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Abstract: Mesoporous silica with cubic symmetry has attracted
interest from researchers for some time. Here, we present the
room temperature synthesis of mesoporous silica nanoparticles
possessing cubic Pm3jn symmetry with very high molar ratios
(>50%) of 3-aminopropyl triethoxysilane. The synthesis is robust
allowing, for example, co-condensation of organic dyes without
loss of structure. By means of pore expander molecules, the pore
size can be enlarged from 2.7 to 5 nm, while particle size
decreases. Adding pore expander and co-condensing fluorescent
dyes in the same synthesis reduces average particle size further
down to 100 nm. After PEGylation, such fluorescent aminated
mesoporous silica nanoparticles are spontaneously taken up by
cells as demonstrated by fluorescence microscopy.

Significant research efforts in recent years have been devoted to
the development of nanoparticles for applications in biomedical
imaging, sensing, and drug delivery.1-4 Nanoparticle architecture
and composition are key to the achievable property profiles. Silica
is one of the most studied nanoparticle matrix materials due to low
toxicity, versatile bulk and surface chemistry, and biocompatibility.5-9

Ordered mesoporous silica in particular has attracted considerable
interest due to its ability to reversibly load other compounds. It
provides high surface area and large pore volume, necessary in
sorption and catalysis applications, while maintaining the intrinsic
properties of silica.10,11 Mesoporous siliceous materials with three-
dimensional pore systems, such as MCM-48, provide advantages
in diffusion and transport over one-dimensional channel systems
such as in MCM-41-type materials.6,11,12

Among several three-dimensional mesoporous structures re-
ported, mesoporous silica with cubic Pm3jn symmetry and possess-
ing a cage-type structure that is three-dimensionally interconnected
with small open windows is a promising material, for example, as
a carrier for biologically active molecules.12,13 Compared to cubic
MCM-48 materials, only a few studies report on Pm3jn-type
silica.14-18 Recently, amine functionalized Pm3jn mesoporous silica
prepared from co-condensation of 3-aminopropyl triethoxysilane
(APTES) and tetraethyl orthosilicate (TEOS) was reported.19

Although with 4%, the mole percentage of APTES relative to total
silane precursors (TEOS and APTES) was low, this work broadened
the composition and functionality range of cage-type mesoporous
silica. Cubic Pm3jn mesoporous silica nanoparticles from high (>50
mol %) amino silane feed have not yet been reported. Furthermore,

the existing synthesis protocol of amine containing Pm3jn meso-
porous silica only yielded micrometer-sized particles.19 This may
affect their applicability to bio-related applications, particularly,
cellular uptake, which is known to be strongly size dependent.20-22

Herein, we report the room temperature synthesis of discrete,
faceted Pm3jn highly aminated mesoporous silica nanoparticles
(NH2-MSNs), from 54 mol % APTES. To our surprise, the synthesis
protocol is quite robust allowing the co-condensation of other
functional moieties in the same synthesis, for example, organic dyes,
without appreciable loss of structure control. We further demonstrate
that the addition of pore expander 1,3,5-trimethylbenzene (TMB)
to the synthesis increases pore size from 2.7 to 5 nm while
decreasing overall particle size. Rendering these highly aminated,
pore-expanded particles fluorescent by co-condensing organic dyes
into the particles reduces particle size even further, down to about
100 nm, the smallest average particle size observed in this study.
Finally, using fluorescence microscopy, we show the first results
cellular uptake of such highly aminated MSNs after surface
PEGylation.

In general, NH2-MSNs were prepared via base-catalyzed sol-gel
silica reactions using hexadecyltrimethyl ammonium bromide
(CTAB), TEOS, and high molar amounts of APTES in the presence
of ethyl acetate (see Supporting Information).23 Reactions proceeded
for 24 h at room temperature. CTAB was removed by either acetic
acid extraction or calcination. TEM images of acid-treated materials
(Figure 1a-c) reveal discrete and well-faceted mesoporous particles.
The size of the smallest particles in Figure 1a is down to about
100 nm, while the size of the largest particles is above 200 nm.
For the larger particles, a truncated-octahedral shape can clearly
be discerned from these images. Average particle size, as obtained
from TEM image analysis, is about 220 ( 50 nm, which is
consistent with the hydrodynamic particle size of 220 nm deter-
mined from dynamic light scattering (DLS) (see Supporting
Information). Two projections of a truncated, octahedrally shaped
particle exhibiting four-fold and three-fold symmetries, that is, along
the [100] and [111] directions are shown in Figure 1, panels b and
c, respectively. Both these projections, as well as the particle shape,
suggest a cubic structure for these materials.

