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Abstract Fluorescent silica nanoparticles encapsulating
organic fluorophores provide an attractive materials plat-
form for a wide array of applications where high fluores-
cent brightness is required. We describe a class of
fluorescent silica nanoparticles with a core-shell architec-
ture and narrow particle size distribution, having a diameter
of less than 20 nm and covalently incorporating a blue-
emitting coumarin dye. A quantitative comparison of the
scattering-corrected relative quantum yield of the particles
to free dye in water yields an enhancement of approxi-
mately an order of magnitude. This enhancement of
quantum efficiency is consistent with previous work on
rhodamine dye-based particles. It provides support for the
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argument that improved brightness over free dye in aqueous
solution is a more general effect of covalent incorporation
of fluorescent organic dyes within rigid silica nanoparticle
matrices. These results indicate a synthetic route towards
highly fluorescent silica nanoparticles that produces excel-
lent probes for imaging, security, and sensing applications.
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Introduction

Since the discovery of fluorescence in quinine sulfate
solution over 160 years ago, the use and study of
fluorescence as a tool for imaging, sensing, and security
applications has led to a wide array of probes used to track,
tag, sense, and separate [1]. All of these applications benefit
from brighter, more stable, and environmentally robust
fluorescent probes and much research has been devoted to
this challenge. The most commonly used probes are
fluorescent dyes, quantum dots, and fluorescent particles,
each with their own advantages and disadvantages [2].
Organic fluorescent dyes come in a multitude of
absorption and emission wavelengths, are extremely small
(making them compatible on the scale of e.g. molecular
biology), and many have been refined and specialized to
operate in specific environments with the highest possible
brightness. Unfortunately, many potential applications
subject these dyes to harsh environments, including acidic
or basic extremes, enzymatic activity, and interactions with
ions [3, 4]. These environments may quench the dye’s
emission through chemical interactions with its structure or
cause aggregation or self-quenching that is due to insolu-
bility of the dye [3]. Colloidal semiconductor quantum dots
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are a relatively new class of very bright, quantum-confined
inorganic materials that have garnered significant attention
as nanoscale fluorescent probes. They have several advan-
tages over dyes, including narrow emission, broad short-
wavelength excitation, and highly tunable size dependent
emission wavelengths [5]. However, their production, use,
and disposal present a challenge to the scientific and
industrial communities because of their heavy metal content
[6, 7]. Finally, hybrid fluorescent particles, which incorpo-
rate fluorophores within a polymeric or inorganic matrix,
are another class of probes that endeavor to combine the
best properties of the dyes with those of the matrix [4, 8—
10]. Through incorporation into a matrix material, a
fluorescent dye can be protected from the surrounding
environment which is in turn protected from any toxicity, to
create benign probes [11, 12]. The homogeneous entrap-
ment of dyes within a matrix has been accomplished in
several ways, but may lead to particles with some dyes that
are not well protected and can interact with or leach into the
surrounding environment [13].

The Wiesner group has recently developed a class of
core-shell silica nanoparticles, referred to as C dots [2, 14—
18]. The particle synthesis approach, using a modified
Stober technique, provides a materials platform with a
number of advantages over existing fluorescent probes
including: (i) defined placement of covalently bound
fluorescent dyes that do not leach, (ii) small particle sizes
and size distributions, (iii) control over particle architecture
and color, and (iv) enhanced brightness and photostability
as compared to the parent dye in water [2, 14—18]. Here we
describe the synthesis of coumarin dye containing C dots
and investigate the per-dye enhanced fluorescent properties,
over free dye in aqueous solution, by means of relative
quantum yield analysis. One effect that has not been
accounted for in previous C dot work is the contribution
of scattering. To this end, for the present study we chose a
blue absorbing and emitting coumarin dye, for which
scattering effects should be at a maximum, and covalently
encapsulated it within a core-shell silica particle. Quantum
efficiency enhancements were assessed using scattering-
corrected relative quantum yield measurements.

Relative quantum yield is a reproducible measure of a
fluorescent probe’s efficiency in converting absorbed
photons to emitted photons relative to a reference standard
of known quantum yield and was chosen for this study for
its spectral flexibility [19]. The standard acts to calibrate the
instrumentation and methods used to measure the absorp-
tion and integrated emission of all samples, input that is
then used to calculate the relative quantum yield. The
relative quantum yield also provides a means to compare
fluorescent probes of different composition and type to
each other using one of the most important measures of
performance, the efficiency of emission.
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Experimental section

Fluorescent core-shell silica nanoparticles were produced for
this work by a three-step synthesis illustrated in Fig. la—c,
based on modifications to the Stober method for producing
pure silica particles [20]. First, a 2 mL solution of 7-
diethylaminocoumarin-3-carboxylic acid, succinimidyl es-
ter (DEAC, 4.5 mM in dimethylformamide, Anaspec) was
conjugated to 3-aminopropyltricthoxysilane (APTS,
0.45 mmol, Gelest) while stirring in a nitrogen atmosphere
glove box for 12 h. The resulting conjugate was removed
from the glove box, added to a 500 mL stirring mixture of
ethanol, water, and ammonia (2.0 M in ethanol, Sigma-
Aldrich) in a 7.43 : 0.4275 : 0.1 mole ratio and allowed to
equilibrate. Immediately thereafter, 0.025 mol tetraethylor-
thosilicate (TEOS, Sigma-Aldrich, Inc.) was added and
allowed to co-condense with the conjugated dye for 12 h to
produce a dye-rich core. Finally, pure TEOS was added
stepwise to synthesize the pure silica shell of desired
thickness that protects the core and dyes within it. The
TEOS was added slowly in order to avoid secondary
nucleation [21]. After synthesis, particles were stored in
darkness in the reaction solution until needed, and in this
way are both chemically and colloidally stable for at least
6 months.

