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A general and facile approach was developed for the synthesis of almost monodisperse fluorescent silica nanoparticles (NPs)
doped with inert dyes, which are organic fluorophores that are strongly fluorescent but are hydrophobic or lack a covalent binding
group. The prepared NPs were mesoporous and the dye molecules were encapsulated in the pores via hydrophobic interaction
with the CTAB template. The NPs were stable and highly fluorescent in aqueous solution, and have potential applications in bio-

analysis and fluorescence encoding.
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Because of their unique chemical and optical properties and
potential applications in bioimaging, labeling, clinical diag-
nosis and drug delivery, fluorescent nanoparticles (NPs)
have attracted much attention [1-8]. Among the numerous
fluorescent NPs, dye-doped silica NPs prepared by incor-
porating organic dyes into nano- or microsized silica
spheres are the most common. These NPs have considerable
advantages over conventional molecular dyes because they
combine the desirable optical properties of the organic dye
with the convenience of a solid material. Embedding a large
number of dye units into the silica matrix leads to an intense
fluorescence signal that can be 10° times that of a single
organic fluorophore [9]. The bright fluorescence of these
silica NPs makes them especially suitable for ultrasensitive
bioanalysis and bioimaging. The silica matrix serves as a
shell that protects the fluorophore from diffusion quenching
by species such as oxygen. Moreover, the silica matrix is easy
to modify and non-cytotoxic, which makes the dye doped
silica NPs suitable for biological applications [10,11].
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A variety of fluorophores such as fluorescein isothiocy-
anate, rhodamine isothiocyanate, and tris(2,2'-bipyridine)
ruthenium have been successfully incorporated into the si
lica matrix by the Stober method or reversible microemul-
sion processes to produce fluorescent silica NPs[4,12—-16].
However, these methods are limited to dyes that are cova-
lently modified or positively charged because the dye mol-
ecules are incorporated into the silica matrix by covalent
binding or electrostatic attraction. Unfortunately, most of
the highly fluorescent and photostable fluorophores that are
currently used, such as pyrene, fluorescein and coumarin,
are hydrophobic or lack modifiable groups, and these are
referred to as inert dyes in this work. Consequently, directly
utilization of these inert dyes in bioanalysis or incorporation
into silica NPs by the existing methods is limited. Trapping
of the inert dyes into silica NPs would greatly extend the
range of usable organic dyes for preparation of fluorescent
NPs. However, few studies have investigated the prepara-
tion of fluorescent silica NPs doped with inert dyes [17-19].

Herein we propose a facile approach for the preparation
of almost monodisperse and highly fluorescent silica
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NPs doped with inert dyes such as pyrene, fluorescein, rho-
damine B, and 1,2,3,4,5-pentaphenyl-1,3-cyclopentadiene
(PPCP). The prepared silica NPs are mesoporous with pore
diameters of several hundred nanometers, and the inert dyes
are encapsulated in these pores by hydrophobic interaction
with the template molecule, cetyltrimethylammonium bro-
mide (CTAB). Existing methods utilize hydrophobic silicate
precursors to trap hydrophobic fluorophores [17-19]. In
comparison to these methods, the procedures reported here
is shorter, more efficient, and does not require any specific
silicate reagent. This method is suitable as a general method
for the preparation of inert dye-doped fluorescent silica NPs.

1 Experimental

1.1 Materials and apparatus

Pyrene, fluorescein, rhodamine B, PPCP, CTAB, tetracthyl
orthosilicate (TEOS) and ammonium hydroxide (mass frac-
tion 28%, NH; in water) were purchased from J&K Scien-
tific Ltd., Beijing, China. All other chemicals and solvents
are commercially available. Fluorescence spectra were rec-
orded on a RF-5301pc (Shimadzu, Kyoto, Japan) spectro-
fluorometer, and absorption spectra on a U3900H (Hitachi,
Tokyo, Japan) spectrophotometer. Scanning electron mi-
croscopy (SEM) micrographs were recorded using a
LEO1530 scanning electron microscope (Carl Zeiss NTS
GmbH, Oberkochen, Germany). High resolution transmis-
sion electron microscopy was performed on a Tecnai F30
transmission electron microscope (FEI, Hillsboro, OR).
X-ray diffraction (XRD) patterns were recorded using a
PANalytical X'pert PRO (Almelo, The Netherlands) dif-
fractometer. Fluorescence images were taken with a Leica
DMLS (Solms, Germany) fluorescence biological micro-
scope coupled with a commercial Canon camera (Tokyo,
Japan). Nitrogen adsorption-desorption measurements were
performed on a Micromeritics Tristar3000 (Norcross, GA)
surface area analyzer at —196°C. The SiO, particles were
dried at 200°C for 3 h before analysis. The Burnauer-
Emmett-Teller (BET) specific surface areas were calculated
using the first 10 experimental data points. Pore volumes
were determined from the amount of N, adsorbed at the
single point P/P, = 0.98.

