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ABSTRACT: Aqueous colloidal mesoporous nanoparticles
with ethenylene-bridged silsesquioxane frameworks with a
uniform diameter of ~20 nm were prepared from bis-
(triethoxysilyl)ethenylene in a basic aqueous solution con-
taining cationic surfactants. The nanoparticles, which had
higher hydrolysis resistance under aqueous conditions,
showed lower hemolytic activity toward bovine red blood
cells than colloidal mesoporous silica nanoparticles.

Aqueous colloidal solutions containing dispersed nanomater-
ials less than 100 nm in size have received much attention in
practical fields, such as in biomedical, catalytic, and coating
applications, because of the transparency of the solutions, the
diffusivity and mobility of the nanoparticles, and the lower
toxicity of aqueous systems.1 Among nanomaterials, mesoporous
nanoparticles have unique features.” Internal mesopores within
nanoparticles can be used in various ways, including storage of
large biomolecules, reactions in confined spaces, and commu-
nications between functional groups inside and outside the
nanoparticles while retaining the colloidal state. Previous studies
on colloidal mesoporous silica nanoparticles have shown their
potential uses as drug carriers and biosensors.” However, silica
frameworks present drawbacks for applications. For example,
they show moderately low chemical stability under aqueous and
humid circumstances.® In addition, it is well-known that silanol
induces the hemolysis of red blood cells (RBCs).* To date,
studies aimed at overcoming the drawbacks of silica frameworks
have attempted to use organofunctionalization.” However, an
inhomogeneous distribution of organic groups on the mesopore
surfaces and unwanted reactions of modifiers are unavoidable.®
Therefore, increasing the ability of the frameworks of colloidal
mesoporous nanoparticles to be used without modification is
highly demanded.

To circumvent the problem of the use of silica, bridged
silsesquioxanes are some of the best candidates, as they have a
variety of interesting features.” A number of mesoporous silses-
quioxane materials with several organic bridging groups, such as
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aliphatic, aromatic, and metal complexes, have been synthesized
as powders, films, and monoliths and demonstrated 1nterest1ng
properties for optical, electric, and catalytic applications.*® Although
many reports have focused on the functions of organic bridging
groups, the interesting features of silsesquioxane frameworks are
not limited to these functions. They also exhibit both higher
stabilities of the bonds in silsesquioxanes and the tuned acidities
of silanol groups.” Therefore, colloidal mesoporous nanoparti-
cles with silsesquioxane frameworks are expected to show much
higher stability against water and lower hemolysis activity than
colloidal mesoporous silica nanoparticles.

Although the preparation of nanoparticles with silsesquioxane
frameworks has been reported,'® the simultaneous achievement
of dispersity, mesoporosity, and downsizing (to less than ~100 nm
in particle size) of silsesquioxane nanoparticles has not been
reported to date. In the case of bridged-type alkoxysilanes, the
bulkiness and chemical characters of the bridging groups greatly
affect the sol—gel reaction and the surface properties, which make
the realization of colloidal nanoparticles difficult. This study
discloses the preparation of such nanoparticles for the first time.

Here we report a facile route for preparing aqueous dispersed
colloidal mesoporous nanoparticles with ethenylene-bridged
silsesquioxane frameworks (CMP-SQ), the diameter of which
is uniformly ~20 nm, by using bis(triethoxysilyl)ethenylene
(BTEE) asa framework source. CMP-SQ was prepared according
to our previous report' ' using a newly developed two-step process
involving preparation of dispersed mesostructured nanoparticles
and subsequent dialysis. At first, colloidal mesostructured nano-
particles were prepared in a weakly basic solution containing
hexadecyltrimethylammonium bromide (C;sTMABr) by adding
BTEE. The molar ratio of the precursor solution was Si:
CTMABr:TEA:H,0O = 1:0.50:0.25:1200. Next, the colloid
was transferred into a dialysis membrane and dialyzed to remove
Ci6TMABr. To verify the effectiveness of the frameworks
relative to silica, a degradation test in phosphate-buffered saline
(PBS, pH 7.4) and an RBC hemolysis test were performed. For
control experiments, colloidal silica (CS) nanoparticles and

Received:  February 26, 2011
Published: May 03, 2011

8102 dx.doi.org/10.1021/ja201779d |J. Am. Chem. Soc. 2011, 133, 8102-8105



Journal of the American Chemical Society

COMMUNICATION

DA NIMS Wi
., ' 2
R spe

Figure 1. (a) Appearance of CMP-SQ (0.25 wt %). (b) Transmission
electron microscopy (TEM) image of CMP-SQ. (c) Scanning electron
microscopy (SEM) image of CMP-SQ. (d) Bright-field scanning TEM
(STEM) image of CMP-SQ.

colloidal mesoporous silica nanoparticles (CMP-Si)'" with dia-
meters of ~20 nm were prepared as a typical example (see the
Supporting Information for the detailed experimental conditions).

