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The encapsulation of fluorescent dyes inside silica nanoparticles is advantageous to improve their quality
as probes. Inside the particle, the fluorophore is protected from the external conditions and its main
emission parameters remains unchanged even in the presence of quenchers. On the other hand, the
amine-functionalized nanoparticle surface enables a wide range of applications, as amino groups could
be easily linked with different biomolecules for targeting purposes. This kind of nanoparticle is regularly
synthesized by methods that employ templates, additional nanoparticle formation or multiple pathway
process. However, a one-step synthesis will be an efficient approach in this sort of bifunctional hybrid
nanoparticles.
A co-condensation sol-gel synthesis of hybrid fluorescent silica nanoparticle where developed. The

chemical and morphological characterization of the particles where investigated by DRIFTS, XPS, SEM
and SAXS. The nanoparticle fluorescent properties were also assessed by excitation-emission matrices
and time resolved experiments.
We have developed a one-pot synthesis method that enables the simultaneous incorporation of func-

tionalities, the fluorescent molecule and the amino group, by controlling co-condensation process. An
exhaustive characterization allows the definition of the spatial distribution of the fluorescent probe,
o@fisica.
o).
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fluorescein isothiocyanate, inside the particle and reactive amino groups on the surface of the nanopar-
ticle with diameter about 100 nm.

� 2017 Elsevier Inc. All rights reserved.
Synthesis BSynthesis A
1. Introduction

Silica nanoparticles (NP) have attracted wide interest because of
their simple preparation, tunable size, optical transparency, high
hydrophilicity, biocompatibility, low cytotoxicity and control over
particle interactions. Due to these features, NP provides an excel-
lent platform for development of cellular imaging devices and
tracking applications [1–3]. Moreover, the richness of the NP sur-
face chemistry opens a wide range of biological applications since
can be easily functionalized for further conjugation with antibod-
ies, peptides, DNA, etc. [4–6]. In that sense, the silanes coupling
reagents offer broad opportunities and in particular, (3-
aminopropyl)triethoxysilane (APTES) is extensively employed [7].
Surface modification is usually done by post-grafting after
nanoparticle synthesis to avoid potential secondary nucleation
[2] and to provide more accessible functional groups [8]. All syn-
thesis methods described in literature are adaptations of the sol-
gel process pioneer by Stöber [9] and employ templates [10–14],
additional nanoparticle formation [15] or multiple pathway pro-
cesses to asses narrow size distribution of NP [16–18].

Fluorescent silica nanoparticles with diameters about 30–
130 nm are used as probes for in vitro and in vivo imaging purposes
[11,12,16,19,20]. In these particles the silica matrix serves as a dye
isolator limiting the effect of the biological environment on the flu-
orescent probe [2]. The internalization of these kind of nanomate-
rials in cells is usually studied by flow cytometry or fluorescent
microscopy using different dye-doped nanoparticles containing:
rhodamine [21,22], fluorescein isothiocyanate (FITC) [4,23,24]
and acridine orange [25–27]. In particular, FITC is a xanthene dye
highly soluble in water which presents a high quantum yield, ade-
quate photostability and strong sensitive luminescence to media
composition. The dye exists in aqueous environment as cationic,
neutral, anionic and dianionic forms [28]. In consequence, its lumi-
nescence strongly depends on pH [1,4,29].

To obtain fluorescent NP with amino functionalities on their
surface at least two- or three-step synthesis procedure is needed
[16,30]. A goal would be to reach a simpler synthesis method, in
which fluorophore and external groups are added simultaneously
in one-step.

In this work, we developed a one-pot synthesis by adaptation of
the Stöber method where all the reactants co-condensate to build
hybrid silica nanoparticles [8,4,31], with diameters of about
100 nm without employing a template. Firstly, we designed and
characterized propylamino NP by the co-condensation of APTES
and TEOS. Secondly, from the previous knowledge, we developed
the main scope of this work: APTES and FITC were incorporated
in a one-step synthesis controlling the spatial distribution of both
functionalities.
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Scheme 1. Schematic illustration of the experimental synthesis procedures A and B
used to obtain propylamine silica nanoparticles.
2. Experimental section

2.1. Materials

Tetraethyl orthosilicate (TEOS, 98%, Aldrich), (3-aminopropyl)
triethoxysilane (APTES, 98%, Aldrich), fluorescein isothiocyanate
(FITC, 97.5%, Sigma) ammonia solution (NH4OH, 28–30%, Aldrich),
absolute ethanol (EtOH, 99.5%, Carlo Erba), hydrochloric acid
(HCl, 37%, Carlo Erba) and potassium hydroxide (KOH, Anedra)
were used without further purification. Deionized water (18 mX)
was withdrawn from a Millipore instrument.