1.2 Synthesis of dye-doped silica NPs

Pyrene-doped silica NPs were prepared using a one-step
synthesis at room temperature. Pyrene (0.2 g) was dissolved
in 100 mL of ethanol to prepare a stock solution with a
concentration of 0.01 mol L™". Ethanol (8 mL) and deion-
ized water (5 mL) were mixed in a 25-mL round-bottom
flask and 0.0157 g of CTAB was added. An aliquot of py-
rene stock solution was added to this mixture under stirring.
Ammonium hydroxide (665 pL) and TEOS (80 pL) were
then added. The mixture became slightly turbid in 10 min,
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indicating that hydrolysis of silicate had occurred. After
stirring for an additional 4 h, the NPs were isolated from the
solution by centrifugation and washed with deionized water
several times to remove surfactants and superfluous dye
molecules. The obtained NPs were dried in vacuum for 24 h.
The NPs prepared by this approach were mesoporous and
had a diameter of 600 nm. It is worth noting that the size of
the particles could be regulated between 400 nm and 1.2 pm
by changing the volume of ammonium hydroxide (see Sec-
tion 2 for details). Fluorescent silica NPs doped with other
inert dyes can be obtained similarly.

1.3 Determination of dye leakage from dye-doped
silica NPs

The leakage of dye molecules from the pyrene-doped silica
NPs in aqueous solution was measured by fluorescence
spectrophotometry. The prepared dye-doped silica NPs
were dispersed in water and the fluorescence intensity of the
solution was measured as Fy. The solution was then stirred
and a 2-mL portion of the solution was taken out and cen-
trifuged at set times. The fluorescence intensity of the upper
clear layer was defined as F,, and the leakage of the dye
from the silica spheres was estimated as F,/F),.

2 Results and discussion

The inert dye-doped fluorescent silica NPs were prepared
by a one-step procedure under homogeneous conditions
using water/ethanol binary solvent and a charged surfactant
template, CTAB. Smooth spherical particles with ordered
mesopores were obtained. SEM, TEM, small-angle XRD
and N, adsorption-desorption measurements were used to
characterize the prepared silica NPs. The formation of silica
NPs was strongly dependent on the amount of reagents used
in the synthesis of the NPs, including ethanol, water, CTAB
and ammonium hydroxide. Figure 1(a) and (b) shows the
SEM images of the pyrene-doped silica spheres. The NPs
were almost monodisperse smooth spheres with diameters
around 500 nm. TEM revealed that the particles were mes-
oporous with pore diameters of approximately 1.0-3.0 nm
(Figure 1(c) and (d)). The particle size could be regulated
between 400 nm to 1.2 um by varying the volume of am-
monium hydroxide used in the synthesis (Figure 2).

Figure 3(A) shows the small-angle XRD patterns of the
prepared silica particles. The NPs with and without pyrene
doping exhibited two relatively broad peaks. These strong
(20 = 2.34° for curve a, 2.37° for curve b) and weak (26 =
4.48° for curve a, 4.44° for curve b) peaks were characteris-
tic of the (100) and (110) diffraction planes of a hexagonal
lattice, respectively [20,21]. These results show that the
prepared NPs are mesoporous and that incorporation of py-
rene does not influence the structure of the NPs [22].
Furthermore, N, adsorption-desorption measurements
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Figure 1 SEM (a,b) and TEM (c,d) characterization of the pyrene-doped
silica NPs.

Figure 2 SEM images of pyrene-doped silica NPs prepared using (a) 800,
(b) 400, and (c) 200 pL of ammonia hydroxide.
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Figure 3 (A) XRD characterization of the silica NPs doped with pyrene
(a) and without pyrene (b). (B) N, adsorption-desorption isotherms of the
prepared mesoporous silica NPs.
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(Figure 2(b)) of the silica NPs revealed a typical adsorp-
tion-desorption isotherm, which indicated the presence of
micropores. The BET specific surface area and single-point
total pore volume at P/P, = 0.98 were 925 m*/g and 1.09
cm’/g, respectively. The large pore volume allows the silica
NPS to give an intense fluorescence signal because it can
accommodate many dye molecules, and this might allow for
ultrasensitive bioanalysis and bioimaging.