In order to properly compare the relative quantum yield of
a dye encapsulated in the C dots versus free dye, a scattering
correction was performed. To this end, same-sized blank
core-shell silica particles containing no dye were produced
by removing the dye and the conjugation step from the
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Fig. 1 Core-shell fluorescent silica nanoparticle synthesis: a Conju-
gation of 7-diethylaminocoumarin-3-carboxylic acid, succinimidyl
ester (DEAC) dye with 3-aminopropyltriethoxysilane (APTS) to form
the dye-silicate precursor; b Core formation using tetraethoxysilane
(TEOS) and the conjugate in basic ethanol and water solution; ¢
Addition of pure TEOS to form a protective shell
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synthesis procedure described above and adding the APTS
directly to the particle core synthesis (Fig. 1b).

Because of their small size, purification of all particles
was accomplished by dialysis into 18.2 M2/cm deionized
water (deionized by a Millipore Synthesis system), using
3500 MWCO dialysis tubing (Snakeskin, Pierce). Particles
were dialyzed (1:500) for 8-12 h and subsequently filtered
through a 0.2 um pore size syringe filter. After purification,
the physical attributes of the freshly dialyzed particles were
characterized using dynamic light scattering and scanning
electron microscopy (SEM, LEO 1550 FE-SEM). Dynamic
light scattering (DLS, Malvern Zetasizer Nano ZS) provides
the hydrodynamic particle size and particle size distribution
while SEM allows for the real space observation of size and
shape. SEM was performed on a polished silicon wafer
substrate upon which the particles were deposited from a
dilute ethanol solution of water-dialyzed particles to speed
drying of the deposited sample.

After investigating the physical particle attributes,
fluorescence and absorption measurements on the particles,
constituent dye, and a standard dye were performed in
preparation for relative quantum yield calculations. The
spectrophotometer (Varian Cary S5E) was calibrated by
checking the baseline, performing a spectral position check
(using a holmium oxide standard SRM 2034), and finally
by checking the photometric response (using an SRM 930D
NIST transmittance standard glass filter, nominal 20%
transmittance, 0.7045 absorbance at 546 nm). The spectro-
fluorometer (Jobin Yvon Spex Fluorolog Tau 3) was
calibrated using the Raman peak of water at 397 nm when
excited at 350 nm. All calibrations for the equipment used
were performed daily and logs thereof retained. For the
spectrophotometer, a solution of blank particles was used as a
reference standard to correct for the aforementioned differ-
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Fig. 2 a Results of dynamic light scattering measurements of blank
silica and DEAC-containing silica particles used in this study. b
Representative scanning electron microscopy image of DEAC-
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ence in scattering between free dye and particles in aqueous
solution. The correction was achieved by matching the
scattering intensity of the blank and dye-containing particles
at short wavelengths and subsequent spectral subtraction. For
the spectrofluorometer, all emission spectra were corrected
using a standard lamp with a NIST traceable calibration.

After calibrating the instruments, samples of DEAC-
based fluorescent nanoparticles and the free dye were
diluted with water to an absorption-matched molar concen-
tration of between 10 ® and 10”7 moles/L of dye molecules
(whether free in solution or encapsulated within the
particles). The NIST reference material (SRM 936), quinine
sulfate dihydrate, dissolved in IN H,SO,, was selected for
its spectral overlap with DEAC and its good quantum yield
of 0.546 [22]. The standard was freshly prepared. Each
sample was placed in a 10 cm path length optical glass cell
for spectrophotometry measurements. An aliquot of the
spectrophotometry sample was then taken for fluorometry
measurements in a 1 cm path length quartz cell. Both
measurements were performed thrice on each sample to
ensure repeatability and minimize effects of local temper-
ature fluctuations on absorption measurements.

For the calculation of relative quantum yield, from scattering
corrected spectra, the following equation was used [19]:

Ay Fs (n)’
o () W

The ratio of the quinine sulfate reference standard
absorption (Ag) to the absorption of the sample (A,), at
380 nm, was found first and multiplied by the quantum
yield [22] of the quinine sulfate solution (¢,,) as well as the
squared ratio of the sample refractive index (n,) corrected to
be that of water, 1.33, and the reference standard refractive
index (ng), 1.34 [23]. This product was then multiplied by

g5 =

15.0nm
H

containing core-shell particles (scale bar=50 nm), corroborating DLS
results
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Fig. 3 a Normalized and scattering corrected absorption and
normalized fluorescence for DEAC containing core-shell silica nano-
particles in water; b Integrated fluorescence as a function of
absorption at 380 nm for particles and free dye

the ratio of the integrated area under the emission spectrum
(from 395 to 750 nm) of the sample (F;) to that of the
standard (Fg) to find the relative quantum yield of the
particles and free dye. Note that the excitation wavelength
of 380 nm was used as it provides the spectral position of
maximum overlap of the absorption spectra of the quinine
sulfate reference and DEAC dyes.

