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ABSTRACT

Herein, a facile strategy was firstly developed to synthesize ellipsoidal mesoporous silica nanoma-
terials (MSNs) with well-ordered parallel channels along the short axis. A miniaturized microfluidic
device with spiral-shaped channels was then chosen as a straightforward and general platform to
produce the corresponding hollow counterparts of MSNs under mild conditions. Such reaction pro-
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cess carried out in a microfluidic system was further demonstrated to be more rapid and efficient
than a conventional batch method under equivalent experimental conditions. The evolution of hol-
low structure can be well tuned by flow rates (i.e. etching time), providing a new paradigm for rational

design and engineering of anisotropic nanostructures.

Ellip:oidal mezoporou:
silica manomaterial: (EMSN:)

IMPACT STATEMENT

Hollow ellipzoidal mesoperoa:
zilics nanomaterials (HEMSN:)

This study developed a straightforward and general microfluidic platform to produce hollow nanos-
tructures, providing new routes for rational design and engineering of functional nanomaterials.

1. Introduction

Mesoporous silica nanomaterials (MSNs) have attracted
considerable attentions in various fields because of their
many superior properties, such as relatively high surface
area, large pore volume, good mechanical stability, and
biocompatibility [1]. Over the past two decades, great
efforts have been devoted to the rational design of MSNs
for maximizing their application efficacies through opti-
mization of the physicochemical characteristics, includ-
ing particle size, pore, and surface chemistry. However,
a majority of reported materials are those of spheri-
cal shape, and research on anisotropic-shaped MSNs
still lags behind [2]. Recent evidence, from both exper-
imental and theoretical aspects, reveals that the shapes
of nanomaterials play significant roles in their perfor-
mance [3-5]. Therefore, developing facile strategies to

synthesize anisotropic-shaped MSNs is in a great chal-
lenge but also in great demand.

Hollow mesoporous silica nanomaterials (HMSNs) as
one kind of MSNs with typical thin shell and large inner
void have already shown unique advantages in sensing,
drug delivery, energy, and catalysis fields [6]. The for-
mation of HMSNs can be generally realized by either a
hard template strategy (such as TiO,, Fe30y4, gold, and
polystyrene nanoparticle as inner core) or a soft tem-
plate strategy (such as emulsion droplet, supramolecular
micelle, and polymer vesicle as support materials) [6,7].
However, both strategies have some inherent drawbacks.
For example, in these cases, the template-removal process
should undergo by either calcination at an elevated high
temperature or selective dissolution in strong acidic/basic
solvents, which is often time-consuming and results in
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the resultant products with uncontrollable deformations.
Therefore, there are still very limited methods for the
controllable synthesis of HMSNs, and even fewer for
anisotropic-shaped HMSNss [8,9].

Different from a macroscale conventional batch reac-
tor, a microfluidic reactor as a newly developed technique
offers an alternative promising platform for nanomateri-
als synthesis due to its special capabilities for delicate con-
trol on the microscale over diffusion and mixing in fluid
flow [10,11]. In principle, the microfluidic reactor allows
precise flow rate measurement, intensive mixing, and
rapid chemical reaction kinetics that conventional batch
reactors can hardly reach [12]. Greatly reduced reactor
dimensions are also beneficial for minimizing the local
variations during the synthetic process. And most impor-
tantly, the microfluidic reactor enables the reactions to be
carried out in a stable and continuous way under auto-
mated conditions, which is essentially favorable for the
reproducible synthesis of nanomaterials.

Herein, we firstly developed a facile strategy to
synthesize ellipsoidal mesoporous silica nanomateri-
als (EMSNs) with well-ordered parallel channels along
the short axis using cetyltrimethylammonium bromide
(CTAB) and tyrosine as structure directing agents and
tetraethyl orthosilicate (TEOS) as a silica precursor in
dilute ammonia solution. A miniaturized microfluidic
device with spiral-shaped channels was then chosen
as a self-template directing tool to produce the hol-
low counterparts of EMSNs using phosphate buffered
saline (PBS) as the etching agent and bovine serum
albumin (BSA) protein as the surface protective coat-
ing agent at room temperature. The comparison of effi-
ciency between the microfluidic reactor and the conven-
tional batch reactor, the capability of such a microflu-
idic reactor as a general platform for producing hollow
MSNSs, and the effect of flow rates (i.e. etching time) on
the morphological changes were investigated. In addi-
tion, their potential applications in biomedicine were
examined.

