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ABSTRACT: Despite the extensive application of ellipsoidal micro-/nano-
particles, the synthesis of shape anisotropic ellipsoids is rare because of the
minimization of surface free energy that favors simple spherical shape rather than
complex nonspherical shape. We present the synthesis of silica ellipsoids with
hexagonal mesostructure via the organic—inorganic cooperative assembly in the
presence of cosolvents (KCl and ethanol). The aspect ratio of ellipsoids can be
tuned systematically by controlling the concentration of ethanol. Transmission
electron microscopy (TEM) shows that the ellipsoid possesses one-dimensional
(1-D) pore channels parallel to the major axis, and the electron tomography (ET)

technique shows that the ellipsoid has indeed hexagonal prism morphology in the

middle and ellipsoidal morphology at two tips. A mechanism for the formation of mesoporous silica ellipsoids has been proposed.
Importantly, magnetite/silica composite ellipsoids were prepared through a nanocasting route and can be used as building blocks
to organize into ordered arrays in response to an external magnetic field. In addition, after functionalized with amino-groups, the
amino-modified anisotropic magnetite/silica ellipsoids can be further used as carriers for delivering oligo-DNA-Cy3 into tumor
cells, showing potential in directed self-assembly and drug/gene delivery.
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1. INTRDUCTION

Nonspherical micro-/nanoparticles have received considerable
attention as compared with their spherlcal counterparts because
of their dlrected self-assembly’ for unusual photonic,*
electromagnetlc, and rheological properties.””® Among
these nonspherical particles, anisotropic ellipsoidal particles
are of particularly interest because their colloidal behavior such
as Brownian motion,> maximum packing,sb as well as crystal
can be tuned systematically by changing the aspect
ratio of their axes. Moreover, ellipsoidal particles can be an
excellent model system in condensed matter physics* and drug
delivery vehicle design.” For example, Singh et al® showed that
anisotropic ellipsoids can be organized into both the transla-
tional and orientational order through field-guided assembly,
leading to new structures that are otherwise unattainable using
spherical particles, such ordered structures may have new
photonic” and mechanical properties.® Chen et al’ described
core/shell structured ellipsoids with anisotropic geometry
shape for enhanced cellular uptake, showcasing the diverse
applications of ellipsoidal shaped structures.

Despite the progress, the synthesis of ellipsoidal particles is,
in general, a big challenge because of the minimization of
surface free energy that usually favors simple spherical shapes
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ellipsoids, mesoporous silica, directed self-assembly

rather than complex nonspherical shapes. Therefore, most
synthesis methods currently used have to rely on the
amsotroplc deformation strategy 1nc1ud1ng high energy ionic
1rrad1at10n, 9 chemical ionic etchlng, photoinduced defor-
mation,'® mechanically stretching,' od compressing the pre-
synthesized spherical particles,"* 8 and microfluidics proc-
essing.IOhi However, multistep preparation procedures, ex-
pensive equipment, and low yield of products limit the
application of ellipsoidal particles prepared by these indirect
methods. The sol—gel approach provides an alternative route to
produce nonspherical particles by carefully controlling the
nucleation and growth processes; nevertheless, only a few
methods are available for generating ellipsoidal particles.''
Therefore, it is important to develop a facile approach to
fabricate ellipsoidal particles with inexpensive equipment and
high yields.

Polymeric surfactants can spontaneously organize into
spherical micelles and further transfer to nonspherical rod-like
shapes in the presence of ethanol and KCL.'> We hypothesize
that by adding both ethanol and KCI into the surfactant
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templating system, mesostructured silica/surfactant composites
with nonspherical ellipsoidal morphology can be cooperatively
self-assembled."® In this work, for the first time, we report the
successful synthesis of mesoporous silica ellipsoids using a
triblock copolymer EO20PO70E020 (EO is poly(ethylene
oxide); PO is poly(propylene oxide), a commercial product
known as Pluronic P123) as the template and tetraethyl
orthosilicate (TEOS) as the silica precursor, in the presence of
additive agents (KCI and ethanol) under acidic medium. The
products exhibit an ellipsoidal morphology and have a highly
ordered two-dimensional (2-D) hexagonal mesostructure, with
pore channels parallel to the major axis of the ellipsoid.
Moreover, the aspect ratio (major versus minor axis) of the
mesoporous silica ellipsoids can be tuned systematically by
controlling the concentration of ethanol. Significantly, magnetic
mesoporous ellipsoidal silica particles have been prepared,
which can be directly assembled into ordered arrays in response
to external magnetic field. Furthermore, after grafting on the
silica surface with amine group, the aminated magnetite/silica
ellipsoids show excellent cellular uptake performance with
potential applications such as siRNA/gene delivery carriers.

