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ABSTRACT

Core-shell nanoparticles were prepared as encapsulating 
agents for fluorescent organic dyes. The nanoparticles were 
synthesized using a surfactant system to form templates to 
which a silica shell was connected. We studied the 
fluorescence of the dyes by steady state fluorescence and 
lifetime measurements, observing changes in the polarity 
and rigidity of the interior of the particles after the shell 
growth. Dye-free nanoparticles were used to sequester these 
dyes from aqueous suspensions, using their emission 
profiles to identify the final position of the probes in the 
particles. Finally, the formation of antenna systems was 
explored by attaching a donor dye to the surface of the 
particles.
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1 INTRODUCTION

The synthesis of nanoparticles for different applications has 
been explored extensively in the literature in the last year 
[1]. One of the most promising alternatives deals with the 
design of systems that offer different polarities inside the 
particles. Nonpolar interiors are preferred when the goal is 
to incorporate drugs and other hydrophobic species in 
particles which can be suspended in water or polar solvents 
due to a hydrophilic exterior. Different methods have been 
explored to construct these particulate systems, including 
the layer by layer deposition of polyelectrolytes on a 
template, microemulsion polymerization of a mixture of 
monomers, block copolymers self assembly in different 
solvents, etc. All these methods have produced important
advances in different fields in the nanosciences. We 
proposed the use of a simple methodology to synthesized 
core-shell nanoparticles to be used as nanocontainers for 
different mid to non polar species.

Our group has developed a nanoparticle synthesis 
methodology based on a mixed surfactant system [2, 3], as 
shown in Scheme 1. We used a mixed surfactant system to 
form spherical templates. It is possible to control their size 
by using a small organic molecule as filler, like a small 
ester. A silica shell was built in the periphery of the 
templates by using a silicate precursor, which produced 
robust particles that are not affected by changes in 
concentration, ionic strength or the like. 

We have studied these particles as sequestration agents 
by different means. It was observed by UV spectroscopy 
that a commercially available drug could be effectively 
removed from saline under physiological conditions [3]. 
This offers exciting possibilities for applications of these 
systems. In an effort to gain a better understanding of the 
uptake process, an electroactive probe was used for uptake 
studyes [4]. Similarly to the previous case, the probe could 
be removed from aqueous suspensions but, apparently, it 
remained close to the surface due to interactions with polar 
groups on the shell.

 In this contribution we offered an alternative method to 
study the polarity of the core-shell particles by using 
hydrophobic fluorescence dyes which are sensors of 
polarity and rigidity. The dyes were incorporated in the 
particle synthesis and steady state fluorescence was used to 
investigate the rigidity and polarity sensed by these probes. 
It was observed that the coating of the templates produced 
changes in the environment where the dyes were placed. 
These resulted in an effective way to determine the position 
of the dyes inside the particles, which was later used to 
study the uptake of these dyes from aqueous suspensions. 
Finally, another probe was chemically attached to the 
surface of the particles to place this probe on the exterior of 
the particles while other dye was loaded from solution to 
explore the possibility of observing an electron transfer 
process. Preliminary steady state fluorescence and 
fluorescence lifetime data showed that the chemically 
attached dye experience at least two well defined
environments.

Scheme 1. Overall nanoparticles synthesis.

2 NANOPARTICLES SYNTHESIS

The core-shell particles were synthesized by using a 
mixed surfactant system including 
octadecyltrimethoxysilane (OTMS), as shown in Chart 1. 
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The OTMS methoxy groups, placed on the surface due to 
its polarity, were hydrolyzed and condensed as a result of 
pH changes. This produced templates with reactive silanol 
groups on the surface, which were used to form a silica 
shell by reacting them with tetramethoxysilane (TMOS). 
The shell synthesis produced an increase in the average 
particles as will be explained in the characterization part. 
This shell presented silanol groups on the surface which 
allows their use on polar systems. The dyes used in this 
studies were included in the surfactant mixture. Due to their 
polarity they are expected to be placed inside the mixed 
micelles, probably somewhere close to the surface. After 
TMOS addition, the shell formed a barrier to protect the 
dyes from the solvent, producing more robust structures 
which, unlike the micellar system, can be diluted without 
disrupting them.
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Chart 1. Chemical structures of chemicals used in the 
nanoparticle synthesis.

