyanine molecules as such or conjugated with
aminopropyltriethoxysilane (APTS) was tested. Dimension and
dispersion of nanoparticles were assessed by dynamic light scat-
tering (DLS) and transmission electron microscopy (TEM). The
optical absorption and emission properties of the hybrid systems
were then evaluated and compared to the dye in solution. In
particular, the influence of the entrapment within the silica matrix
on the fluorescence quantum yield and on the photostability of the
dye was evaluated. Silica-based NPs have been used in a number of
cell tests, but in most cases cell lines were of a macrophagic-like
type. In our study, as an additional aspect of novelty, tests were
performed with a highly differentiated neuronal cell line, GT1-7
cells, a consolidated neurosecretory model, not specialized for
phagocytising behaviour [24].

2. Experimental section

2.1. Materials

IRIS3 cyanine dyes (I) and IRIS3NHS (II) derivatives for subse-
quent conjugation with APTS were kindly provided by Cyanine
Technologies S.r.l. (Torino, Italy). The cyanine employed contained
a phthalimido group introduced by Cyanine Technologies as an
amino-protecting group, which can be cleaved and used for
conjugation with carboxylic acid in other kinds of applications. All
other reagents and solvents were purchased by Sigma–Aldrich and
used as received.

2.2. Methods

2.2.1. Preparation of IRIS3/APTS conjugate (III)
Aminopropyltriethoxysilane (APTS) (46.00 mmol; 10 ml) was

added to a solution of II in DMF (11.50 mmol; 500 ml). The mixture
was stirred for 24 h at room temperature (r.t.) and monitored by
TLC, until the complete disappearance of the spot of compound II,
and by MS spectrometry, that confirmed the complete conversion
of II in III. Finally, the product was separated from unreacted APTS
through dilution in diethyl ether, yielding III as a free powder. ESI-
ION TRAP m/z ¼ 834 [M-I]þ.

Schemes of the structure of compound I, II and III are reported
in Fig. 1.
2.2.2. Preparation of silica-based nanoparticles
NPs were prepared in a W/O (water-in-oil) microemulsion, as

reported by Santra et al. [22]. The microemulsion environment was
formed by mixing cyclohexane (75 mL), n-hexanol (18 mL), TritonX-
100 (17.7 mL) and distilled water (5.4 mL). After stirring the
microemulsion for 30 min, 0.2 mL (0.6 mmol) of I or III were added,
and the mixture was further stirred for 10 min. Tetraethyl ortho-
silicate (TEOS) 1 mL (4.5 mmol) and NH4OH 0.7 mL (28–30%,
5.3 mmol) were then added and the reaction mixture was stirred at
r.t. for 18 h and the ensuing nanoparticles were isolated from the
suspension by adding acetone, followed by centrifuging and
washing several times with ethanol and water to remove surfactant
and unreacted species. The slurry of NPs so obtained was then re-
suspended in distilled water (final pH ¼ 5.5), resulting in suspen-
sions that were stable for ca. 30 days.

2.2.3. Dynamic light scattering (DLS)
The dispersion of NPs in suspensions was evaluated by DLS

analyses, performed with a ALV-5000 Multiple Tau Digital Corre-
lator equipped with a thermostated cell holder and a He–Ne laser
operating at 633 nm. Hydrodynamic radii (HR) were obtained from
cumulative fits of the autocorrelation functions. Samples were
prepared by sonication of water suspension and progressive dilu-
tion to stay in the instrumental linearity range.

2.2.4. Transmission electron microscopy (TEM)
TEM observations were performed on a JEOL 2000 EX instru-

ment operating at 200 KV. For the measurements, a droplet of the
suspensions of NPs was spread on a copper grid coated with
a perforated carbon film, and then the liquid was allowed to
evaporate slowly, to limit the agglomeration of NPs. The histogram
of the size distribution of NPs was obtained by measuring ca. 300
particles, and the mean particle diameter (dm) was calculated as
dm ¼

P
dini/

P
ni, where ni was the number of particles of diameter

di. The results are indicated as (dm�STDV).