2. Methods
2.1. Synthesis of EMSNs

Briefly, CTAB (0.6 g) and tyrosine (0.3 g) were dissolved
in 450 mL water, and then ammonia (25%, 4 mL) was
added with gentle stirring for 20 min. TEOS (9 mL) was
finally added dropwise with stirring, the mixture was cen-
trifuged after 1h to collect the solid products. CTAB
and tyrosine were removed with acidic ethanol (25 mL
37% HCl in 750 mL ethanol). After thoroughly washing
and drying, the resultant white powder was yielded as
EMSNE.
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2.2. Fabrication of microfluidic device

The five-run spiral-shaped microchannel was fabricated
from polydimethylsiloxane (PDMS) using soft lithogra-
phy. Briefly, after designing the pattern with AutoCAD,
film mask was obtained (from Fine Line Imaging, Inc.)
to fabricate the master mold using standard photolithog-
raphy. PDMS replica was then produced by pouring the
PDMS precursor onto the mold and curing the struc-
tures at 65°C for 3h. Microchannels were formed by
bonding the PDMS replica to a standard glass slide after
oxygen plasma treatment. The width and height of the
microchannel are 500 and 50 um, respectively. The small-
est diameter of the spiral microchannel is 5.25 mm, and
then it increases from 11.0 to 22.2 mm with an increment
of 1.4 mm for each half run.

2.3. Synthesis of HEMSNs

To form hollow counterparts of EMSNs, EMSNs (90 mg)
and BSA (9 mg) were dispersed in 30 mL water as one
inlet flow and 30 mL PBS (pH 7.4, 2x) as the other inlet
flow. The two inlet flows were pumped (PHD-2000, Har-
vard Apparatus) into the spiral microchannel both at a
flow rate of 100 pL/min at room temperature, and the as-
synthesized products were collected at the outlet. As a
comparison, all the above reactants were put into a 100-
mL beaker as a conventional batch reactor for chemical
reactions under same conditions.

2.4. Drug-loading, release, and in vitro cytotoxicity
test

To load Doxorubicin (Dox), nanomaterials were mixed
with Dox (2.8 mM) in a weight ratio of 1:1. The mix-
ture was gently stirred at 37°C under dark conditions,
followed by centrifugation and washing twice with water
to obtain EMSNs-Dox and HEMSNs-Dox. For the drug
release, EMSNs-Dox and HEMSNs-Dox samples were
immersed in PBS, and the supernatant was collected at
given time intervals. The loading and release amount of
Dox were determined by UV/Vis spectroscopy at 233 nm
using a standard calibration curve of Dox. Drug-releasing
results were obtained in triplicates. The cytotoxicity of
EMSNs, HEMSNs, EMSNs-Dox, HEMSNs-Dox, and free
Dox was evaluated using the CCK-8 viability assay. SK-
BR-3 and HEK-293 cells were seeded at a density of
8000 cells per well in 96-well plates. After incubating
cells with tested substrates for 24h, 10 uL of CCK-8
reagent was added to each well and incubated for 4h.
The absorbance of the resulting solution in each well was
recorded at 450 nm using a microplate reader (TECAN
SPARK 10M).
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3. Results and discussion

Anisotropic EMSNs were synthesized using CTAB and
tyrosine as structure directing agents, TEOS as a sil-
ica precursor, and dilute aqueous ammonia as a cata-
lyst. As shown in Figure 1, well-defined EMSNs with
an average long axis length of ~150nm and an aver-
age short axis width of ~80nm can be successfully
obtained, and the mesoporous channels can be obviously
seen as running parallel to the short axis (Figure 1(E)).
Such well-ordered and relatively short channels promise
great possibilities for mass transfer applications. Nitro-
gen sorption results showed that EMSNs exhibit a type IV
isotherm (Figure S1A), typical for hexagonal cylindrical
mesoporous channels [13]. The pore size of EMSNs was
measured to be 2.78 nm by the Barrett-Joyner-Halenda
(BJH) method (Figure S1B). The pore volume and
Brunauer-Emmett-Teller (BET) surface area were cal-
culated to be 0.81cm’g~! and 923.7m? g !, respec-
tively. Tyrosine plays a dominant role while oth-
ers have relatively minor effects on the formation of
EMSNs. Especially, only near-spherical mesoporous sil-
ica nanoparticles can be observed in the absence of tyro-
sine (Figure S2), indicating its important and essential
role in assisting the growth of anisotropic ellipsoidal
nanostructures.