3 CHARACTERIZATION

3.1 Dynamic Light Scattering (DLS)

The size of the particles was studied by DLS. Typical 
results for the templates showed an average diameter of 
approx 60 nm. The core-shell particle diameter increased to 
above values of 100 nm after the shell growth, which 
confirmed the coating of the particles with a silica shell. 
Both, the template and nanoparticle diameter could be 
controlled by varying the amounts of the different 
components used. The shell thickness was obtained by 
comparison of the templates and nanoparticles 
hydrodynamic radius, assuming that each template 
produced one core-shell particle.

3.2 Microscopy
The shape of the particles was examined by transmission 

electron microscopy (TEM) and atomic force microscopy 
(AFM). Both techniques showed spherical species for the 
templates and core-shell particles, as shown in Fig. 1. For 
both, the diameters observed were smaller than the ones 
reported by DLS, since the latter is performed in 
suspension. We believed the evaporation of the solvent 
prior to imaging the particles promoted the dehydration of 
the templates and particles, which is especially important 
for the core-shell particles since the shell is expected to be 
hydrated when suspended in water. Nonetheless, 
differences before and after TMOS addition were observed 
similarly to the DLS results. Moreover, AFM images 
showed that the templates are very flexible systems, which 
collapsed after deposition on mica. After the shell growth 
the rigidity of the particles increased, preventing them from 
collapsing on the substrate to the same extent as the more 
flexible templates.

Figure 1. Typical TEM (right) and AFM (left) images for 
core-shell nanoparticles, scale bars represent 200 nm.

4 DYE ENCAPSULATION

4.1 Coumarin 153

The dyes used in this study are sensors of polarity and 
rigidity. Coumarin 153 (C153) has been used extensively 
due to the large change in dipole moment after excitation, 
which makes its emission sensitive to solvent polarity [5]. It 
has been observed that its emission maximum shifts to the 
red with increasing solvent polarity. Due to its low 
solubility in water it has been used as a probe for studies in 
micellar and polymeric systems. In our case, the dye was 
incorporated in the nanoparticle synthesis which allowed us 
to use it as a sensor of the microenvironment of the interior 
of the particles before and after the shell growth. The 
template formation involved the use of a surfactant mixture 
in an aqueous system. Under these conditions, the dye is 
expected to be in the interior of the aggregates, probably 
slightly protected from the polar solvent. After the 
hydrolysis and condensation of the OTMS polar groups, the 
shape of the templates is fixed and the dynamics of the 
system are reduced. Fig. 1 shows the emission of the dye in 
the templates (blue circles). The maximum is similar to the 
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one observed in ethanol, which indicates a slight protection 
from the aqueous phase. After TMOS addition, the 
emission is blue shifted to values similar to the ones 
obtained in butanol, confirming that the silica shell is acting 
as a barrier between the core and the solvent front. This 
shift may be due to the increased rigidity of the particles, as 
mentioned in the AFM analysis.
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Figure 2. Emission spectra of coumarin 153 in templates 
and core-shell particles 

4.2 Pyrene

The fluorescence profile of pyrene has been studied for 
many decades. Its emission vibronic structure has been used 
as a polarity sensor in different systems [6]. This is usually 
given as the first to third peak emission ratio (I3/I1), which 
values have been well established for different solvents and 
micellar systems. Other important information obtained 
with this probe is the rigidity of the microenvironment 
surrounding the dye, usually expressed as the monomer to 
excimer ratio (Iex/Imon). This is based on the ability of an 
excited molecule to encounter a ground state monomer to 
form a dimer. The ease of the process is proportional to the 
viscosity and rigidity of the media as well as probe 
concentration. In our case, we studied this by a method 
similar to the one used for coumarin. The dye emission is 
shown in Fig. 3, as a comparison for the templates and 
core-shell particles. The I3/I1 ratio could not be used due to 
the presence of the excimer emission. This broad emission 
was observed to increase after the coating of the particles. 
Since there are no important changes in the dye 
concentration during the particle synthesis, we interpreted 
this as a confirmation in the increase in rigidity as observed 
by AFM and coumarin 153 emission.