2.2.5. Gas picnometry
Gas picnometry was employed for the measurement of the

density of the prepared NPs by using a Micromeritics ASAP2020
instrument.

2.2.6. UV–Vis absorption and photoluminescence spectroscopy
Absorption UV–Vis spectra were collected with a Shimadzu

PharmaSpec UV1700. Photoemission steady state spectra were
acquired with a Horiba Jobin Yvon Fluorolog3 TCSPC spectrofluo-
rimeter equipped with a 450 W Xenon lamp and a Hamamatsu
R928 photomultiplier.



Fig. 2. Dispersion and shape/size of NPs. Section A: distribution of HR obtained by DLS
measurements performed on an aqueous suspension of NPs (1.0 mg/mL) at pH ¼ 5.5;
section B: representative TEM image of NPs; original magnification 40.000�; section C:
histogram of the size distribution of the primary spherical particles.
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2.2.7. Cytotoxicity tests
GT1-7 neuronal cells [25,26] were seeded on uncoated plastic

dishes (Falcon, Becton Dickinson, Franklin Lakes, NJ, USA), at
a density of 30.000 cells/cm2 and maintained in Dulbecco’s Modi-
fied Eagle’s medium (DMEM) supplemented with either 10%
or 0.5% heat-inactivated fetal calf serum (FCS, Lonza, Basel,
Switzerland), 50 mg/mL gentamycin and 2 mM glutamine, at 37 �C,
in a humidified atmosphere of 5% CO2 in air. 10% FCS is the standard
culture condition used in order to maintain cell proliferation; 0.5%
FCS (or serum deprivation) is the concentration commonly adopted
to induce a differentiated phenotype in GT1-7 cells. Cells were
incubated with a 20 mg/mL NPs suspension 24 h after seeding.
Cytotoxicity was evaluated by counting cells with a Burker chamber
at 24 and 72 h after incubation with NPs and in control conditions
(no NPs added to the medium). Data (number of cells per cm2) were
expressed as mean � STDV. Three independent experiments in
triplicate for each condition were carried out.

One-way ANOVA and post hoc Bonferroni tests [27] were per-
formed to evaluate statistically significant differences within the
data.

2.2.8. Internalization tests
GT1-7 cells were seeded on glass microscope coverslips

(Marienfeld, Lauda-Königshofen, Germany), at a density of 30.000
cells/cm2 in 10% FCS DMEM for 24, 48 and 72 h in the presence of
a 20 mg/mL suspension of IRIS3NPs. Cells were fixed in 4% PAF for
20 min at room temperature, permeabilized with 0.01% Triton-
PBS, then blocked with 10% normal goat serum and incubated
overnight at 4 �C with a monoclonal anti-b–Tubulin III (anti-
b–TubIII) antibody (1:500). The reaction was developed with
a goat biotinylated anti-mouse IgG (Vector Laboratories, Burlin-
game, CA; 1:200) and detected with the Avidin–FITC complex
(Vector Laboratories; 1:400).

Images (1.024 � 1.024 pixel, 16-bit grey scale) were acquired by
means of a Olympus Fluoview 200 laser scanning confocal micro-
scope (Olympus America Inc., Melville, NY, USA) with a 100�
objective, at excitation wavelengths of 568 and 488 nm. For each
field, both the fluorescence and the differential interference contrast
(DIC) images were acquired. Images obtained were analyzed with
ImageJ, a public domain Java image-processing software tool [28].

3. Results and discussion

3.1. Dispersion and shape & size of NPs

The size and dispersion of NPs in the suspension obtained at the
end of the preparation procedures were checked by DLS (Fig. 2A).
The distribution of hydrodynamic radii (HR) appeared dominated
by a peak centred at ca. 25 nm, broadened towards larger radii and
with an additional weak component at ca. 180 nm. As for the shape
of the particles, a representative TEM image of NPs is shown in
Fig. 2B, where well shaped spherical particles can be observed, in
close contact and/or partially overlapped each other. The statistical
evaluation of the size of the spheres resulted in the histogram
reported in Fig. 2C, spread over a quite narrow size range, from 45
to 55 nm, from which a mean size of 50 � 2 nm was calculated.