2. EXPERIMENTAL SECTION

(1). Synthesis of Mesoporous Silica Ellipsoids. In a typical
synthesis process of nonspherical anisotropic mesoporous silica
ellipsoids, 1.60 g triblock copolymer Pluronic P123 was added to a
mixture of 1.80 g ethanol, 5.60 g KCl, and 60 g 2 M HCI to form a
homogenous solution under stirring at 311 K. Then, 2.12 g of TEOS
was added to this solution under vigorous stirring. The molar ratio of
P123/ethanol/KClI/HCI/H,O/TEOS is 1:142:272:435:11200:27.
After stirring for 5—10 min, the mixture was kept under static
condition at 311 K for 24 h, subsequently, it was transferred into an
autoclave to be heated and to be kept at 393K for 24 h. Finally, the
solid products were collected by filtration, washed with deionized
water thoroughly to remove the KCl salt, dried, and calcined at 773 K
for 4 h in flowing air. Mesoporous silica with a tunable aspect ratio was
further synthesized by changing the amount of ethanol while the other
reaction conditions remained the same.

(2). Synthesis of Fe;0,/Silica Composite Ellipsoids. S0 mL of
Fe(NOj;); solution in ethanol with 3.5 g of Fe(NO;);y9H,0 was
added to 1.25 g of mesoporous silica ellipsoids particles (aspect ratio
of 2.26). After stirring slowly for 10 min, the mixture was dried in air
to form Fe(NOj;);/silica composite; the composite was then calcined
at 573K for 3 h and reinfiltrated under the same conditions, followed
by calcination at 773K for 3 h. Fe;O,/silica composite ellipsoids were
obtained after being reduced at 573K for 6 h under H, atmosphere.

(3). Assembly of Fe;0,/Silica Composite Ellipsoids. The
assembly of magnetite/silica composite ellipsoids could be realized
through slow drying of the composite suspension in the presence of an
external magnetic field. Composite ellipsoidal particles (10 mg) were
dispersed in 20 mL of ethanol under sonic treatment. A droplet of
particle suspension was deposited on a silicon substrate; subsequently,
a neodymium bar magnet (3000 G) was placed adjacent to the droplet
with the magnetic field directed either parallel or perpendicular to the
substrate. After slow drying of the suspension under ambient
conditions, the resulting structure was observed using scanning
electron microscopy (SEM).

(4). Mesoporous Magnetitie/Silica Ellipsoids Internalized
with Hela Cells. (a). Amine Group Modification of Fe;0,/SiO,
Particles. Fe;0,/SiO, particles were added into a flask containing 40
mL of toluene and refluxed at 107 °C for 2 h; then, 0.5 mL 3-amino-
propyltriethoxysilane (APTES) was added and refluxing continued for
another 24 h. The final modified materials were obtained by
centrifuging and were washed 3 times with toluene.

(b). Oligo-DNA-Cy3 Binding by Electronic Interaction. 10 uL of §
mg/mL amine-Fe;0,/SiO, particles was diluted in 90 L PBS; then, 1
uL of 10nM oligo-DNA-Cy3 was added in the above solution, and was
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shaken. After that, the mixture was put into a 4 °C refrigerator
overnight. The particles were collected by centrifugation and washed
twice with PBS to get rid of unbound oligo-DNA-Cy3. Subsequently,
the particles binding with DNA were resuspended in culture media
DMEM without Fetal Bovine Serum (FBS), which was ready for the
following cell uptake test.

As control groups, we used the unmodified Fe;0,/SiO, particles
treated using above method and same amount of naked oligo-DNA-
Cy3 (1 puL of 10 nM) in 100 uL of DMEM without FBS, separately.

(c). Cell Uptake Testing. HeLa cells were plated at 1 X 10° cells per
well in a 6-well plate at 37 °C and 5% CO, and cultured for another 24
h. After that, the medium was replaced with fresh DMEM without
FCS, and then, the suspended complexes of oligo-DNA-Cy3 and
particles were added to HeLa cells. After incubation for 5 h, HeLa cells
were washed twice with PBS, and then, the cells were fixed with 4%
paraformaldehyde, and their nuclei were stained with S—6 drops of §
ug/mL 4',6-diamidino-2-phenylindole (DAPI) in 10% glycerol. The
cells were visualized under a confocal microscope.