5 DYE UPTAKE

Pyrene and coumarin 153 were sequestered by dye-free
core-shell particles from aqueous suspensions by mixing 
the particles with a volume of the dye stock solution. After 
mixing for about 45 minutes the fluorescence of the dyes 
were recorded. It was observed that C153 emission is red 
shifted even compared to the templates. This may indicate
that the dye is being exposed to a more polar environment. 
We believe this probe is trapped by the silanol groups on 
the shell through hydrogen bond interactions, remaining 
close to the surface of the particles. After an increase in 
concentration, the emission maximum shifted slightly to the 
blue; probably due to a better penetration of the dye in the 
particles. Pyrene concentration was low enough to avoid 
excimer formation, which allowed us to estimate the 
polarity sensed by this probe after its sequestration. The 
I3/I1 value indicated that the dye was effectively isolated 
from the solvent, sensing a polarity in between that of the 
dye dissolved in n-hexane and isopropyl alcohol. The lower 
polarity obtained with this probe compared with C153 may 
be due to the lack of functional groups in pyrene, 
preventing this dye from interacting with the shell through 
specific interactions.
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Figure 3. Emission spectra of pyrene in templates and core-
shell particles 

6 COATING OF THE PARTICLES 
WITH A DYE

Dansyl chloride is a non polar dye which sulfonyl chloride 
group is easy to react with amines [7]. This has been used 
to fix the position of this dye in different systems. Due to its 
polarity sensitivity it has been used as a mean to identify 
different environments in polymers, hydrogels and sol-gel 
matrices. Its fluorescence lifetime can be related to the two 
different fluorophores present after excitation. Due to the 
presence of a donor and acceptor group in the molecule a 
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twisted intramolecular charge transfer (TICT) has been 
identified with a short lifetime. The TICT state is favored 
by polar solvents due to the increase in the dipole moment 
of the probe as a consequence of the electron transfer 
process. The planar (or non-TICT) state is observed in non 
polar or rigid solvent with a longer lifetime.

A typical fluorescence lifetime response of the dye 
attached to the surface of the particles is presented in Fig. 4. 
The data was fitted to different exponential decays, 
obtaining the best results with a double exponential. The 
fast decaying one was observed to contribute approx. to 15 
% of the emission detected. This indicates that the dye is 
not completely exposed to the solvent. Even by attaching 
the probe chemically and restricting its mobility inside the 
particles the dye seemed to have a major contribution of the 
non-TICT state (85 %).  This may indicate that the reactive 
probe can penetrate the shell before reacting to avoid being 
exposed to the polar solvent.
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Figure 4. Fluorescence lifetime decay for dansyl chloride 
attached to the siloxane shell in core-shell nanoparticles

7 ANTENNA DESIGN

Based on the results shown above, we have the ability to 
place different dyes in different parts of the particles by 
simply hydrophobic interactions or by chemical 
derivatization. This can be used for the design of antenna
systems if the donor and acceptor are in close proximity. 
We believe that by placing dansyl chloride in the shell of 
the particles, a fluorescence resonance energy transfer
(FRET) process is possible if the acceptor that has been 
internalized in the particles remained close to the surface. 
Preliminary results showed that by using a dye which 
absorption spectra overlaps with the dansylated particles 
emission produced FRET, though the efficiency of the 
process was not optimal. This can be due to a large 
separation between donor an acceptor, ineffective 
alignment of dye dipoles, and the like. Different strategies 
are being used for the optimization of these antennas, 

including different loadings of the dyes being sequestered 
and the dye attached to the shell. 
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