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ABSTRACT: Ultrasmall sub-10 nm nanoprobes and
carriers are of significant interest due to their favorable
biodistribution characteristics in in vivo experiments. Here
we describe the one-pot synthesis of PEGylated
mesoporous silica nanoparticles with a single pore, tunable
sizes around 9 nm and narrow size distributions that can
be labeled with near-infrared dye Cy5.5. Particles are
characterized by a combination of transmission electron
microscopy, dynamic light scattering, fluorescence corre-
lation spectroscopy, optical spectroscopy, nuclear magnetic
resonance spectroscopy, and nitrogen sorption/desorption
measurements. The possibility to distinguish an “inside”
and “outside” may render these particles an interesting
subject for further studies in sensing, drug delivery, and
theranostics applications.

Cancer has become a leading cause of death worldwide,
accounting for over 7.5 million deaths in 2008.1 While

one of the most important forms of cancer treatment,
chemotherapeutic drugs often also kill healthy cells and cause
toxicity to the patient. In the search for improved alternatives,
nanocarriers have become an emerging platform for cancer
therapy enabling drug delivery specifically into tumors.2,3

Beginning in the mid-1980s, several types of targeting
nanocarriers, based on polymer−protein conjugates and lipids,
have successfully reached clinical trials.4−10 However, there are
still many challenges remaining, including rapid clearance, burst
drug release and nonspecific uptake.2 In order to overcome
these challenges, nanocarriers with better properties need to be
designed.3 A promising alternative material to polymers is
mesoporous silica due to its high-surface area, stability, and
biocompatibility. Surface-functionalized mesoporous silica
nanoparticles (MSNs) can deliver multiple types of cargo,
such as DNA, drug molecules, or even quantum dots, into cells
and tissues of plants or animals.11−22 However in the current
state of development, such MSN-based nanocarriers have not
yet reached clinical trials. One of the reasons is that silica
typically needs a fairly long time to dissolve under physiological
conditions, resulting in potential particle accumulation in the
body, which may in turn cause long-term toxicity.2 Even in
cases where MSNs dissolve quite rapidly,22 questions about the
dissolution mechanism, biodistribution, and toxicity remain.
One way to overcome these problems is to design

nanocarriers with sizes smaller than 10 nm, i.e., below what is
believed to be the threshold for renal clearance.23 To this end,
we recently developed fluorescent core−shell silica nano-

particles referred to as Cornell dots or simply C dots.24−26

Synthesized to sizes below 10 nm, PEGylated C dots show
efficient renal clearance in animals.27 Carrying cyclic arginine-
glycine-aspartic acid (cRGD) peptide ligands as well as
radioiodine, an ultrasmall cancer-targeted dual-modality
(optical and positron emission tomography, PET) C dot
probe for melanoma was indeed recently approved for a first in-
human clinical trial.28

In order to endow such ultrasmall silica nanoparticles with
additional, e.g., therapeutic, properties for clinical applications,
it is desirable to develop mesoporous particles with sizes
smaller than 10 nm. Although recently the size of MSNs has
been pushed down to less than 20 nm,29,30 the synthesis of
fluorescent MSNs smaller than 10 nm and with narrow particle
size distributions still remains a challenge.
We present a one-pot synthesis of PEGylated MSNs with

sizes precisely tunable around 9 nm (Figure 1) that have
narrow particle size distributions and a single pore and can be
labeled with near-infrared (NIR) dye Cy5.5. Keys for the
successful synthesis of such ultrasmall MSNs are (i) fast
hydrolysis of the silica (silane) precursors, (ii) slow silica
condensation/particle growth, and (iii) particle growth
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Figure 1. TEM images of silica particles with different diameters: (a)
6.6, (b) 8.2, and (c) 9.3 nm. Inserts display images of the same samples
but at higher magnification. (d) Schematic of a single-pore MSN
coated with PEG chains.
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termination via the addition of PEG-silane quenching further
silica condensation on the particle surface.
As detailed in the Supporting Information (SI), particle

synthesis was performed near room temperature (30 °C) in
aqueous solution in the presence of hexadecyltrimethyl
ammonium bromide (CTAB) as structure directing agent,
with tetramethyl orthosilicate (TMOS) as silica source, and
ammonium hydroxide as base catalyst. PEG-silane was added
directly into the synthesis batch to quench particle formation. A
postsynthesis heating step and subsequent solution workup,
including acid extraction of CTAB via dialysis, provided the
final particles.
While tetraethyl orthosilicate (TEOS) is commonly used in