2.2. Synthesis of propylamine silica nanoparticle

Two synthesis protocols, named as Synthesis A and B were
developed to study the amino distribution in the NP by varying
the order of reagents addition. A scheme of the experimental pro-
cedures is shown at Scheme 1.

For both synthesis procedures 21.2 ml of absolute ethanol,
1.80 ml of TEOS previously mixed with 100 ml of APTES, 0.64 ml
of NH4OH and 1.3 ml of Milli Q grade water were employed. The
mixtures were prepared in a 50 ml round-bottomed flask capped
with a rubber septum and mixed with under magnetic stirring at
300 rpm for 45 min at 25 �C. In Synthesis A the order of the reac-
tant addition was (1) EtOH, (2) NH4OH, (3) H2O and (4) TEOS +
APTES; and in Synthesis B (1) EtOH, (2) TEOS + APTES, (3) NH4OH
and (4) H2O.

The opalescent dispersion obtained in both protocols was
washed with absolute ethanol through three cycles of centrifuga-
tion (6500 rpm for fifteen minutes)/sonication/redispersion. Sol-
vent was evaporated in an oven at 100 �C for 24 h. Dried powder
was kept for further characterization. The obtained product for
Synthesis A and B were identified as NPN-A and NPN-B,
respectively.

2.3. Synthesis of propylamine fluorescent silica nanoparticle

The experimental procedure is showed in Scheme 2. In a 50 ml
round-bottomed flask capped with a rubber septum, 9 ml of abso-
lute ethanol was mixed with 450 ml of FITC (0.021 M in ethanol)
and 634 ml APTES. The mixture was magnetically stirred at
300 rpm for 24 h at 25 �C to obtain a FITC-APTES adduct dissolved
in the excess of reactant. Then, in the same pot and without any
further purification step, all the reagents were added consecutively
with an interval of one minute between each other: 12.2 ml of
absolute ethanol, 1.8 ml of TEOS, 0.64 ml of NH4OH and 1.3 ml of
Milli-Q grade water. The reaction proceeded for 24 h, without vary-
ing the conditions of stirring and temperature. The opalescent
orange dispersion was washed with absolute ethanol three times
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Scheme 2. Schematic illustration of the experimental procedure of the one-pot
synthesis of propylamine fluorescent silica nanoparticles.
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through cycles of centrifugation (6500 rpm for fifteen minutes)/s
onication/redispersion. Solvent was evaporated in an oven at
100 �C for 24 h. Dried powder was storage for further characteriza-
tion. The obtained sample was identified as NPF.

2.4. Morphological characterization

Small Angle X-ray Scattering (SAXS) experiments were perform
at INIFTA facilities using a XEUSS 1.0 equipment from XENOCS
with a Ka-Copper radiation microsource (k = 1.54 Å). A PILATUS-
100 K detector was used with 2467 mm sample detector distance.
One-dimensional curves were obtained by integration of the 2D
data using Foxtrot software. An ethanolic suspension of NP was
placed in a liquid sample holder at room temperature. SAXS nor-
malized patterns were fitted using the program McSAS 1.0.1
[32,33]. The software estimate the nanoparticle size distribution
function using Monte Carlo simulation by considering spherical
particles.

Scanning Electron Microscopy (SEM) measurements were per-
formed at Y-TEC using a FEI QUANTA 200 SEM microscope with
an acceleration voltage of 20 kV and a EDT detector. Dried powder
samples were supported on a conductive double stick carbon tape.

2.5. Chemical characterization

Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) measurements were carried out using a Nicolet MAGNA
560 instrument at Y-TEC. DRIFTS experiments were performed by
depositing dry powdered samples on KBr filled cone sample holder.
Spectra were achieved through 64 scans and resolution of 4 cm�1.