Noticeably, such a mean size fits quite well with the maximum
of the distribution of the HR obtained by DLS. Furthermore, as no
particles larger in size than 55 nm were observed, it can be
concluded that the objects exhibiting HR larger than such values
should have been produced by spherical particles of 50 nm in size
(hereafter: ‘‘primary particles’’) partially merged to form some
aggregates. The vertical line on the curve in Fig. 2A is the threshold
HR value, ca. 55 nm (the largest size of primary spherical particles
observed by TEM), between single primary spherical particles and
their agglomerates. The integrated area below the HR profile on the
left of such vertical line accounts for ca. 70% of the overall inte-
grated area, indicating that single spherical NPs are the large
majority. Furthermore, the merging among surface/volume of
primary particles involved in agglomerates appeared quite limited
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(TEM), allowing us to assume a sphere of 50 nm in diameter as the
‘‘basic unit’’ for the evaluation of a variety of properties of the
system. On such a basis, as the density of the silica material
prepared was ca. 2.2 g/cm3 (equivalent to that of amorphous silica
[29]), and having assessed by ICP MS a consumption of 90% of TEOS
to produce NPs, it was possible to estimate the number of NPs
obtained for each preparation (ca. 7.60 � 1012 NPs/mg).

3.2. UV–Vis absorption and emission behaviour of NPs

The UV–Vis absorption and emission spectra of III, identical to
those of compound I are reported in Fig. 3 (curves a and a0,
respectively). The absorption profile is characterized by a main
component at 547 nm, with a hypsochromic shoulder at 515 nm,
while the photoemission exhibits an almost specular profile, with
maximum at 570 nm and a shoulder at 600 nm.

The nature of visible absorption and emission of cyanine dyes
can be explained by referring to what has been proposed for similar
polymethine systems [30]. Several authors state that these bands
are due to p / p* transitions, with partial character of charge
transfer, as the delocalization is extended to positively charged
nitrogen atoms of the heterocyclic groups [31–34]. As for the origin
of the two components in both the absorption and emission profile,
a general consensus has not been reached in the literature yet.
Some authors reported the possibility that they can be due to cis
and trans isomers of the cyanine molecule [35]; on the other hand,
the most recognized model correlates the main component and the
hypsochromic shoulder with transitions occurring between the
lowest vibrational level of the ground (excited) state and two
different vibrational levels of the excited (ground) state
[31,32,36,37a]. As for the NPs loaded with the cyanine (as such, I, or
as APTS derivative, III), no I or III molecules were found in the
supernatant over the NPs separated by centrifugation (spectro-
photometric analysis), indicating that in both cases all dye mole-
cules were associated to NPs. However, the use of I (cyanine
molecules as such) was ineffective, as the dye underwent
a complete leaching from NP by simply washing with ethanol.
Conversely, the use of compound III resulted in coloured NPs fully
resistant to repeated ethanol washing, indicating a firm interaction
with the silica matrix. On the basis of the number of nanoparticles
Fig. 3. Comparison between the electronic spectra (normalized to the maximum of the
intensity) of dye (III) in solution (1.0 � 10�6 M) and of NPs-III in suspension (1.0 mg/
mL, corresponding to 1.0 � 10�6 M in III): a) absorption and a0) emission
(lex ¼ 500 nm) spectra of III; b) excitation (lem ¼ 570 nm) and b0) emission
(lex ¼ 500 nm) spectra of NPs-III. Inset: comparison of the actual intensity of the
photoemission spectra of the dye (III) solution (a00) NPs-III suspension (b00).
present in the amount of sample used (see Section 3.1) and of the
number of III molecules employed, it was possible to calculate that
each nanoparticle contained ca. 110 cyanine molecules. The exci-
tation (the absorption profile) and emission features of the NPs
loaded with III (hereafter NPs-III) are reported as curve b and b0,
respectively, in Fig. 3. The absorption profile was obtained through
the excitation mode because only the intensity of the photo-
luminescence signals appeared linearly dependent on the suspen-
sion concentration in the 0.0–2.1 mg/mL range explored
(Supporting information, Fig. 1S), whereas such a linear depen-
dence was absent in the case of the absorption spectra collected in
the usual transmission mode, because of the more relevant effect of
the light scattering by NPs.