To further characterize the structure of the particles, small-angle
X-ray scattering (SAXS) was employed. SAXS patterns of dried
powders of acid extracted and calcined materials are presented in
Figure 2, panels a and b, respectively. On first inspection, the SAXS
pattern of the calcined sample is shifted to higher q-values, where
q denotes the scattering vector and is defined as q ) 4π sin θ/λ
with a scattering angle of 2θ and the X-ray wavelength λ ) 1.54
Å. This shift likely results from a contraction of the siliceous matrix
induced by further silica condensation upon calcination. Twelve
peaks consistent with the (110), (200), (210), (211), (220), (310),
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(222), (320), (321), (400), (420), and (421) indices of a cubic lattice
can be observed in the pattern of the acid-extracted material (Figure
2a; see Supporting Information for details). Allowed peaks corre-
sponding to Pm3jn symmetry are indicated in Figure 2 by vertical
lines. Red lines are the observed peaks, while black lines indicate
allowed positions missing in the scattering patterns. Albeit not as
well resolved, at least five of the expected peaks for a Pm3jn lattice
can be observed for the calcined material (Figure 2b). The pattern
in Figure 2a was taken at the Cornell High Energy Synchrotron
Source (CHESS), while the pattern of the calcined sample was taken
at a rotating anode setup. We speculate that the peaks in Figure 2b
are more poorly resolved than in Figure 2a, both because of the
intrinsically poorer resolution of the laboratory setup and because
the specimen is intrinsically more disordered. The SAXS and TEM
results combined are consistent with a cubic Pm3jn symmetry for
the acid extracted sample, with unit cell dimension (a0) ) 9.6 nm.
If one assumes that the calcined material has the same symmetry
and the strongest peak is the (210) peak, then the unit cell dimension
is 9.0 nm.

The use of organosilane at high molar ratio in the co-condensa-
tion based sol-gel synthesis usually affects the packing of
surfactant-silane complexes and hence causes the formation of
disordered mesostructures.19,24 In contrast, in the present study,
the amino groups are incorporated in the silica matrix without
sacrificing pore size and morphology control.25 High amine content
in these particles is reflected by a strongly positive zeta potential
of the acid-extracted particles in water, that is, 42 ( 5 mV (see
Supporting Information). In comparison, the reported zeta potential
for non-aminated MCM-41-type MSNs is approximately -35 mV,
that is, highly negative as expected from the low isoelectric point
(pH 2-3) of pure silica.26 N2 sorption isotherms of acid-extracted
and calcined mesoporous nanoparticles exhibit a type IV isotherm
with small and narrow hysteresis loops at high relative pressure,
which are due to incomplete desorption of N2 from micropores
(Figure 3a).10 The BET surface area of the calcined sample is 1264
m2 g-1, and is almost 2 times higher than that of the acid-extracted
sample, 674 m2 g-1. Thermogravimetric analysis (see Supporting
Information) suggests this to be the result of the degradation of
the high amounts of organic moieties of APTES. In contrast, the
pore sizes calculated using the BJH method of acid-extracted and

Figure 2. SAXS patterns of (a) acid-extracted and (b) calcined NH2-MSNs
and (c) acid-extracted TRITC-labeled NH2-MSNs.

Figure 1. TEM images of (a) NH2-MSNs at low magnification, (b) NH2-MSN at [100] projection, (c) NH2-MSN at [111] projection, (d) TRITC-labeled
NH2-MSNs (inset: high magnification image at [100] projection), (e) large-pore NH2-MSNs, and (f) TRITC-labeled large-pore NH2-MSNs.
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calcined NH2-MSNs (Figure 3a, inset) are the same, that is, 2.7
nm. The BJH model assumes cylindrical pores and thus underes-
timates the true pore size. We thus also estimated the pore size as
3.7 (acid) and 3.4 (calcined) nm by a more appropriate geometrical
model informed by previous studies, see Supporting Information.27

To prepare NH2-MSNs for fluorescence microscopy applications,
we synthesized materials with TRITC dye covalently bound to the
organically modified silica matrix (see Supporting Information for
details). Inspection of these materials by TEM again reveals well-
faceted nanoparticles and specific projections (Figure 1d). SAXS
scattering patterns of acid-extracted samples in dry form (Figure
2c) were taken at CHESS. Twelve well-resolved peaks, consistent
with the (200), (210), (211), (220), (310), (222), (320), (321), (400),
(410), (420), and (421) indices of a cubic Pm3jn lattice with unit
cell dimension (a0) ) 9.9 nm can be observed for this fluorescent
material (see below). Comparing Figure 1a and d with Figure 2a
and c, the combined TEM and SAXS results suggest that TRITC
molecules covalently bound to the silica matrix did not significantly
alter the formation of a cubic Pm3jn particle morphology. Average
particle sizes as determined by TEM image analysis and DLS (about
215 ( 45 and 190 nm, respectively) showed slightly smaller
particles as compared to non-dye modified NH2-MSNs, while zeta
potentials stayed highly positive (see Supporting Information Table
S1).