X-ray Photoelectron Spectroscopy (XPS) analysis was per-
formed with a SPECS instrument located at Y-TEC Company. Spec-
tra were acquired using a monochromatic AlKa (1486.6 eV), a
spectrometer equipped with a dual anode Al/Ag X-ray source and
a hemispherical electron energy analyzer. Binding energies are
referred to the adventitious C 1s emission at 285 eV. Measure-
ments were carried out on dry powdered samples using a conduct-
ing double stick carbon tape. From the integrated intensities of N
1s core levels, quantitative analyses were carried out.

2.6. Fluorescence characterization

Room temperature luminescence measurements were per-
formed with a Jobin-Yvon Spex Fluorolog FL3-11 Spectrometer at
INIFTA, which is equipped with a Xe lamp as the excitation source,
a monochromator with 1 nm bandpass gap for selecting the
excitation and emission wavelengths, and a red sensitive R928
PM detector. The spectra were corrected for the wavelength-
dependent sensitivity of the detector and the source. Furthermore,
emission spectra were corrected for Raman scattering by using the
solvent emission spectrum. Absorbances bellow 0.05 at excitation
wavelengths were selected for all samples.

Time resolved photoluminescence measurements were per-
formed with Jobin-Yvon Spex Fluorolog FL3-11 spectrometer (vide
supra) equipped with TCSPC (time correlated single photon count-
ing) with LED excitation at 461 nm and emission were collected at
520 nm. Decays were recorded until 5000 counts for all samples.
Signal deconvolution was performed with DAS 6.5 HORIBA JobinY-
von software until optimal values of v2.

A bilinear regression analysis taking advantage of the linearity
of the intensity of the emission wavelength (I(km)) with both, the
absorption coefficient of the fluorophore at a given excitation
wavelength (e(kx)) and the factor F(km) was applied to the experi-
mental emission matrix. The F(km) factor reflects the distribution
of the probability of the various transitions from the lowest vibra-
tional level of the first electronic excited level to the various vibra-
tional levels of the ground state. The analysis recovers information
on the minimum number of species and on their relative emission
and absorption spectra [34].
3. Results and discussion

To build silica nanoparticles with two functionalities in only
one-step synthesis is necessary a careful control of the co-
condensation precursors during the sol-gel process [35]. Particu-
larly, the incorporation of APTES and FITC (covalently bonded),
which are size and chemically strongly different, must be cau-
tiously managed. Otherwise, a non-nanostructured product or a
double population of particles could be obtained [36,37].

In this context, we firstly investigated the synthesis of propy-
lamino silica nanoparticle, without fluorophore, which involved
only the co-condensation of APTES and the silica precursor (TEOS).
Subsequently, we studied the synthesis of propylamine fluorescent
silica nanoparticle adding the FITC reactant to the previous devel-
oped synthesis.
3.1. Synthesis of propylamine silica nanoparticle

As it was described in Section 2, Synthesis A and B were per-
formed to obtained propylamine silica NP by the co-
condensation method [4,31], which are labeled NPN-A and NPN-
B, respectively. These protocols were designed to investigate the
changes in propylamine groups distribution in the NP volume
and surface. Between both procedures only the order of reagents
addition was modified, but quantities of all the reactants remain
constant.

Fig. 1 shows the morphology by SEM and size distribution
achieved by SAXS of the NPN-A and NPN-B. As both samples were
easily dispersed in ethanol, a good colloidal stability is proved.
Spherical nanoparticles with an average diameter about
110 ± 40 nm were obtained from both syntheses. In Synthesis A,
the alkoxides are added to a solution containing the catalyst and
the initiator. On the other hand, in Synthesis B, alkoxides are pre-
viously diluted with ethanol and then the catalyst and the initiator
are added (see Scheme 1). Due to the order of reactants addition, it
is expected that a higher local concentration of silanes in Synthesis
A, result in larger size nanoparticles. However, a meaningless dif-
ference was observed between the histograms.

It is interesting to note that hybrid silica nanoparticles with
diameters below 200 nm are hardly obtained without templates
[10,11,38] or multiple stage processes [29]. As the reactant order



Fig. 2. DRIFTS spectra from NPN-A (dash line spectrum) and NPN-B (full line
spectrum) at pH 2 and pH 8.
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Fig. 1. SEM images of NPN-A (left) and NPN-B (right). Input: size distribution histograms of NP obtained by SAXS.
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addition have not a dominant effect in product morphology, the
total molar ratios seems to be the key factor in size control.

