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ABSTRACT We have developed a microfluidic method to produce monodisperse, size-controllable silica microspheres via hydrolysis
and polymerization of TEOS at the interface of water-in-oil droplets. By altering the concentration of TEOS in oil phase and CTAB in
aqueous phase, we achieved control over morphology of the microspheres from hollow, to partly hollow, to solid. The hollow silica
microsphere can be used for rapid waste removal and detoxification extraction with a very simple procedure.
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ollow microspheres have attracted broad interests
I—I because of their potential applications in drug de-

livery, adsorption, and microreactors (1 —17). The
conventional techniques for fabricating hollow microspheres
include hard-template (18—21), layer-by-layer (LBL) (22, 23),
and emulsion methods (24—27). The first two methods
require multistep processes and are time-consuming. By
comparison, the emulsion method is a simpler and more
direct route for preparing hollow microspheres. However,
the resulting microspheres have a wide size distribution and
tend to form aggregates. Therefore, methods for single-step,
reproducible synthesis of uniform-sized hollow micro-
spheres are in great demand. Microfluidic technology is an
ideal method for obtaining uniform-size microspheres and
has the advantages of continuous, reproducible, and scalable
production. Studies on using microfluidic technology to
fabricate monodisperse hollow microspheres by means
of interfacial polymerization, photopolymerization or
removal of the solvent from droplets have been reported.
For example, recently Yang et al. (13) have reported a method
to fabricate monodisperse hollow TiO, spheres with embed-
ded nanoparticles in a coflow microfluidic device. Zhang et
al. (28) and McQuade et al. (29) have reported the synthesis
of monodisperse hollow microspheres with controllable
morphology using a droplet microfluidic technique. How-
ever, hollow spheres produced using microfluidic devices are
limited to polymers (7, 12, 14, 15, 28, 30), organosilicon
(29), or inorganic materials like TiO, (13). Synthesis and
fabrication of monodisperse inorganic hollow silica micro-
spheres with controlled size and morphology using microf-
luidic emulsion technique have not been demonstrated yet.
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Because silica is chemically inert, biocompatible, and has a
rich chemistry for conjugating with other ligands, hollow
silica spheres have great potential in a variety of applications.
Itis thus important to develop a simple method to synthesize
uniform size silica hollow microspheres with different
morphology.

In this study, we developed a facile one-step approach to
synthesize size and morphology controllable monodisperse
silica hollow microspheres using a cross-flow microfluidic
device. This approach is based on interfacial polymerization
in monodisperse water-in-oil droplets generated from a
cross-channel microfluidic device with a flow-focusing ge-
ometry. Dispersed aqueous phase (Vyater/Vethanot = 1:1) con-
taining catalyst ammonia and cationic surfactant cetyltrim-
ethylammonium bromide (CTAB) is slowly injected into the
inlet of the cross-flow microfluidic device, and the im-
miscible fluid, the hydrophobic continuous oil phase (31)
containing precursor tetraethyl orthosilicate (TEOS), is in-
jected into the other two inlets in a direction perpendicular
to the dispersed phase. Monodisperse water-in-oil droplets
are continuously generated based on the mechanism of
shear force-driven break-off. Hollow spheres can be pro-
duced when the hydrolyzation and subsequent condensation
of TEOS take place at the water—oil interface. When the
TEOS in the oil phase diffuses to the interface, it will interact
with basic catalyst in the aqueous phase. As a result, the
hydrolysis of TEOS occurs. The hydrolyzed TEOS monomers
will then condensate at the interface. The resultant nega-
tively charged silicates can be steadily fixed by ammonium
cation of CTAB at the W/O interface because of electrostatic
interaction (25, 32), and gradually form the hollow shell
structure (see Scheme 1).