To form the hollow counterparts of EMSNs, we chose
a miniaturized microfluidic reactor with special spiral
channels because of its superior properties for microreac-
tions, such as low Reynolds number and transverse Dean
flow across the channel [14], which will facilitate the effi-
cient and intensive mixing and thus greatly shorten the
reaction time compared to conventional batch reactors.
As shown in Figure 2(A), a microfluidic device hav-
ing the five-run spiral microchannel was designed with
two inlets for mixing the reactants and one outlet for
collecting the resultant products. These two inlets for
introduction of multiple starting reagents, the enhanced
mixing properties of the spiral pattern, and the compact
placement of microchannels with a relatively long length
make this microreactor platform advantageous for car-
rying out chemical reactions. Specifically, EMSNs and
BSA protein were dispersed in water as one inlet flow
and an equivalent volume of PBS (pH 7.4, 2x) as the
other inlet flow. The two inlet flows were pumped into
the spiral microchannel both at a flow rate of 100 pL/min
at room temperature. Since the isoelectronic point of
BSA protein is ~4.9 [15], it can be easily adsorbed
onto the surface of EMSNSs via the electrostatic attraction
before they meet PBS to initiate the microreactions. The
Reynolds number of such microreactors was calculated to

Figure 1. (A-C) TEM images of EMSNs at different magnifications. (D) and (E) are the top-view and side-view images of single EMSN,
respectively. (F) A schematic illustration of the ellipsoidal nanoparticle with parallel mesoporous channels along the short axis.
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Figure 2. (A) Experimental set-up for the microfluidic synthesis of HEMSNSs, with a quarter-dollar coin for scale. (B) Comsol simulation
result of mixing in the microfluidic spiral channel, where two flows having different concentrations could achieve complete mixing within

about one run (see simulation details in SI).

be 6.14, indicating the presence of laminar flow inside the
microchannel. Comsol simulation result of mixing in the
microfluidic spiral channel further revealed its rapid and
efficient capabilities for chemical reactions (Figure 2(B)).

As shown in Figure 3, well-defined HEMSNs with
a typical thin shell layer of ~10nm and large hollow
void can be successfully obtained from the miniaturized
microfluidic spiral-shaped reactor. HEMSNs retained the
morphology of EMSNs without any apparent changes in
the particle length and width, but the mesochannels of
HEMSNSs seem a little blurry and are not as ordered as
that of EMSNs (Figure 3(E)), probably due to the etching
action of PBS. After thermal decomposition to remove
BSA protein (Figure S3), nitrogen sorption results of
HEMSNs showed that, compared to EMSNs, the BJH
pore size was increased to 3.03 nm, and the pore vol-
ume and BET surface area were changed to 0.45 cm® g~!
and 520.4m? g~ !, respectively (Figure S4). Using the
same protocol, well-defined hollow spherical and rod-
shaped mesoporous silica nanostructures can be also
formed (Figures S5 and S6). In addition, the microreac-
tor enabling the introduction of flows into the curved
microchannels at a lower Reynolds number showed a
considerable improvement of mixing performance as
compared to that of the batch reactor. The transition
time from EMSNs to HEMSNs via a microreactor is less
than 4 s (see calculation details in the Supporting Infor-
mation), whereas the batch reactor needs at least 18 h
to make EMSNs evolve into their hollow counterparts
under the same reaction conditions (Figure S7). These
results reveal that such a microfluidic spiral-shaped reac-
tor can not only be acting as a general platform to
produce hollow nanostructures but also exhibit more
rapid and eflicient capabilities than conventional batch
reactors.

We further separately investigated the specific roles of
PBS, BSA protein, and flow rates (i.e. etching time) in the
microfluidic reaction system. When the PBS was replaced
with water, the nanostructures of EMSNs were still intact
and no obvious etching effect can be observed (Figure
S8). In the absence of BSA protein as a surface protective
layer, both the surface and inner matrix of EMSNs were
eroded and no intact nanostructures can be obtained
(Figure S9). The effect of the flow rates on the morpholog-
ical changes of EMSNs was also examined to understand
the etching time. As shown in Figure 4, the etching extent
of EMSNs was gradually decreased with increasing flow
rates. At 1000 uL/min (0.38 s etching time), the prod-
uct from the outlet maintained almost complete struc-
tures of EMSNS, and only the mesoporous channels were
slightly etched but still can be seen vaguely. When the
flow rate was set as 500 uL/min (0.75 s etching time), the
ordered mesoporous channels disappeared, but a major-
ity of the inner matrix of EMSNs was still retained.
Comparatively, at 200 uL/min (1.88 s etching time), the
inner matrix of EMSNs began to be dissolved and hol-
low inside became to some extent appeared. At a flow rate
of 100 pL/min (3.76 s etching time), well-defined hollow
ellipsoidal nanostructures with a robust shell and large
inner void were formed. However, when the flow rates
continue to go lower, such as 50 uL/min (7.52 s etching
time) and 20 puL/min (18.81 s etching time), even the shell
of the hollow nanostructures can be partly etched and
finally evolve into irregular pieces. These results not only
help for revealing the morphology evolution process of
hollow nanostructures but also help for a full understand-
ing of the nano-bio interactions, especially stability and
biodegradability [16].

Non-spherical micro-/nanomaterials have already
shown great potentials in diverse applications [7,17,18].
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Figure 3. (A-E) TEM images of HEMSNs at different magnifications. (F) A schematic illustration of the hollow ellipsoidal nanoparticle

with typical shell and inner void.