For a chemical characterization of the NP, DRIFTS and XPS anal-
ysis were performed. The results clearly showed the presence of
propylamine for both syntheses, as it will be shown below. In order
to evaluate the propylamine groups spatial distribution in the
nanoparticle volume, we performed a specific experiment as fol-
lows [8,39]. The samples were dispersed in aqueous solution at
pH 2 and pH 8, and then dried. These pHs values were chosen to
achieve the protonation/deprotonation of amino groups without
affecting the integrity of the silica matrix. Both species, ANH2

and ANH3
+, show singular signals by DRIFTS and XPS, so they can

be distinguished by these techniques. It is expected that only the
functionalities on the outside of the nanoparticle is altered by de
pH media. As a consequence, by following the variation of
[ANH2] and [ANH3

+], it is possible to infer the location of the propy-
lamino groups (inside or on the NP surface). Functional groups that
were not able to be protonated/deprotonated are isolated inside
the silica matrix; in contrast groups that were altered by the media
are on the surface.

DRIFTS spectra of NPN-A and NPN-B obtained at both pHs val-
ues are shown in Fig. 2. The hybrid samples depict three bands
between 1400 and 1750 cm�1. The absorption bands dO-H at
1650 cm�1 result independent of pH and correspond to the OAH
vibration, which is the fingerprint of the silica materials. Two
bands are observed corresponding to the stretching vibration of
dNAH at 1460–1540 cm�1 region. The lower and higher wavenum-
ber bands are attributed to ANH2 and ANH3

+, respectively [39].
For both syntheses, the bands are sensitive to pH, which implies
that at least certain amount of propylamino groups is accessible
for the medium. However, for NPN-A, larger changes are observed
in absorption intensities. At pH 8, theANH2 band is higher than the
ANH3

+ band, and the opposite behavior is observed at pH 2. The
result suggested a different propylamino group distribution
between both synthesis protocols. A more sensitive technique is
necessary to asses a quantitative analysis.

XPS technique was selected for a quantitative evaluation of
propylamino group percentage that are encapsulated or accessible
to the medium. Although XPS is a surface technique, due to low
expected density of hybrid silica materials, the analysis depth is
about 10 nm [39]. Taking into account a NP diameter about
100 nm and the analysis depth, the measurements are sensing
almost 50% of the total particle volume.
From the deconvolution of characteristic N1s spectrum of
propylamino group in the 397–407 eV region it is possible to calcu-
late the number of ANH3

+ (nANHþ
3
) and the total amino content

(nt ¼ nANHþ
3
þ nANH2 ) at pH 2 and pH 8, see Supporting Information

Fig. SI 1. Considering that propylamino group acid-base equilib-
rium in silica environments differs from the behavior in solution,
it is not possible to assume a pKa value in these hybrid materials.
However, as was shown in literature, Eq. (1) allows a low limit esti-
mation of the reachable propylamino groups in the pH range stud-
ied in which the nanoparticle integrity is unaffected [39].

% reachable propylamino ¼
nANHþ

3

nt

� �
pH¼2

�
nANHþ

3

nt

� �
pH¼8

" #
� 100

ð1Þ
The percentages of reachable propylamino groups for both

samples are shown in Table 1. The data depict that both samples



Table 1
Percentage of reachable amino groups from XPS data, for NPN-A and NPN-B.

Sample nANHþ
3

nt
% reachable propylamino

NPN-A, pH 2 0.68 35%
NPN-A, pH 8 0.33

NPN-B, pH 2 0.52 11%
NPN-B, pH 8 0.41
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present a diverse propylamino groups distribution inside and out-
side the analysis depth of the NP (�10 nm). A 35% of reachable
propylamino groups were obtained for NPN-A in contrast with
11% found for NPN-B. It means that 65% and 89% of propylamino
groups are not accessible to the medium, for samples NPN-A and
NPN-B, respectively. Thus, although the morphology of NPN-A
and NPN-B samples is similar, the concentration of surface propy-
lamino groups is highly dependent on the reactant addition order.
As the propylamino groups are excellent linking sites for several
molecules, depending on the desired nanoparticle functionaliza-
tion design one of the above synthesis protocols could be chosen.