the synthesis of MSNs, here TMOS was chosen as the silica
source.30 The hydrolysis rate of TMOS is much faster than that
of TEOS, and its solubility in water is higher. As a result,
instead of forming a second oil phase and gradually hydrolyzing
at the oil droplet−water interface, as is the case for TEOS,29,31
TMOS directly dissolves in water and hydrolyzes once added
into the reaction. An accelerated completion of the hydrolysis
process helps initiating/nucleating more MSN growth in the
presence of CTAB micelles over a smaller period of time thus
leading to smaller particles and better control over particle size
distribution. Lowering the condensation rate by moving to near
room temperature conditions or lowering the concentration of
TMOS and CTAB results in slower particle growth and smaller
particles. By carefully optimizing the system, we found
conditions where the particles grow from around 2 nm to
sizes larger than 10 nm within a convenient time window.
Particle growth is terminated by quenching further condensa-
tion on the particle surface through addition of PEG-silane. A
final heat treatment at 80 °C at the end of the synthesis
improves particle stability. Through the PEGylation step as part
of the one-pot synthesis the resulting sub-10 nm MSNs are
already sterically stabilized, a prerequisite for working in many
biological environments.32,33

In order to demonstrate the kind of particle size and size
distribution control achievable by this approach, Figure 1a−c
shows transmission electron microscopy (TEM) results on
particles from three synthesis batches obtained from varying
synthesis conditions (see Table S1, SI) leading to increasing
particle size in the direction from a−c. The smaller
magnification images illustrate the high degree of homogeneity
in particle size, while the higher resolution images in the insets
reveal details of particle structure. In all cases TEM results
suggest that silica has grown around an individual pore formed
by CTAB template. An illustration of this type of structure,
including the PEG chains on the outside of the particles, is
depicted in Figure 1d. While in Figure 1a single pore particle
formation is largely incomplete, Figure 1b already displays side-
on as well as head-on particles. Particles in Figure 1c exhibit the
most well-defined structure (additional particle images in SI).
Figure 2a shows results of three independent size measure-
ments for each of the three particle batches by dynamic light
scattering (DLS). The data sets are very consistent and provide
average hydrodynamic diameters of 6.6, 8.2, and 9.3 nm for
particles in Figure 1a−c, respectively. Alternatively, we
determined particle size and size distribution by quantitative
TEM image analysis (details in SI). TEM average diameters
from data in Figure 2b are 5.7, 7.3, and 8.9 nm, i.e., slightly
smaller than from DLS. Both DLS and TEM results reveal fairly
narrow size distributions and absence of any significant
aggregation behavior. Smaller average diameters from TEM

are expected, as this technique, in contrast to DLS, is insensitive
to the PEG layer and water molecules dragged with it. As a
result in the following we will use DLS diameters as descriptors
of the different particles.
TEM images also allowed analyzing the distribution of the

number of pores per particle. As shown in Figure 3, for around

90% of the 6.6 nm particles single-pore particle formation is
incomplete (referred to as “no or half” pore particles in Figure
3). As the diameter increases to 8.2 nm, the percentage of
incomplete single-pore particles significantly drops from around
90% to below 30%. Increasing the diameter to 9.3 nm finally
results in a fairly narrow distribution of the number of pores per
particle in which more than 70% are single-pore particles. This
distribution already is quite symmetric. Further increasing
particle size most likely would bias the distribution toward an
increase in the number of particles with more than one pore.
We therefore speculate that the optimized hydrodynamic

Figure 2. Size distribution of particles determined by (a) DLS and (b)
TEM image analysis. In DLS each data set was measured three times
per batch.

Figure 3. Distribution of number of pores per particle as determined
from TEM image analysis; each data point is obtained by averaging
three independent analyses.
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particle diameter for achieving single-pore particles in our
synthesis should be close to the 9.3 nm value of the third
synthesis batch.
Particles were further characterized by liquid 1H NMR to

demonstrate successful CTAB removal by acetic acid extraction
and the presence of PEG chains on the particle surface (details
in SI). In order to independently confirm TEM results on the
pore structure we performed nitrogen sorption/desorption
measurements on the 9.3 nm particles (see SI). While such
measurements are challenging because of the presence of the
PEG chains, working with plasma-treated sample batches
clearly confirmed the existence of well-defined pores with
sizes between 2.8 and 3 nm, depending on the plasma
treatment duration.
In order to visualize such <10 nm sized single-pore silica