100

Increasing flow rates (uL/min)

200 nm

Figure 4. The effect of the flow rates (i.e. etching time) on the morphological changes of EMSNs.

Owing to their special anisotropic ellipsoidal shape, rel-
atively rich and short pore passages, and high pore vol-
ume, both EMSNs and HEMSNSs will be also ideal for
many applications, especially for those involving the mass
transfer. We then investigated their drug-loading capacity
toward Doxorubicin (Dox, an anticancer drug), drug-
release profile in different physiological pH conditions,
and cancer cell inhibition activity against SK-BR-3 cells.
The amounts of Dox loaded into EMSNs and HEMSNs

were determined to be 358.9 and 467.4 mg/g of nanoma-
terials, respectively, indicating the superior drug-loading
capacity of these anisotropic nanostructures compared
to conventional shapes [19,20]. The drug-release tests of
Dox-loaded nanomaterials, EMSNs-Dox and HEMSNs-
Dox, were conducted at both single pH conditions
(Figure 5(A)) and a single-step change of pH conditions
from pH 7.4 to pH 4.5 (Figure 5(B)). Although all of them
can be continuously released, Dox from EMSNs-Dox and
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Figure 5. Comparison of drug-release profiles and in vitro cytotoxicity tests. (A) and (B) Release profiles of Dox from EMSNs-Dox and
HEMSNs-Dox in both single pH 4.5 and pH 7.4 conditions (A), and a single-step change in the pH condition from pH 7.4 to pH 4.5 (B). (C)
SK-BR-3 cell viability with particle concentrations of EMSNs and HEMSNs from 31.25 to 1000 rug mL~" for 24 h. (E) SK-BR-3 cell viability
with Dox concentrations of free Dox, EMSNs-Dox, and HEMSNs-Dox from 10 to 1000 nM for 24 h.

HEMSNs-Dox showed varying degrees of pH-dependent
release. At pH 7.4, both EMSNs-Dox and HEMSNs-
Dox exhibited very similar slow release profiles and only
nearly 12% of the drug was released after 48 h. The drug-
release rates were increased with decreasing pH (Figure
§10). At even lower pH condition (pH 4.5), the drug-
release rates of EMSNs-Dox and HEMSNs-Dox can be
increased to 65.4% and 76.1%, respectively. For the pH
conditions with a single-step change of pH values, rela-
tively slow release profile was observed in the first phase
(pH 7.4) and then obviously rapid release happened in the
second phase (pH 4.5). The differences in drug-release
rates, especially in acidic conditions, may be caused by
the difference in their pore sizes. This kind of a pre-
cisely pH-controllable drug-release manner makes these
anisotropic nanostructures an ideal nanomedicine plat-
form for cancer therapy due to the pH difference between
acidic intracellular compartments of cancer cells and
neutral extracellular space [21]. Cytocompatibility results
showed that both EMSNs and HEMSNs exhibit no signif-
icant adverse effect on the cell viability of SK-BR-3 cells

(up to 1000 pg mL~1), but HEMSNs-treated cells have a
relatively higher cell viability than EMSNs-treated ones
(Figure 5(C)). These results were confirmed by the nor-
mal cell line HEK-293 (Figure S11). The cancer cell inhi-
bition results further revealed that, compared to free Dox,
both EMSNs-Dox and HEMSNs-Dox show stronger cell
inhibition efficacy (Figure 5(D)). The half inhibitory con-
centration of free Dox is 2.6-fold of EMSNs-Dox and 3.6-
fold of HEMSNs-Dox, which may be probably caused by
the enhanced cellular uptake of the anisotropic-shaped
drug nanocarriers and the following effective targeted
drug release inside cells. In addition, the relatively higher
cancer cell inhibition rate of HEMSNs-Dox than that of
EMSNs-Dox also agrees well with their in vitro drug-
release profiles (Figure 5(A,B)).

4. Conclusions

In summary, we firstly developed anisotropic EMSNs
with well-ordered parallel channels along the short axis
using CTAB and tyrosine as structure directing agents.
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A miniaturized spiral-shaped microfluidic device was
then chosen as a self-template directing tool to success-
tully produce HEMSNs using PBS as the etching agent
and BSA protein as the surface protective coating agent
at room temperature. Such a microfluidic reactor was
demonstrated to be a general platform for producing
hollow nanostructures and exhibited more rapid and
efficient capabilities than the conventional batch reac-
tor. The shape evolution toward hollow nanostructure
was primarily determined by the flow rates (i.e. etching
time). Both EMSNs and HEMSNs exhibited superior per-
formance in nanomedicine, such as high drug-loading
capacity, controllable drug release, and enhanced can-
cer cell inhibition activity. These results not only provide
new routes to synthesize anisotropic nanomaterials but
also help for a systematical understanding of nano-bio
interactions.
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