Materials Characterization. Scanning electron microscopy (SEM)
observations were performed on a Hitachi S-3400N scanning electron
microscope operated at 15 kV to clarify the surface structure. For SEM
observation, the specimen was coated with gold for 2 min to reduce
the charging problem. Transmission electron microscopy (TEM)
investigations were performed with an FEI Tecnai T12 transmission
electron microscope operated at 120 kV and a JEM-2100 transmission
electron microscope operated at 200 kV. The cross-sectional TEM
specimens were prepared using ultramicrotome (Leica ultracut 63),
and the thickness of the section is ca. 20 nm. The acquisition of the tilt
series for electron tomography (ET) was performed with an FEI
Tecnai F30 transmission electron microscope operating at 300 kV. All
TEM images tilted from —60° to +60° were digitally recorded at a
given defocus in a bright-field mode. The data processing was
performed with IMOD software."® Nitrogen adsorption/desorption
isotherms were measured at 77 K by using a Micromeritics ASAP
Tristar 3000 system. Prior to examination, the samples were degassed
at 453K overnight on a vacuum line.

3. RESULTS AND DISCUSSION

Calcined nonspherical silica with a relatively uniform ellipsoidal
morphology and high yield can be observed in a representative
low-magnification scanning electron microscopy (SEM) image
(Figure 1). The ellipsoidal samples in Figure 1 have an average
major axis of 1.38 + 0.15 ym and minor axis of 0.61 + 0.07 ym
(estimated statistically from SEM images of S0 particles) and an
aspect ratio of 2.26. The SEM image taken at a higher
magnification (Figure 1 inset) of one individual particle reveals
that the geometric shape of the nonspherical silica is a typical
ellipsoid. In its low-angle X-ray diffraction (XRD) pattern of
calcined mesoporous silica ellipsoids with an average aspect
ratio of 226 is shown in Figure S1 in the Supporting
Information. There are three sharp diffraction peaks that can be
indexed as (100), (110), and (200) reflection of a highly
ordered, two-dimensional hexagonal p6m mesostructure,'* and
the cell parameter calculated from d,oy is 10.8 nm (Table S1 in
the Supporting Information).

The conventional transmission electron microscopy (TEM)
image also shows an ellipsoidal morphology (Figure 2a);
moreover, it is seen that highly organized 1-D pore channels are
oriented parallel to the ellipsoidal major axis over the entire
ellipsoidal domain. The distance between two adjacent
channels is measured to be ~9.3 nm, corresponding to the
d,go spacing. To investigate the internal pore architecture of an
individual nonspherical mesoporous silica ellipsoid in relation
to the external morphology, the electron tomography (ET)
technique'® was performed (Movie S1 in the Supporting
Information). For the selected ellipsoid shown in Figure 2a, a
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Figure 1. SEM image of the calcined nonspherical mesoporpous silica
with ellipsoidal shape; the inset is a high-magnification one.

Figure 2. TEM image of (a) typical mesoporous silica ellipsoid and its
corresponding 3-D reconstruction, viewing along z (b) and y (inset of
b) axes; (c—e) ultrathin ET tomographic slice images at different
positions along the y-axis, corresponding to the dashed lines indicated
in part a. The Formvar film is located at the top of parts c—e. The scale
bar is 200 nm.

series of tilted TEM images ranging from —60° to +60° at an
interval of 1° were digitally acquired along the ellipsoidal major
axis (y- axis, as shown in Figure 2a). Five typical TEM images at
the tilt angles of 0, + 30, and +60° are shown in Figure S2 in
the Supporting Information, showing that the morphology of
the particle is similar in the tilt series, while the highly ordered
1-D pore channels can only be observed at given angles (0°,
+60°) because of the nature of the 2-D hexagonal symmetry, in
which the d;o, spacing can only be clearly seen from certain
positions with an interval of 60°.