To demonstrate this strategy, we first fabricated a cross-
channel glass microfluidic chip with 250 um x 200 um
(width x depth) for the flow-focusing section (see the Sup-
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Scheme 1. Schematic Illustration of the Droplet

Microfluidic Approach for Preparing Monodisperse
Hollow Silia Microspheres
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porting Information). As shown in Figure 1A, the W/O
droplets generated at the condition of 1 mL/h of oil flow rate
and 0.18 mL/h of aqueous flow rate have a highly uniform
diameter of 131.4 £ 3.0 um. Figure 1B shows scanning
electron microscopy (SEM, Hitachi S-4800, Japan) image of
monodisperse hollow silica particles (mean diameter =
137.0 um, o = 3.2 um) with rough surface. The broken
microsphere caused by high vacuum clearly illustrates the
hollow structure. The thickness of the shell is about 500 nm
according to SEM measurement (see Figure S1 in the Sup-
porting Information). Furthermore, to verify the hollow
structure, we fabricated luminescent shell by adding 5% (v/
v) 100 umol/L 5(6)- TAMRA solution to the oil phase. As
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FIGURE 1. (A) Uniform droplets generated by microfluidic device.
(B) SEM image of the as-synthesized hollow microspheres. (C)
Confocal microscopy image of silica shells with embedded TAMRA.
(D) Profile of luminescence intensity in a single microsphere.
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FIGURE 2. XRD pattern of SiO, hollow microspheres.
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FIGURE 3. Relationship between flow rate (oil/aqueous phase) and
diameter of microsphere (solid line) and droplet (dashed line).

shown in Figure 1C, the luminescent shells synthesized were
observed through Laser Scanning Confocal Microscope (Le-
ica TCS SP5, Germany). Fluorescence intensity profile over
a cross-section of the silica shell in Figure 1D indicates the
diameter of the hollow spheres is about 137 um, consisting
with the size of the microsphere observed by SEM. Figure 2
is the XRD pattern of SiO, hollow microspheres, the bread
peak at 20—26° is the characteristic diffraction peak of SiO,
with amorphous structure. By BET nitrogen absorption
experiment, specific surface area of the microspheres is
measured to be 196.6 m?/g, and pore size is concentrated
at about 2 nm.
One advantage of the droplet microfluidic approach for
hollow sphere synthesis is that we can easily control the
diameter of droplets by varying flow rate of oil and aqueous
phase, and then regulate the diameter of spheres. Figure 3
shows the relationship between the flow rate of two phases
and the diameter of microsphere and droplet, At a fixed oil
flow rate, the diameter of microsphere and droplet both
increase as the velocity of the aqueous flow increases. On
the other hand, when the aqueous flow rate is fixed, the
diameter of microsphere and droplet both decrease as the
velocity of the oil flow increases. The diameter of as-
synthesized microspheres are slightly larger than droplets
because silica at the interface grows out slowly via interfacial
polymerization. Uniform-size hollow microspheres at the
range of 91 to 167 um can be easily obtained when the oil
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FIGURE 4. Confocal microscopy images of silica microspheres with
embedded TAMRA under different conditions. (A—C) Fixed amount
of CTAB (0.03 g), changing the concentration of TEOS (v:v) from 0.08
to 0.2 then to 1.0; (D—F) fixed concentration of TEOS = 0.2 (v:v),
changing the amount of CTAB from 0 g to 0.03 g and then to 0.06 g.

flow rate varies from 0.6 to 1.4 mL/h and the aqueous flow
rate varies from 0.12 to 0.18 mL/h.

With the microfluidic droplet synthesis approach, not
only the size of the sphere can be flexibly controlled but the
morphology of the silica microspheres (ratio of solid part to
hollow part) can also be regulated by altering the concentra-
tion of TEOS and CTAB. For a given amount of CTAB (0.03
¢ in 4 mL aqueous phase), the increasing of concentration
of TEOS (v:v) from 0.08 to 1.0 resulted in the microspheres
morphology varying from totally hollow (Figure 4A), partly
hollow and partly solid (Figure 4B) to completely solid (Figure
4C). On the other hand, when the concentration of TEOS
(viv) was fixed at 0.2, increasing the amount of CTAB from
0 g to 0.06 g resulted in the change of sphere morphology
from totally solid (Figure 4D), to partly solid and partly
hollow (Figure 4E), to totally hollow ((Figure 4F). At a certain
concentration of CTAB, the negatively charged silicates
stabilized at the W/O interface were limited, which led to
the formation of hollow microspheres as shown in Figure
4A. However, when the concentration of TEOS increased,
the surplus of silicates condensated and precipitated to the
bottom of W/O droplets because of gravity, producing the
solid part of microspheres (Figure 4B,C) with a loosened
structure. To fabricate a hollow structure at an increased
concentration of TEOS, the concentration of CTAB needs to
be increased accordingly (Figure 4F).