The excitation spectrum of NPs-III was broader and exhibited
significant differences in the relative intensity of the various
components with respect to compound III in solution (Fig. 3b and a).
It must be noticed that the excitation profile (Fig. 3b) appeared
almost coincident with the absorption profile obtained in the diffuse
reflectance mode on dry NPs-III properly diluted in pure silica in
order to avoid possible inner filter effects. Such behaviour indicated
that all types of molecular structure responsible for the absorption
are also involved in the photoemission. By considering that many
authors proposed that the structure of the absorption spectrum
of cyanines is due to vibronic transitions, it can be proposed that in
the present case the peculiar features of the absorption/excitation
profile are due to a modification of the probability of transitions from
the ground vibro-electronic state to different vibrational levels of
the excited electronic state.

On the basis of the number of III molecules associated to each
NP (see above), a solution of III and a suspension of NPs-III with the
same amount of III molecules (corresponding to a molar concen-
tration of 1.0 � 10�6) were prepared. These two samples were used
to assess the actual location of III molecules in NPs-III, and to
compare the photoemission intensity of III when free in solution or
associated with the NPs.

As for the first target, a photostability test was performed,
because dye molecules accessible to molecular oxygen dissolved in
the liquid medium were expected to be photo-oxidized to non-
photoluminescent products. As a reference, the photoemission
intensity at lmax ¼ 570 nm of a aqueous solution (1.0 � 10�6 M) of
Fig. 4. Photoemission stability test, carried out by irradiating with at lex ¼ 500 nm:
a) aqueous solution of III, 1.0 � 10�6 M; b) aqueous suspension of NPs 1.0 mg/mL,
corresponding to 1.0 � 10�6 M in III).



Fig. 5. Results of: section A) proliferation and section B) survival tests of GT1-7 cells cultured after addition of NPs-III (20 mg/mL). Both parameters were evaluated at 24 (black bars)
and 72 h (grey bars).
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III was monitored under continuous irradiation in the spectroflu-
orimeter, and a progressive decay down to ca. 55% of the initial
value was observed (Fig. 4a). On the contrary, the irradiation of
a NPs-III suspension (1.0 mg/mL, that should correspond to the
presence of ca. 1.0 � 10�6 mol of III per litre of suspension) over the
same time resulted in a decrease of ca. 7% only of the initial
intensity (Fig. 4b), indicating that the dye molecules should be
encapsulated within the silica matrix, where reaction with oxygen
is significantly hindered.

The photoluminescence spectra of fresh III solution and NPs-III
suspension were then recorded and compared (Fig. 3, inset). The
solution of III was kept in contact with air, because dissolved
oxygen was expected to be quite ineffective as quenching agent
towards fluorophores with lifetimes shorter than 5 ns [37b], as
typically exhibited by cyanine dyes [38].

Noticeably, the integrated intensity of the signal emitted by the
NPs-III suspension was ca. 13-fold that obtained for the solution of
III. Because of the cyanine equimolar character of the two systems,
it can be concluded that the higher emission intensity obtained for
the suspension should result from a significant increase of the
quantum yield of dye molecules entrapped in the silica NPs. This
increase in quantum yield should be ascribed to the decreased
occurrence of non-radiative relaxation processes in favour of the
radiative ones, because of the loss of mobility. It is of interest to
notice that such a behaviour appeared: i) opposite to what
reported in previous works dealing with silica NPs functionalized
Fig. 6. DIC (panel A) and fluorescence (panels B, C) images of a GT1-7 cell incubated for 24
the single focal plane (panel B) and the virtual section (panel C) along the horizontal white
25 mm. (For interpretation of the references to colour in this figure legend, the reader is re
with pyrene-APTS [39] or FITC-APTS [40] conjugates, where the
occurrence of self-quenching due to interactions between fluo-
rescent molecules was observed; ii) in agreement with what
recently found by Larson et al. [41] for silica NPs containing
rhodamine molecules (previously conjugated with APTS), where
the emission enhancement per dye molecule was attributed to
a combined enhancement in the radiative decay rate and decrease
of the non-radiative one, in the absence of observable energy
transfer between neighbouring dyes.