3.2. Synthesis of propylamine fluorescent silica nanoparticles

The goal of the present work is to isolate the FITC fluorophore
from the external media inside the NP and simultaneously anchor
propylamino groups on the surface in just one-pot. The APTES reac-
tant fulfils a double purpose as: fluorophore linker by adduct for-
mation (see Scheme 3) and propylamino group supplier for
further functionalization. Previously studied protocols A and B pro-
vided surface and encapsulated propylamino groups. Due to the
O
N
H

Si

O

O

N
H

O
O

S

O

O

O

Scheme 3. APTES-FITC adduct structure.

Fig. 3. (a) SEM images of NPF sample. Input. Size distribution histogram
order of reactant addition, Synthesis protocol B is suitable for
APTES/FITC adduct incorporation and particles growth in a one-
pot procedure.

A wide range of APTES/FITC ratios have been reported in the lit-
erature for the formation of the adduct [40]. An excess of APTES
relative to FITC is needed to complete adduct formation. The ratio
used here for the incorporation of FITC to NP was APTES/FITC > 300,
with APTES representing the 25% of total alkoxide. The used value
is ten times higher than that used for NPN-B synthesis.

The obtained fluorescent silica nanoparticles (NPF) were char-
acterized by SEM, SAXS and DRIFTS to study the morphology, size
distribution and chemical functionalization, respectively. Results
are shown in Fig. 3. As was mentioned above, the dispersion of
NPF sample implies a good colloidal stability. Spherical nanoparti-
cles with an average diameter of 80 ± 25 nm were obtained. That
implies a slight decrease in size distribution in comparison with
NPN-B sample. The difference could be attributed to the excess
of APTES that behaved as an extra amount of catalyst.

To study the chemical functionalization of the nanoparticles,
DRIFTS characterization was developed following the same exper-
iment protocol described above. The signals at 1580 and
1540 cm�1 assigned to asymmetric bending of ANH3

+ and ANH2

respectively can be distinguished in Fig. 3(b) [41]. Not a meaning-
ful displacement of these signals as a function of the pH was
observed. Although the stretching signal ANAH of the APTES-
FITC adduct is also expected to be at these energies, no contribu-
tions could be distinguished due to the low dye concentration
(APTES/FITC > 300). These results prove the presence of propy-
lamine groups in the NPF sample; however no information of the
fluorophore was obtained.

Fig. 4 depicts the XPS analysis of NPF at pH 2 (black) and pH 8
(red). The sample was treated following the same experiment pro-
tocol described for DRIFTS measurements. The N1s spectra
(Fig. 4A) show a noticeable difference between both pH conditions.
A broader peak in the 397–407 eV region is observed for pH 2 than
for pH 8, which could be attributed to a significant change in the
ratio ANH3

+/ANH2 due to surface protonation. This behavior evi-
denced the presence of external propylamino groups in the
nanoparticle surface. However, as we discussed for NPN-A and
NPN-B samples, it is expected that a significant percentage of
propylamino groups remains encapsulated inside the NPF.

On the other hand, XPS fingerprint for the FITC has two charac-
teristic signals of N1s and S2s. Nevertheless, as was discussed for
obtained by SAXS. (b) DRIFTS spectra for NPF at pH 2 and pH 8.



410 405 400 395

NH+
3/NH2

A

a

b

Binding Energy / eV

N1s

240 235 230 225 220

a

B

b

Binding Energy / eV

S2s

Fig. 4. XPS N1s (A) and S2s (B) spectra of NPF at pH 2 (a) and pH 8 (b).

M.L. Vera et al. / Journal of Colloid and Interface Science 496 (2017) 456–464 461
previous DRIFTS experiments, the low FITC concentration and the
overlapping with APTES N1s signals, hinders the dye detection.
No peaks were observed in the S2s region for thiourea group at
226.6 eV [42] (Fig. 4B) for both pH conditions. This result sup-
ported the observation that no fluorophore moieties are present
in the nanoparticle surface neither within 10 nm-depth of the par-
ticle volume.