Compared to conventional hollow nanospheres, the as-
synthesized hollow silica microspheres offer a much higher
storage capacity, making them suitable material for applica-
tions in waste removal and drug detoxification. Herein,
iodine was used as a toxic drug analogue to illustrate the
detoxification capability of our hollow microspheres. The
assay was carried out by adding 0.6 mg of hollow silica
microspheres pre-filled with ethyl butyrate (incubated in
ethyl butyrate and then filtered) to 2 mL of saturated iodine
aqueous solution. Because iodine has a very low affinity to
the silica shell and is therefore expected to partition strictly
between the oil core and the aqueous solution (3). After a
brief intense shaking, the aqueous solution turned from
yellow to colorless; simultaneously, the microspheres turned
from colorless to deep yellow, indicating that iodine in the
saturated aqueous solution was uptaken by the hollow
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FIGURE 5. (A) Schematic drawing of extraction process of iodine in
hollow microspheres. (B) photos of iodine solution in a quarz cuvette
taken before and after extraction with hollow microspheres. (C)
Normalized UV absorption of iodine aqueous solution collected at
365 nm before and after adding microspheres.

spheres filled with ethyl butyrate (Figure 5A). Figure 5B are
photos of iodine solution taken before and after extraction
with hollow microspheres. Figure 5C shows the normalized
UV absorption of iodine aqueous solution collected at 365
nm before and after adding microspheres. The UV absorp-
tion intensity of iodine decreased over 95% within 30
seconds after adding microspheres, clearly illustrating the
speed and efficiency of the microsphere for detoxication.
Compared with traditional liquid—liquid extraction tech-
nique, it’s much quicker (30 s) and simpler to use the as-
synthesized hollow microspheres for extraction, as the
sample solution and microspheres can be easily separated
by filteration. Furthermore, the microspheres can be repeat-
edly used. These advantages make the microspheres a
suitable material for applications such as waste removal or
drug detoxification.

In summary, we have reported a microfluidic route to
produce monodisperse, size controllable silica microspheres via
hydrolysis and polymerization of TEOS at the interface of
water-in-oil droplets. By altering the concentration of TEOS and
CTAB, we achieved control over morphology of the micro-
spheres from hollow, to partly hollow, to solid. The hollow silica
microsphere can be used for rapid waste removal and detoxi-
fication with a very simple procedure.

Acknowledgment. This work was supported by National
Scientific Foundation of China (20805038, 21075104,
20620130427), and National Basic Research Program of
China (2007CB935603, 2010CB732402).

Supporting Information Available: Details in fabrication
of microfluidic chip, synthesis of hollow silica microspheres
and measurement of shell’s thicknss, and SEM images of
hollow silica microspheres before and after calcination
(PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

REFERENCES AND NOTES

(1) Hah, H.].; Um, J. I.; Han, S. H.; Koo, S. M. Chem. Commun. 2004,
1012-1013.

IENAPPLIED MATERIALS 2713

XINTERFACES




(2)
)
“4)
5)
(6)
(7
(8)
9)
(10)
(1
(12)
(13)

(14)

2714

Hao, L. Y.; Gong, X. L.,; Xuan, S. H.; Zhang, H.; Gong, X. Q.; Jiang,
W. Q.; Chen, Z. Y. Appl. Surf. Sci. 2006, 252, 8724 -8733.
Joncheray, T.].; Audebert, P.; Schwartz, E.; Jovanovic, A. V.; Ishaq,
O.; Chavez, |. L;; Pansu, R.; Duran, R. S. Langmuir 2006, 22,
8684 -8689.

Li, L.; Ding, J.; Xue, J. M. Chem. Mater. 2009, 21, 3629 -3637.
Liang, H. P.; Zhang, H. M.; Hu, J. S.; Guo, Y. G.; Wan, L. J.; Bai,
C. L. Angew. Chem., Int. Ed. 2004, 43, 1540-1543.

Lu, Y.; McLellan, J.; Xia, Y. N. Langmuir 2004, 20, 3464 -3470.
Zhang, H.; Tumarkin, E.; Peerani, R.; Nie, Z.; Sullan, R. M. A;;
Walker, G. C.; Kumacheva, E. . Am. Chem. Soc. 2006, 128,
12205-12210.

Zhu, Y. F.; Shi, J. L;; Chen, H. R.; Shen, W. H.; Dong, X. P.
Microporous Mesoporous Mater. 2005, 84, 218 -222.