nanoparticles, in particular in biological environments, labeling
with NIR dyes is highly desirable.28,34 To this end we slightly
modified the synthesis protocol for the 9.3 nm particles by
simultaneously adding silane conjugated Cy5.5 and TMOS into
the reaction mixture (details in SI). We will refer to these dye-
labeled mesoporous silica nanoparticles as mC dots. Cy5.5 has
absorption and emission maxima around 675 and 700 nm,
respectively, thus limiting interference from background
fluorescence in biological tissue.34 Adding Cy5.5-silane
conjugate to the reaction left the particle architecture largely
unchanged. The DLS derived average hydrodynamic diameter
of this sample increased to 9.6 nm as compared to 9.3 nm for
the unlabeled particle (Figure 4a). Furthermore, most of the
particles still showed single-pore architecture (Figure 4c). In
order to verify that these particles carry a fluorescent label we
used fluorescent correlation spectroscopy (FCS) for further
particle characterization (Figure 4b). This technique is similar
to DLS but uses the fluorescence of the diffusing moiety rather

than the scattered light to generate autocorrelation data. Figure
4b compares FCS results from free Cy5.5 dye and Cy5.5
labeled single-pore silica nanoparticles. As expected for the
slower diffusing particle, its curve is shifted to longer times.
From the correlation time hydrodynamic diameters can be
derived.26 They are 1.5 and 10.2 nm for free dye and particle,
respectively. FCS may thus slightly bias the true particle
distribution to larger sizes as not every particle may carry a dye.
It should be noted, however, that the differences are rather
small (10.2 nm from FCS vs 9.6 nm from DLS). As explained
in detail in a previous publication,26 from the amplitude G(0)
of the FCS autocorrelation one can derive the dye/particle
concentration in solution, while the optical detector count rate
per diffusing species provides a direct measure of its brightness.
Furthermore, in combination with static optical and fluo-
rescence spectroscopy, FCS helps to provide information about
number of dyes per particle and per dye enhancement over free
dye in aqueous solution as well as particle brightness (details in
SI). From analysis of spectrophotometer and spectrofluor-
ometer data in combination with FCS concentration
information on the free dye and particles, there are around
2.6 Cy5.5 dyes in one particle, and the quantum enhancement
of the Cy5.5 dye in the particles versus in aqueous solution is
around 1.3 (Figure S3). Thus a Cy5.5-doped mC dot is around
3.4 times brighter than a free Cy5.5 dye. This is consistent with
direct brightness comparisons from FCS optical detector count
rates (Table S3). It is further consistent with results of
equivalent measurements on Cy5 containing ∼7 nm C dots.28

Considering that just conjugation to a silane alone can already
have a positive effect on the brightness of Cy dyes,34 this
analysis remains inconclusive on whether in the present case
the Cy5.5 dyes are fully incorporated inside the silica walls or
whether they sit at or on the silica surface of the mC dots. Since
the final PEG-silane treatment is expected to cover the particle
surface with an additional silica surface layer, the latter is
unlikely.
It is interesting to note that the single-pore silica nano-

particles described here have an “inside” and an “outside”. As
has been shown by others, inside and outside surfaces of such
materials can be distinguished when additional conjugation
chemistry is desired, e.g., to bind targeting or pharmaceutical
moieties.35 For example, during the PEGylation process the
particle pores are occupied by structure directing CTAB
molecules. Therefore, in contrast to the outer silica surface, it is
expected that the PEG-silane coating has a significantly
diminished probability of attaching to the (inside) surface of
the pores. After CTAB extraction the unoccupied inside of the
pore walls thus can be used for additional silane chemistry to
conjugate specific moieties, which could be complementary to
what is used on the outside of the PEGchains. Being in a similar
size regime, it is this ability to distinguish between the inside
and the outside, and the larger overall surface area available for
conjugation chemistry, which distinguishes these single-pore
silica nanoparticles (or mC dots) from conventional C dots.
Future work may demonstrate how this feature can be used as
an advantage in areas like sensing, drug delivery, and
theranostics.
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*S Supporting Information
Detailed synthesis protocols and characterization methods are
provided. This material is available free of charge via the
Internet at http://pubs.acs.org.

Figure 4. Characterization of Cy5.5 labeled mC dots. (a) DLS size
measurements. (b) Normalized FCS curves for Cy5.5 free dye (black
and blue lines) and Cy5.5 containing mC dots (red and green lines).
(c) TEM image of the Cy5.5 mC dots.
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