Absorption spectra and fluorescence spectra of the py-
rene-doped silica NPs are shown in Figure 4. The NPs ab-
sorption peaks at 242, 275, 323 and 339 nm were slightly
red-shifted compared to those of pyrene in ethanol (Figure
4(A), curve c). Comparing curves a, b and c in Figure 4(A),
the absorption spectrum of pyrene-doped silica NPs appears
to be a simple overlap of the spectra of the silica NPs and
pyrene. The prepared NPs were highly fluorescent, and the
fluorescence properties were closely related to the concen-
tration of the fluorophore used in the synthesis. Figure 4(B)
shows that the NPs prepared with 1 mmol L™' pyrene exhi-
bited both the monomer and excimer emission of pyrene
(curve a). As the pyrene concentration decreased to 4 pmol
L™, the excimer emission disappeared and only the mono-
mer emission was observed. This indicated that the hydro-
phobic fluorescent dye was successfully embedded into the
silica matrix, and that the fluorescence of the NPs could be
easily modified by varying the concentration of the dye.
Because pyrene does not contain any modifiable groups and
is neutral, attaching pyrene to the silica matrix by covalent
binding or electrostatic attraction is not feasible. It is there-
fore reasonable to assume that the hydrophobic dye

Absorbance

0.0 v T T v v y
225 250 275 300 325 350 375
Wavelength (nm)

(B} 5004

) w F-y
o o (=]
o o o
W

sy
(=]
o

Fluorescence intensity

400 450 500 550

Wavelength (nm)

0
350

Figure 4 (A) Absorption spectra of silica NPs doped with pyrene (a) or
without pyrene (b) and an ethanol solution of pyrene (c). (B) Fluorescence
spectra of silica NPs doped with pyrene at concentrations of 1 mmol L™ (a)
and 4 pmol L™ (b), and of the pyrene-doped silica NPs after washing with
ethanol (c).
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molecules are loaded into the pores of the silica NPs byhy-
drophobic interaction with the CTAB template. To verify
this assumption, the fluorescent NPs were washed with
ethanol to remove the CTAB template and the doped dye.
After this, the fluorescence of NPs was dramatically
quenched (Figure 4(B), curve c¢) and the ethanol solution be-
came strongly fluorescent, which confirmed that most of the
doped dye was removed from the silica matrix by the ethanol.
CTAB is known to form hexagonal liquid crystals spon-
taneously at concentrations above its critical micelle con-
centration (CMC) in homogeneous solutions. During the
synthesis procedure, these hexagonal micelles were as-
sumed to serve as the template to form the mesoporous
structure of the silica NPs [23-26]. However, the procedure
reported here is considered to be silica driven because the
concentration of CTAB is below its CMC (for details see
Section 2.2) [20,21,27]. As illustrated in Scheme 1, hydroly-
sis of TEOS first forms negatively charged silica polymers,
which strongly interact with the cationic surfactant CTAB
to form multidentate links. The resultant stable silica/
surfactant complexes would have very low dissociation
constants and CMCs [28]. Thus, the silica driven formation
of micelles occurred and the hydrophobic inert dye pyrene
was concentrated in the hydrophobic core through hydro-
phobic interactions. By subsequently hydrolysis and growth,
the dye molecules were encapsulated inside the formed sili-
ca NPs. This was supported by the absence of NP formation
when CTAB was not included in the synthesis procedure.
The leakage of dye molecules from the NPs is an im-
portant parameter for evaluating the stability of the
dye-doped silica NPs. The leakage of pyrene molecules
from the silica NPs in aqueous solution was < 4% after dis-
persion of the pyrene-doped silica NPs in water for one
week, which demonstrates that the dye-doped silica NPs are
highly stable in aqueous solution. However, almost all the
dye leaked out when the NPs were dispersed in organic
solvents such as ethanol. To address this problem, the silica
particles can be modified by applying a additional
stable silica coating (post-coating). The dye-doped silica
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particles would then be stable in organic or aqueous solu-
tions, and could be further functionalized and bioconjugated
with biomolecules for bioanalysis [10,29].

Finally, the hydrophobic dye PPCP and two traditional
fluorophores, fluorescein and rhodamine B, were also tested
for their incorporation into the silica NPs. Fluorescence
images (Figure 5) showed that the doped fluorescent silica
NPs were well dispersed and ordered. The fluorescent en-
coded silica NPs were easily prepared using the method
developed in this study. Figure 6 shows the multicolor
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Scheme 1 Preparation of hydrophobic dye-doped silica NPs.

Figure 5 Fluorescence images of fluorescent silica nanoparticles doped
with (a) pyrene, (b) PPCP, (c) fluorescein and (d) rhodamine B.
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Figure 6 (A) Fluorescence spectra of silica NPs encoded with different amounts of fluorescein and rhodamine B; (B) the corresponding fluorescence im-

aging under an UV lamp. [Fluorescein] :

[Rhodamine B] = 1:0(a), 3 1(b), 2:1(c), 1:1(d) and 0 1(e).
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fluorescence emitted from the silica NPs containing various
ratios of fluorescein and rhodamine B.

3 Conclusions

In conclusion, a facile approach was developed for the syn-
thesis of almost monodisperse and ordered inert dye-doped
fluorescent silica NPs via dye encapsulation. The brightly
fluorescent silica NPs were mesoporous and stable in
aqueous solution. This general approach will extend the
range of organic dyes that can be used in the preparation of
the fluorescent NPs, and it offers a facile yet highly efficient
route for synthesis of fluorescent NPs for bioanalysis and
optoelectronic nanodevices.
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