As each of our NPs-III contains ca. 110 cyanine molecules, it can
be then concluded that the overall brightness enhancement of each
particle relative to the free dye, i.e. the product of the number of dye
molecules inside the particle and the relative quantum efficiency
enhancement of the encapsulated dye, reaches a value of ca. 1000-
fold. On the basis of a ‘‘brightness enhancement per nm3’’, such
a gain factor still appeared 10-fold higher than that found by Larson
et al. for their rhodamine/APTS-NPs [41].

The origin of such a large gain in the emission intensity obtained
in the present case might result from a higher dispersion of the III
adducts within the silica matrix with respect to rhodamine. Further
investigations to highlight this point are in progress.

3.3. Cell tests

To assay the potential toxicity of the NPs-III, GT1-7 cells were
cultured in normal medium with or without the NPs-III at
h with NPs-III (20 mg/mL) (red), and labelled with anti-b–TubIII antibody (green). Both
line in B show that NPs-III are incorporated into GT1-7 cells (white arrows). Scale bar:
ferred to the web version of this article.)
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a concentration of 20 mg/mL. Two conditions were adopted in order
to evaluate the effect of NPs-III both on the proliferation and on the
survival of this neuronal cell line: 10% FCS and 0.5% FCS, respec-
tively. Cell numbers in the two conditions were evaluated after 24
and 72 h of incubation with (NP) or without (CTR) NPs-III
suspension. Fig. 5A and B show that the hybrid system does not
affect either the proliferative state or the survival of GT1-7 cells.

Internalization and subcellular localisation of NPs-III in GT1-7
cells were determined by labelling cells with a cytoplasmic
antibody (anti-b–TubIII) after 24, 48 and 72 h of incubation in the
presence of NPs-III. Images were analyzed performing a confocal
xyz-acquisition (z-spaced at 0.2 mm) and 3D reconstructions with
ImageJ software.

Fig. 6A shows the DIC image of a typical GT1-7 cell incubated for
24 h with NPs-III which reveals a normal morphology if compared
to cells cultured under control conditions (no incubation with
NPs-III, data not shown). A single focal plane of a 3D reconstruction
of the same field displays a green cytoplasmic staining due to the
anti-b–TubIII antibody and red spots corresponding to large
aggregates of NPs-III (Fig. 6B). To better understand the actual
localisation of internalized NPs-III, virtual sections in the z-plane of
the xyz-acquisition were performed. Fig. 6C is an example of virtual
section corresponding to the horizontal white line shown in Fig. 6B.
Arrows (Fig. 6B and C) indicate that NPs-III are clearly incorporated
in GT1-7 cells after 24 h of incubation. The same results have been
obtained with longer incubation times up to 72 h (Supporting
information, Fig. 2S).
4. Conclusions

The preparation method resulted in the formation of hybrid
fluorescent dye-silica NPs, mainly as single spherical particles. The
functionalisation with cyanine I resulted from the preliminary
conjugation with APTS (compound III). In such a way, the dye
molecules are obtained encapsulated within the silica matrix, with
consequent significant improvement of photostability and photo-
luminescent intensity. As for the latter, on the basis of the estimated
number of III molecules per NP, each NP-III should exhibit a ca.
1000-fold brightness enhancement relative to the free dye.

Biological tests showed that neuronal cells can survive and
proliferate for days in the presence of a suspension of these parti-
cles and that, even more interestingly, NPs can be incorporated into
the cells even without any specific surface functionalisation. This
finding, together with the assessed high photostability and overall
brightness enhancement provides evidence of their potential use as
bright and non toxic markers for long lasting monitoring of the
behaviour of differentiated cells in culture.
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