Zhu, Y. F.; Shi, J. L.; Shen, W. H.; Chen, H. R;; Dong, X. P.; Ruan,
M. L. Nanotechnology 2005, 16, 2633-2638.

Zhu, Y. F.; Shi, J. L;; Li, Y. S;; Chen, H. R.; Shen, W. H.; Dong,
X. P. Microporous Mesoporous Mater. 2005, 85, 75-81.

Zhu, Y. F.; Shi, J. L. Microporous Mesoporous Mater. 2007, 103,
243-249.

Abraham, S.; Jeong, E. H.; Arakawa, T.; Shoji, S.; Kim, K. C.; Kim,
I.; Go, J. S. Lab Chip 2006, 6, 752-756.

Eun, T. H.; Kim, S. H.; Jeong, W. ].; Jeon, S. ].; Kim, S. H.; Yang,
S. M. Chem. Mater. 2009, 21, 201-203.

Chu, L. Y.; Kim, J. W,; Shah, R. K.; Weitz, D. A. Adv. Funct. Mater.
2007, 17, 3499 -3504.

Choi, C. H.; Jung, J. H.; Kim, D. W.; Chung, Y. M.; Lee, C. S. Lab
Chip 2008, 8, 1544-1551.

Sun, Q. H.; Deng, Y. L. J. Am. Chem. Soc. 2005, 127, 8274 -8275.
Song, Y. J.; Hormes, J.; Kumar, C. S. S. R. Small 2008, 4, 698 -711.

IENAPPLIED MATERIALS

X INTERFACES

VOL. 2 ¢ NO. 10 2711-2714 2010

(18) Ding, X. F.; Yu, K. F; Jiang, Y. Q.; Hari, B.; Zhang, H. B.; Wang,
Z. C. Mater. Lett. 2004, 58, 3618 -3621.

(19) Zhu, G.S.; Qiu, S. L.; Terasaki, O.; Wei, Y. J. Am. Chem. Soc. 2001,
123, 7723-7724.

(20) Li, G. L.; Shi, Q.; Yuan, S. J.; Neoh, K. G.; Kang, E. T; Yang, X. L.
Chem. Mater. 2010, 22, 1309-1317.

(21)  Zou, H.; Wu, S.S;; Ran, Q. P.; Shen, J. J. Phys. Chem. C 2008, 112,
11623-11629.

(22) Wang, Y.; Angelatos, A. S.; Caruso, F. Chem. Mater. 2008, 20,
848 -858.

(23)  Caruso, R. A.; Susha, A.; Caruso, F. Chem. Mater. 2001, 13, 400 -4009.

24) Song, L. Y.; Ge, X. W.; Wang, M. Z.; Zhang, Z. C. J. Non-Cryst.
Solids 2006, 352, 2230-2235.

25) Song, L.Y.;Ge, X. W.; Zhang, Z. C. Chem. Lett. 2005, 34, 1314 -1315.

(26) Fornasieri, G.; Badaire, W.; Backov, R.; Mondain-Monval, O.;
Zakri, U.; Poulin, P. Adv. Mater. 2004, 16, 1094.

(27) Li, W. J.; Coppens, M. O. Chem. Mater. 2005, 17, 2241-2246.

28) Pan,Y.C.Ju, M. H; Wang, C. Q.; Zhang, L. X.; Xu, N. P. Chem.
Commun. 2010, 46, 3732-3734.

(29) Steinbacher, J. L.; Moy, R. W. Y,; Price, K. E.; Cummings, M. A_;
Roychowdhury, C.; Buffy, J. J.; Olbricht, W. L.; Haaf, M.; Mc-
Quade, D. T. J. Am. Chem. Soc. 2006, 128, 9442-9447.

(30) Liu, L.; Yang, ]. P.; Ju, X. J.; Xie, R;; Yang, L. H.; Liang, B.; Chu,
L. Y. J. Colloid Interface Sci. 2009, 336, 100-106.

(31) Kumaresan, P.; Yang, C. ].; Cronier, S. A.; Blazei, R. G.; Mathies,
R. A. Anal.Chem. 2008, 80, 3522-3529.

(32) Fowler, C. E.; Khushalani, D.; Mann, S. Chem. Commun. 2001,
2028 -2029.

AM100593B

Www.acsami.org