Figure 2b is the surface-rendered reconstruction of the
selected ellipsoid with the same view direction as in Figure 2a,
which provides the general structural and 3-D morphological
information. Interestingly, this particle does not have a smooth
surface as expected for a perfect ellipsoid: a sharp edge can be
clearly seen along this view direction. Moreover, a hexagonal
morphology rather than a round shape can be observed when
viewing it along the y-axis (inset of Figure 2b). To further
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Figure 3. SEM images and plot of nonspherical mesoporous silica
ellipsoids with controllable aspect ratio (AR) versus different amounts
of ethanol: (a) 1.4 g, AR = 2.94; (b) 1.6 g, AR = 2.46; (c) 1.8 g, AR =
2.26; (d) 2.0 g, AR =2.02; (e) 2.2 g, AR = 1.91; (f) plot of the change
of the aspect ratio of the mesoporous silica ellipsoids with the amount

of ethanol added.
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Figure 4. Schematic illustration of the formation of mesoporous silica
ellipsoids in the presence of various ethanol amounts.

explore this intriguing structure, the ultrathin tomographic
slices on the (xz) plane at selected positions along y-axis
(indicated by dashed lines ¢, d, and e in Figure 2a) are extracted
and shown in parts c—e of Figure 2. The ordered hexagonal
mesopore pattern can be clearly seen in all images. It is noted
that the shape of the cross section changes from near round at a
tip position (dashed line c) to regular hexagon in the middle
(dashed line d), and then back to near round shape at another
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Figure S. SEM images of the magnetite/silica composite ellipsoids
assembled in response to the external magnetic field: (a) ordered
multilayer array assembled parallel to the substrate plane and along the
magnetic field lines (white arrow); (b) ordered single layer array
assembled perpendicular to the substrate and along the magnetic field
lines (pointing out-of-paper as indicated by the white dot). Some
disorder in the particle orientation can be attributed to the capillary
force during solvent evaporation.

tip position (dashed line e), confirming a unique nonperfect
ellipsoid morphology. The whole tomogram along the y-axis
(Movie S2 in the Supporting Information) further shows that
the round section is small at one tip and becomes larger as the
slice numbers along y-axis increase. Meanwhile, the shape
changes to hexagon gradually, and the size of the hexagonal
section remains nearly constant in the middle of this ellipsoid.
Eventually, the hexagonal area becomes smaller, and the section
changes back to the round shape near the other tip. Therefore,
this ellipsoid has indeed hexagonal prism morphology in the
middle and ellipsoidal morphology at two tips. Surprisingly, for
the selected hexagonal mesostructured ellipsoid, part b and
parts c—e of Figure 2 show that the edge of the prism, rather
than a plane, sits on the Formvar film. As a result, the d,,
rather than the d;}, is observed in Figure 2a. These results also
showcase the advantage of the ET technique to characterize
unusual structures over conventional SEM or TEM techniques.

The N, adsorption—desorption measurement of calcined
ellipsoidal silica shows a typical IV isotherm with a clear HI-
type hysteresis loop at relatively high pressure (Figure S3 in the
Supporting Information). The characteristic parameters of the
mesoporous ellipsoidal silica material include a BET surface
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Figure 6. Fluorescence microscopy images of HeLa cells cultivated
with (a) amine group modified Fe;0,/SiO, particles loaded with
oligo-DNA-Cy3; (b) Fe;0,/SiO, particles loaded with oligo-DNA-
Cy3 and (c) naked oligo-DNA-Cy3 for $ h. Blue fluorescence (DAPI
stained nucleus) (Al, B1, and C1), red fluorescence (DNA-Cy3) (A2,
B2, and C2), and merged fluorescence images (A3, B3, and C3).

area of 773 mz'g_l, a total pore volume of 1.38 cm3-g_1, and a
narrow pore size distribution centered at 9.4 nm (Figure S3
inset in the Supporting Information).

The additive agents play an important role during the
synthesis of nonspherical mesoporous silica ellipsoids. By
adding different amounts of ethanol, the aspect ratio of
mesoporous silica ellipsoids can be finely tuned. In accordance
with a previous work'® and also as shown in Figure 4 in the
Supporting Information, without ethanol or when the ethanol
amount is smaller than 1.4 g (see section 2), only rod-like
mesoporous silica is generated. When the amount of ethanol is
1.4, 1.6, 1.8, 2.0, and 2.2 g, the aspect ratio of ellipsoid is 2.94,
2.46, 2.26, 2.06, and 1.91, respectively (Figure 3). While the
amount of ethanol is higher than 2.2 g in the synthesis solution,
mesoporous silica with curled pseudospherical shape can be
obtained (Figure SS in the Supporting Information). The plot
shown in Figure 3f illustrates the dependence of the particle
aspect ratio on the ethanol concentration, which goes from
prolate particles to the ellipsoids with gradually reduced aspect
ratio. The mesoporous silica ellipsoids synthesized at different
ethanol concentrations are further confirmed by XRD (Figure
S6 in the Supporting Information) and nitrogen adsorption—
desorption isotherms (Figure S7 in the Supporting Informa-
tion), and their pore sizes (Supporting Information Figure S8)
and other physicochemical parameters are shown in Table S1 in
the Supporting Information for comparison. Generally, the
surface area decreases with increasing ethanol amounts. Other
additives such as propanol and ethylene glycol, as well as K,SO,
and KNO,, were also screened (data not shown), while only
using ethanol and KCI as additives can produce the
mesoporous ellipsoids.