It is known that pore sizes in mesoporous silica can be tailored
by pore expander molecules.28 To this end, we prepared large pore
NH2-MSNs with the aid of TMB (see Supporting Information). The
TEM image in Figure 1e suggests that a quasi-periodic structure is
preserved under these conditions, but that the resulting particles
are smaller than those synthesized in the absence of TMB (compare
panel e with panels b and c in Figure 1). Average particle sizes as
observed from TEM image analysis and DLS are 110 ( 25 and
164 nm, respectively, that is, the TEM image analysis slightly
underestimates sizes measured in solution. Repeated efforts to obtain
SAXS diffractograms from acid-extracted large pore NH2-MSNs
only resulted in patterns (see Supporting Information S2a), in which
the peaks are far less well resolved than those shown in Figure

2a-c, for the particles synthesized in the absence of TMB.
Supporting Information Figure S2a also shows tic marks at the
expected peak positions for a Pm3jn lattice, assuming that the first
order maximum is the (210) reflection. The broad second peak in
the pattern would then correspond to where the (222), (320), and
(321) peaks would appear. If one assumes Pm3jn symmetry for the
TMB acid-extracted material with strong peak at the (210) position,
then the unit cell size for this material is 15.9 nm, that is,
significantly larger than for materials synthesized without TMB,
Vide supra.

Zeta potential measurements on large pore NH2-MSNs gave
values comparable to those of materials synthesized in the absence
of TMB (43 ( 7 mV). The N2 sorption isotherms (Figure 3b) of
acid-extracted and calcined large-pore aminated porous particles
exhibit type IV isotherms with hysteresis loops. BET surface areas
were determined as 780 m2 g-1 for acid-extracted samples and 990
m2 g-1 for calcined samples. The BJH (geometrical model) pore
sizes were 5.3 (7.1) and 5 (6.6) nm for acid-extracted and calcined
samples, respectively (Figure 3b, inset), that is, significantly larger
than without TMB.

Elemental analysis confirmed amine contents as high as 20.45
and 23.38 mol % for aminated and large pore aminated MSNs,
respectively (see Supporting Information). To the best of our
knowledge, this is the highest amine content in ordered and porous
silica nanoparticles reported to date.29,30 Differences relative to
previously reported synthesis protocols that may allow this high
amine loading are the use of ethyl acetate and slightly lower pH
(pH in our reaction is ∼11, see Supporting Information).

Intensive research efforts have recently been devoted to the
exploration of interactions between silica nanoparticles and
cells.3,20,21,26 To this end, herein, we report the study of endocy-
tosis-mediated internalization of nanoparticles into COS-7 and
epithelial cells (SLC-44) using PEGylated and TRITC-labeled NH2-
MSNs and large-pore NH2-MSNs as imaging probes, respectively.
For synthesis details, the interested reader is referred to the
Supporting Information. TEM images of TRITC-labeled, large-pore
NH2-MSNs (Figure 1f) suggest that the combination of covalent
incorporation of TRITC molecules into the aminated silica and use
of the pore expander TMB did not significantly disturb the formation
of a cubic particle structure. Interestingly, the average particle size
as determined by TEM and DLS (see Supporting Information Table
S1) went down to about 100 nm suggesting that the use of dye and
pore expander together leads to the smallest sizes observed in this
study. This is consistent with a particle size reduction for both of
these synthesis variations separately (see Supporting Information
Table S1). A SAXS pattern for this material is depicted in the
Supporting Information (Figure S2b) and shows similar features
as the diffractogram of large-pore NH2-MSNs in Figure S2a.

Additional PEGylation with poly(ethylene glycol) succinimidyl
succinate (PEG) prevented particle aggregation, providing good
stability in physiological environments.3,31 The change in zeta
potentials before and after PEGylation from 36.5 ( 6 to -0.5 ( 5
mV for TRITC-labeled NH2-MSNs and from 32 ( 6 to 6 ( 4 mV
for TRITC-labeled large-pore NH2-MSNs confirmed the surface
modifications. At the same time through PEGylation, the hydro-
dynamic particle sizes as determined by DLS slightly increased
for both samples (see Supporting Information Table S1). Confocal
microscopy experiments confirm the uptake of normal and large-
pore NH2-MSNs into COS-7 and endothelial cells, respectively.
Figure 4a,b illustrates the spontaneous cell uptake of PEGylated
and TRITC-labeled NH2-MSNs from the medium and accumulation
into discrete cytosolic structures. Cell cross-section images along
two orthogonal directions and obtained from z-scans in the

Figure 3. N2 sorption isotherms (inset: BJH pore size distribution from
adsorption branches) of (a) template-removed NH2-MSNs and (b) template-
removed large-pore NH2-MSNs. For each particle case, two data sets are
shown corresponding to acid-extracted and calcined samples, respectively.
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microscope shown at the top and on the right confirmed the presence
of particles inside cells, most likely in endosomes. The size of
particles used in the presented experiments is consistent with fluid
phase endocytosis as the main particle uptake pathway. It is
interesting to note that no particle aggregation was observed on
the cell membrane consistent with successful PEGylation.
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Figure 4. Confocal microscopy images of (a) endocytosed PEGylated and
TRITC-labeled NH2-MSNs into COS-7 cells and (b) endocytosed PEGylated
and TRITC-labeled, large-pore NH2-MSNs into epithelial cells. Particles
appear in red. Far-red plasma membrane dye (Cell Mask Deep Red, Em/
Ex 660/677 nm) was used to label the cell membrane (blue). Cell cross-
section images along two orthogonal directions (red and green lines) are
shown at the top and on the right of each image (see text) and corroborate
the presence of particles inside the cells. Scale bars are 10 µm.
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