Results and discussion

The synthesis reaction conditions reproducibly yielded sub
20 nm particles. Dynamic light scattering results indicate
that the DEAC-based particles and the blank silica particles
are both approximately 18 nm in diameter based on number
statistics (see Fig. 2a). A representative SEM image of the
DEAC-based particles is shown in Fig. 2b, corroborating
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the DLS results on size and demonstrating the narrow particle
size distribution. From spectrophotometry and spectrofluo-
rometry the absorption and fluorescence spectra of the
particles were collected in water. Representative plots of
normalized and corrected fluorescence and absorption spectra
are shown in Fig. 3a for the particles in water. Figure 3b
depicts fluorescence as a function of absorption at 380 nm
for a series of dye and particle samples. From this plot it is
evident that the particles are significantly brighter than the
free dye. The linear fits of the data include the zero
fluorescence at zero absorption point. The quality of the
fits implies that no reabsorption of fluorescence is occurring.

From the data in Fig. 3b and use of Eq. 1, the relative
quantum yield, ¢, for the particles is 0.178 (£0.0178) while
that for the dye is only 0.02 (£0.002) [24]. The results
demonstrate an approximately ten-fold increase in quantum
yield achieved by covalently encapsulating the dye within a
core-shell silica nanoparticle. To the best of our knowledge
this is the largest enhancement reported to date for a
fluorophore encapsulated in a sub 20 nm silica nano-
particle. In order to rule out conjugation effects on the
enhancement, a sample of DEAC was conjugated to 4-
amino-1-butanol through the succinimidyl ester reactive
moiety on the dye and compared to free dye by absorption
matching aqueous solutions at 380 nm and then comparing
the emission. The results are shown in Figure 4 and indicate
that, if anything, the free dye is brighter than the conjugated
one. Hence, the silica matrix of the nanoparticles clearly
allows for more efficient light emission from encapsulated
DEAC dye molecules relative to free dye in solution, a
finding consistent with our previous work on other dye
families [16, 17]. For a rhodamine-based C dot we found
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Fig. 4 DEAC free dye compared to DEAC dye conjugated to 4-
amino-1-butanol to test effect of conjugation only (i.e. without
encapsulation in silica). The resulting conjugate, absorption matched
at 380 nm is slightly less bright than the free dye, indicating that the
enhancement observed in the particles is not due to conjugation, but
rather the encapsulation
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that the covalent encapsulation of multiple dye molecules
lead to 30 nm particles close to 30 times brighter than the
single dye molecule in water [17]. This brightness
enhancement over free dye could be accounted for by the
product of the per-dye quantum efficiency enhancement
and the number of dyes per particle. Small changes in the
internal architecture of the C dots were found to enhance
the quantum efficiency up to three-fold on a per-dye basis,
with no observable energy transfer between dyes for up to
about 10 dyes per 5 nm core in a 30 nm diameter particle.
The quantum efficiency increase was due to a uniform two-
fold enhancement in the radiative rate and a reduction in the
nonradiative rate, which was found to vary inversely with the
degree of rotational mobility the dye experienced within
the silica particle matrix. These results taken together with the
current work provide strong support for the argument that
silica, with a glass transition temperature about an order of
magnitude above that of organic polymers, is an especially
well-suited matrix for dye-encapsulation because it provides a
particularly rigid local environment that enhances dye
performance.

Conclusions

In summary, we have reported on the synthesis of
fluorescent core-shell silica nanoparticles with diameters
between 15 and 20 nm, incorporating a blue-emitting dye,
7-diethylaminocoumarin-3-carboxylic acid succinimidyl
ester. The dye’s relative quantum yield, as measured by
means of scattering-corrected relative quantum yield anal-
ysis, is enhanced by an order of magnitude over that of the
free dye in water. The results demonstrate that the C dot
architecture can lead to significant improvements of the
photophysical properties of organic fluorophores in water
by sequestering them away from the solvent into a rigid,
solid-state silica-type environment that itself is compatible
with water. The enhanced relative quantum yield, com-
bined with the ability to incorporate multiple dyes per
particle, leads to significantly increased probe brightness
as compared to free dye, making these particles excellent
candidates for imaging, security, and sensing applica-
tions. These results, taken together, demonstrate a
practical method for synthesizing highly fluorescent silica
nanoparticles. Enhancing the performance of dyes
through encapsulation in core-shell silica nanoparticles
may significantly reduce costs and at the same time
catapult performance characteristics of relatively inex-
pensive dyes to levels competitive with optimized
fluorescent probes.
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