Many researchers have tried to control the morpholo%y of
mesoporous silica by adding cosolvents'” or cotemplates.”® In
this work, we have shown a first example of shape anisotropic
mesoporous ellipsoids with adjustable aspect ratios. Based on
our experimental observations, a formation mechanism for
mesoporous silica ellipsoids is proposed, as shown in Figure 4.
In aqueous solution, EO, PO,,EO,, tends to form spherical
micelles where the hydrophobic PO block is situated in the
core and the hydrophilic EO block forms the corona.'” The
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addition of a silica precursor and KCl induces the formation of
hexagonally patterned rod-like micelles with preferentially equal
length.'® The use of ethanol as the additive may have two roles.
First, the ethanol is reported to shorten the length of rod-like
micelles.”® Second, the addition of ethanol delays the colloid
phase separation,*" which favors a spherical morphology due to
minimization of surface area (Figure SS in the Supporting
Information). Thus, the ellipsoidal morphology is formed as an
intermediate state during the rod-to-sphere transition, and by
tuning the amount of ethanol, the aspect ratio of mesoporous
silica ellipsoids can be adjusted.

To show the application of anisotropic mesoporous silica
ellipsoids in controlled assembly, the mesoporous silica
ellipsoids with an aspect ratio of 2.26 were loaded with
magnetite by infiltration with Fe(NO,);, followed by pyrolysis
and reduction. As can be observed in Figure S9 in the
Supporting Information, the ellipsoidal morphology is
preserved in the magnetite/mesoporous silica ellipsoid
composites. The XRD patterns reveal that the composites
contain Fe;O, nanoparticles (Figure S10 in the Supporting
Information). The TEM image confirms that the Fe;O, is
embedded in the confined pore channels (Figure S11 in the
Supporting Information). The composite ellipsoids show
ferromagnetic properties with a Ms of 8.0 emu/g and a
coercivity (Hc) of 225 Oe (Figure S12 in the Supporting
Information). The magnetic mesoporous ellipsoids can be
further assembled into ordered arrays in response to external
magnetic fields. As can be seen in Figure S, the composite
ellipsoids can be organized into nematic-like multilayer and
single layer thin film that either parallel or perpendicular to the
substrate with their major axes along the applied field
direction.'®*** To the best of our knowledge, this is the first
example of a nonspherical mesoporous material that can be
intentionally designed as a building block in directed self-
assemblies.

Great efforts®>® have been devoted to the exploration of
interactions between anisotropic micro-/nanoparticles and
cells. To this end, the magnetite/mesoporous silica ellipsoids
were further functionalized with amino-groups, using 3-amino-
propyltriethoxysilane (APTES), and were used as nanocarriers
to test their efficiency to carry oligo-DNA-Cy3 into tumor cells.
Figure 6 al—a3 shows that oligo-DNA-Cy3 can be delivered
into HeLa cells using the amine-modified magnetic ellipsoids.
In contrast, the oligo-DNA-Cy3 can not be delivered by the
unmodified Fe;0,/SiO, ellipsoids (Figure 6 b1—b3) or in the
absence of nanocarriers (i.e., the naked oligo-DNA-Cy3, Figure
6 cl—c3). The results suggest that after proper functionaliza-
tion, the mesoporous silica ellipsoids can be used as efficient
carriers for gene delivery. Considering their large pores and
magnetic properties, this material may have excellent potential
in targeted delivery and therapy.

4. CONCLUSIONS

In summary, we have demonstrated a direct approach to
prepare nonspherical mesoporous silica ellipsoids, the ellipsoids
have hexagonally packed pore channels parallel to the major
axis, and the aspect ratio of the ellipsoids can be tuned
systematically by changing the ethanol concentration. Taking
advantage of their porosity, it is possible to fabricate more
composite ellipsoids with high refractive index for photonic
crystals building blocks. This new type of mesoporous silica
ellipsoids may also enable the design of guided self-assembly,
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multicomponent vehicles for drug delivery or a model system
for condensed matter physics.
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XRD, nitrogen sorption data of nonspherical mesoporous silica
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