As shown in Figure 1a, CMP-SQ was almost transparent, with
a clear Tyndall light scattering of the colloidal solution (0.25 wt %).
The UV—vis transmittance spectrum of CMP-SQ (Figure S1b in
the Supporting Information) shows transparency in the visible-
light region. The UV—vis absorbance spectrum (Figure Slc)
shows the presence of an absorption band at wavelengths less
than 250 nm, which is assignable to the ethenylene group.
In contrast, the band was not detected for a filtrate of CMP-
SQ, which was separated with a centrifugal filter device (see the
Supporting Information). Consequently, the UV—vis data in-
dicate the presence of well-dispersed nanoparticles in the solu-
tion. The dispersity of the colloid was further confirmed by
dynamic light scattering, which revealed a mean diameter of
24 nm. The colloid could be concentrated up to 26 wt % while
retaining the transparency (Figure Sla). In addition, the aggre-
gation of nanoparticles was not observed after repeated con-
centration—dilution cycles (10 times) at 2 and 20 wt % (Figure
S2). The isoelectric point (IEP) of CMP-SQ was estimated to
be between S and 6 from the {-potential data for CMP-SQ
(Figure S3). The higher IEP of CMP-SQ in comparison with a
silica surface (~2) can be explained by the reduction of the
silanol acidity induced by an electron-donating ethenylene
bridging group.’

Electron microscopy images revealed the presence of uniform
nanoparticles with diameters of ~20 nm (Figure 1b—d) and
black and white contrast within each nanoparticle (insets of
Figure lc,d). The presence of the mesostructure was also
confirmed for a dried sample by the powder X-ray diffraction
pattern, which contained a broad peak at 2.4° (d = 4.6 nm)
(Figure S4a). The pattern was similar to that of aggregated
mesoporous nanoparticles reported by Haskouri et al.'* The
surface area and pore volume of dried CMP-SQ (d-CMP-SQ)
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Figure 2. Solid-state CP/MAS NMR spectra of d-CMP-SQ: (a) BC (@
indicates the residual C,sTMA); (b) *’Si.

were calculated to be 640 m*/g and 0.57 cm®/g, respectively
(Figure S4b). The pore size distribution obtained using the
nonlocal density functional theory (NLDFT) method showed
two broad peaks in the mesopore range (Figure S4c). Thermo-
gravimetric analysis (Figure SS) suggested that the removal of
C16TMA was almost complete (>99%). The "*C cross-polariza-
tion/magic-angle-spinning (CP/MAS) NMR spectrum of d-CMP-
SQ_showed the presence of ethenylene units by si%nals at 139
ppm (1, cis isomer) and 146 ppm (1, trans isomer)7’1 (Figure 2).
The *Si CP/MAS NMR spectrum of d-CMP-SQ_showed only
three signals at —82.3, —72.5, and —63.3 ppm, which were assignable
to T, T? and T" units [T* = RSi(OH);_,(OSi),], respectively,
indicating the formation of the silsesquioxane frameworks.

We tried to prepare several colloidal mesoporous silsesquiox-
ane nanoparticles with methylene-, ethylene-, ethynylene-, and
phenylene-bridged bis(triethoxysilane)s under the same condi-
tions as CMP-SQ. Every silsesquioxane precursor, except for one
containing a phenylene group, led to the formation of colloidal
nanoparticles with a mesostructure (their appearances and TEM
images are shown in Figure S6). For silsesquioxanes with larger
bridging groups, such as phenylene, the hydrophobicity of the
monomeric species may inhibit dispersion in water. Therefore,
the compactness of the bridging groups is important for realizing
the colloidal mesoporous nanoparticles.