3.3. Fluorescence characterization

The propylamine external functionalization of NPF was demon-
strated by chemical characterization analysis. In order to evidence
the FITC incorporation, fluorescence characterization techniques
were employed.

Several photophysical studies of FITC incorporation on silica
nanoparticles are reported in the literature [4,29,43–47]. However,
a comprehensive study of the effect of the surrounding environ-
ment on the fluorophore optical properties has not been reported.
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To that purpose, the effect of pH on the optical properties of the
encapsulated fluorophore was compared to that observed for free
FITC in solution. Therefore, photophysical experiments were per-
formed in aqueous solutions of pH 2 and 8, to monitor different
acid-base species of the dye [21,28,30].

3.3.1. Steady state fluorescence spectra of FITC and NPF
Excitation-emission matrix (EEM) of FITC aqueous solution at

pH 8 shows fluorescence emission in the wavelength range from
500 to 550 nm, and excitation wavelength in the 450–510 nm
range (Fig. 5a). The bilinear regression analysis (Fig. 5c, black lines)
of this EEM supports the contribution of one emitting specie with
excitation – emission maxima (kexc/nm, kem/nm) at (495, 515), in
agreement with reported values for the FITC dianionic form [48].
Remarkable differences can be observed in experiments at pH 2.
The EEM present a broad emission in the range 490–600 nm
and excitation in the wavelength range 400–500 nm (Fig. 5b).
The bilinear regression analysis retrieve the presence of one
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Table 2
Luminescence decay times, and contribution to the total emission, s (%), obtained
upon 461 nm excitation in experiments at 296 K in aqueous solvent for FITC and NPF
at pH 2 and pH 8.

Sample s1(ns) s2(ns)

FITC pH 8 3.95 ± 0.01(100%) –
FITC pH 2 2.21 ± 0.02(56%) 1.16 ± 0.05(44%)
NPF pH 8 3.4 ± 0.1(75%) 1.1 ± 0.1(25%)
NPF pH 2 3.2 ± 0.1(74%) 1.4 ± 0.2(26%)
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contributing specie with excitation maxima at 440 and 475 nm, a
broad emission with maximum at 515 nm, and shoulder at
545 nm (Fig. 5c, grey lines). The spectra resemble that found in
the literature for the anionic form. The excitation of cationic and
neutral forms, both contributing at pH 2, leads to the generation
of a monoanion excited state with emission maximum at 515 nm
and a broad shoulder around 550 nm [28,44]. However, as the neu-
tral form of the dye is present the aggregation of FITC molecules at
pH 2 can be discarded [49]. It is worth to note that the ratio of
emission intensity at kmax 515 nm for suspensions at pH 8 and
pH 2 is I(pH 8)/I(pH 2) > 70.

Coincident EEM were obtained for NPF suspended in aqueous
solution at pH 8 and pH 2 (Fig. 5d and e, respectively). The bilinear
regression analysis in both conditions presents similar excitation
and emission maxima at (kexc/nm, kem/nm) at (500, 520) (Fig. 5f).
A detailed bilinear regression analysis shows that the maxima
are 5 nm shifted to higher wavelengths compared with FITC at
pH 8 in aqueous solution and may be attributed to the incorpora-
tion of FITC and its interaction with the silica matrix [50,51]. More-
over, the intensity ratio at emission maximum is I(pH 8)/I(pH 2) ffi 1,
unlike free FITC behavior. The analysis for NPF suspensions at pH
2 shows a small shoulder at 440 nm excitation in coincidence with
the excitation maxima of free FITC at pH 2. Altogether, these obser-
vations strongly suggest that most of the incorporated fluorophore
is confined in the particle interior as it is protected from changes in
the media while a minor fraction is capable of sensing the pH of the
media. These observations are in agreement with XPS results
showing no contribution to the obtained signals of the fluorophore
on the particles surface and in the �10 nm outer part of the
particles.
Scheme 4. Schematic re
3.3.2. Time resolved fluorescence emission of FITC and NPF
The fluorescence lifetimes of FITC and NPF were obtained and

are detailed in Table 2. The fluorescence decay of FITC aqueous
solutions at pH 8 is well fitted with a monoexponential compo-
nent with fluorescence lifetime s1 = 3.95 ns, in good agreement
with literature reports for the dianionic emission in aqueous solu-
tions [28,44,45]. At pH 2 FITC solution decay can be well fitted by
two exponential with s1 = 2.21 ns (56% contribution) and
s2 = 1.16 ns (44% contribution). The decrease of FITC lifetime in
acidic conditions was observed by Liu (s1 ffi 2.4 ns at pH 2.3)
and Sjöback et al. (s1 ffi 3 ns at pH 3.17) [28,48] though these
authors found a single exponential decay attributed to the emis-
sion process of the anionic species [28]. According to pKa values,
at pH 2 the FITC cation and neutral forms are present. The short
lifetime observed in our experiments could be associated to
aggregate formation.