To verify the effectiveness of the silsesquioxane frameworks
with respect to degradation resistance toward phosphate-buf-
fered saline (PBS), dialysis tubes including CMP-Si or CMP-SQ
were immersed in the solution. As shown in Figure 3a, ~18% of
the CMP-Si framework was dissolved after 25 h of immersion. In
contrast, only <1% of the CMP-SQ framework was dissolved. In
the investigation of the degradation for 15 days (Figure 3b), 90%
of the CMP-Si degraded within 10 days. On the contrary, only
<2% of CMP-SQ was degraded even after 15 days. Obviously, the
resistance of the ethenylene-bridged silsesquioxane framework
toward hydrolysis in a PBS solution is higher, and this is a result
of the greater stability of the bonds in a silsesquioxane frame-
work. This stability is expected to be suitable for long-term
bioimaging. For use of such nanoparticles as a drug carrier,
decomposition after the release of the drug should be considered.
Stimuli-responsive units and/or biodegradable groups can be
incorporated into the frameworks for these purposes.

Figure 4 shows the hemolysis behavior of three types
colloidal nanoparticles (CMP-SQ, CMP-Si, and CS) in PBS
solution (pH 7.4) (TEM images of CMP-Si and CS are shown
in Figure S7). The hemolytic activity was found to be ordered as
follows; CS > CMP-Si > CMP-SQ. Although the detailed
mechanism of hemolysis of RBCs by silica is not well under-
stood, it has been suggested that the hemolytic activity of silica
is related to the density of surface silanol groups.* In particular,
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Figure 3. Dissolution behavior of CMP-Si and CMP-SQ in a PBS solution

for (a) 25 hand (b) 1S days. The inset in (b) illustrates the scheme of this

experiment. CMP-SQ was aggregated in the solution after 24 h.

1004 __ .
; —

20 Y

- r&\l— -
s @+
704! | e : —e-CS
o s l colloids b
® 60 :
% hemolysis ¢ CMP-Si
g %0 ~e-CMP-SQ

: )

2eof ool * @

5 1000 1500 2000
Particle concentration (pug / ml)

Figure 4. Percentage of hemolysis of RBCs in the presence of three kinds of
nanoparticles at different concentrations ranging from 10 to 2000 ug/mL.
The inset shows a schematic of this experiment. Each data point represents
the mean = standard deviation of three independent experiments (n = 3).

the electrostatic interaction between a negatively charged silica
surface (silanolate group) and a positively charged trimethyl-
ammonium head groups of the membrane lipid, such as
phosphatidylcholine and sphingomyelin, is considered to be
crucial to the hemolytic behavior.*

As demonstrated by Slowing et al,* the lower hemolytic
activity of CMP-Si relative to CS in this experiment can be
explained by the decrease of the silanol density by the presence of
mesopores. The lower hemolytic activity of CMP-SQ relative to
CMP-Si is considered to be a combination of the lower density
and lower acidity of the silanol groups, which probably reduces
the number of silanolate groups on the surface of the nanopar-
ticles. Therefore, the introduction of silsesquioxane frameworks
into colloidal porous nanoparticles is effective in reducing the
hemolytic activity without any further modifications such as
PEGylation. A toxicity study using standard cell lines, which will
be useful in evaluating CMP-SQ_as a biocompatible material, is
under investigation.

In conclusion, aqueous dispersed colloidal mesoporous nano-
particles containing ethenylene-bridged silsesquioxane frame-
works and having a uniform diameter of ~20 nm were succes-
sfully obtained. We found that the nanoparticles, which had

higher hydrolysis resistance under aqueous conditions, showed
lower hemolytic activity toward bovine red blood cells than did
colloidal mesoporous silica nanoparticles, presumably because of
the longer Si—Si distance and lower acidity of the silanol group.
This report has demonstrated not only the possibility of prepar-
ing colloidal nanoparticles apart from silica but also the useful-
ness of silsesquioxane frameworks without any further modifica-
tions. We believe that the degradation behavior and biocompat-
ibility of the nanoparticles will be optimally tuned for biological
applications by the design of the bridging groups. It has recently
been reported that nanoparticles with sizes of <20 nm can pass
through the blood brain barrier,"* blood vessel walls, and the
gastrointestinal epithelium, which will be useful for cancer thera-
pies."* These colloidal porous nanoparticles are promising for
various biotechnological applications, such as drug carriers as
well as biosensors, artificial bionanoparticles, and hemocompa-
tible coatings.
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