NPF suspension at pH 2 and pH 8 yields luminescence decays
that could be fitted considering three contributions. The shortest
lifetime of fractions of ns was attributed to scattering and conse-
quently the lifetimes reported yield information on the fluo-
rophore localization. Values of s1 = 3.4 ns (75%, contribution
neglecting scattering) and s2 = 1.1 ns (25%) were obtained at pH
8 while s1 = 3.2 ns (74%, contribution neglecting scattering)) and
s2 = 1.4 ns (26%) were obtained at pH 2. The excellent coincidence
between s1 and s2 values and% of contribution obtained at pH 2
and pH 8 further supports our previous suggestion that the fluo-
rophore molecule is confined in the particle interior. Lifetimes s1
and s2 might be sensing different environments inside the
nanoparticle. Values of s1 = 3.2–3.4 ns (74–75% contribution) are
in agreement with that observed for FITC incorporated in porous
silica at pH 7.93 and 3.48 [44] and might be related to the emission
of a dianion form of the fluorophore stabilized by the high concen-
tration of internal propylamino groups. The latter suggestion is
also supported by the observed fluorescence spectra of NPF sus-
pensions, vide supra. Lifetimes of s2 = 1.1–1.4 (25–26% contribu-
tion) were attributed in the literature to FITC molecules retained
in a non-solvated microenvironment interacting with silanols
groups [31,45]. Therefore, NPF lifetimes are mainly sensing two
distinct environments inside the nanoparticle: one richer in sila-
nols and the other in amino groups.
presentation of NPF.
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The contribution of emitting species sensing different environ-
ment inside the silica matrix is demonstrated. Moreover, since no
changes in lifetimes were observed at both pHs, the encapsulation
of a considerable part of the fluorophore is proposed, in agreement
with the steady state fluorescence and XPS results.
4. Conclusions

The development of propylamino silica nanoparticles (NPN-A
and NPN-B) involving only the co-condensation of APTES and TEOS
was effectively reached. The synthesis procedure demonstrated to
be robust, as the morphology and size of the product
(d = 110 ± 40 nm) is not affected by the order of reactant addition.
Moreover, the ratio of surface and encapsulated propylamino
groups could be easily tuned, choosing one of these protocols.

With this previous knowledge, fluorescent, propylamine-
functionalized silica nanoparticle (NPF) was successfully synthe-
sized by one-pot protocol. Comprehensive characterization of
NPF by SEM, SAXS, DRIFTS, XPS and fluorescence techniques
demonstrated the yield of spherical nanostructures of diameters
of 80 ± 25 nm with amine groups on their surface and FITC con-
fined in the particle interior. The exhaustive analysis of the data
allows us to establish the spatial distribution of propylamino and
FITC functionalities in the particles, as it is shown in Scheme 4.

The synthesis protocol is easy, affordable, without in-between
separation steps, develops at room temperature, without control-
ling the atmosphere and uses ethanol as solvent. The encapsulated
FITC emission maximum position is similar to free FITC although
the encapsulation procedure involved the formation of alkoxysi-
lane adduct. The NPF structure demonstrated to protect the dye
from external conditions, such as pH. The incorporation of surface
amino groups, by co-condensation was also confirmed opening
new opportunities for functionalization, as it can be easily conju-
gated with a wide variety of molecules. The mild reaction condi-
tions offer a promising protocol to encapsulate temperature-
sensitive drugs like fluorophores or biomolecules which can be
functionalized through APTES. Our work presents a novel contribu-
tion in one-step synthesis of emitting silica nanoparticles with
reactive surface group with high potential as bioimaging devices
and drug nanovehicles.
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