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Microbubbles have a variety of applications in science and biological technology. Here, we
demonstrate the manipulation of the picoliter gas bubble (picobubble) based on the
optoelectronic-mechanism. The organic photoconductive material, titanium oxide phthalocyanine
(TiOPc), was developed to make the light-sensitive substrate of this optoelectronic chip. The virtual
electrodes are formed by projecting the dynamic light pattern onto TiOPc layer for generating the
desired nonuniform electric field. The picobubble suspended in silicone oil can be manipulated with
the velocity of 40-50 um/s. The driving force up to 160 pico-Newtons could be generated for
manipulating a gas bubble of 300 picoliters. © 2011 American Institute of Physics.

[doi:10.1063/1.3580760]

Recent research has reported considerable applications
for microbubbles by utilizing various approaches. For ex-
ample, ultrasound 1rrad1at10n was applied to vibrate and de-
stroy microbubble." Utlhzlng the microbubble to perturb
the cell membrane and the vessel wall to increase the perme-
ability and interstitial delivery for targeted drug,3 siRNA
(Ref. 4) and therapeutic gene.5 Other microbubble applica-
tions in microfluidics, for instance, are acoustic micromixer®
and liquid micropump.7 Recently several approaches focus
on generating microbubbles by utilizing microfluidic device,’
flow-rate controlled breakup,8 geometrically mediated
breakup,9 and electrolysis.lo

Electrowetting-on-dielectric actuation'' and thermocap-
illary force'? are reported for the manipulation of mi-
crobubbles. Dielectrophoresis (DEP) phenomenon has been
also develoPed to manipulate polymer beads," cells," and
bubble.'®!*!'¢ Besides, the optical image-driven DEP tech-
nique named as optoelectronic tweezers (OETs) has been in-
vented and applied for manipulating mic:roparticles,17
cells,l&19 and DNA.? In this letter, we demonstrate the op-
toelectronic approach to manipulate the hollow-volume gas
picobubble suspended in oil liquid on a titanium oxide
phthalocyanine (TiOPc)-based substrate. We utilize light-
induced optoelectronic driving force to manipulate the
bubble which has the volume less than 300 pl. The pi-
cobubble can be optically driven within the view region,
I mmX1 mm, on the TiOPc-based optoelectronic (Ti-
OET) chip.

Figure 1 illustrates the experimental setup for the re-
quired optical system to manipulate the picobubbles on our
TiOPc-based optoelectronic chip. The light source is a Phil-
ips UHP mercury lamp and concentrated through a lens, L. A
multitouch panel (MSI, AE2220) is used to control the image
on a digital micromirror display (DMD, 1024 X 768 pixels).
A real-time user interface is programmed by using the
built-in actionscript function of the FLASH software (Adobe
Systems Co., Ltd.) for convenient and intuitive control.
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Through a pair of focusing lenses, L1 (with a 200 mm focal
length) and L2 (with a 10 mm focal length), the light pattern
shrinks to 1/20 the original light pattern size to fit the work-
ing area on the chip. The light pattern is projected onto the
TiOPc-coated substrate as the light is reflected from the
DMD. The charge coupled device is used to record all the
manipulation process of the picobubble.

The organic photoconductive material®' comprising ph-
thalocyanine pigments (TiOPc), which have the similar pho-
toconductive characteristics like a-Si (Refs. 17 and 18) and
bulk-heterojunction polymers,22 has been widely used as an
electrophotographic sensitive member in the laser printer.
There is only single process needed for fabricating the pho-
toconductive substrate of our TiOPc-based chip, which is
much simpler than former reports.”’l&22 A thin TiOPc layer
of about 200 nm is spin-coated at 1500 rpm for 20 s on the
ITO glass. After baking at 130 °C for 30 min, the material
property of TiOPc substrate stays stable for at least four
months under normal operation. Our Ti-OET chip, as illus-
trated in Fig. 1, consists of sandwiched layer of top transpar-
ent ITO electrode, silicone oil (Dow Corning 200® fluid,
5cSt) and a thin TiOPc layer on the bottom ITO glass sub-
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FIG. 1. (Color online) Schematic diagram of the optical system setup for
our touch-panel-based light-driven optoelectronic-mechanism chip. The
light-induced electric field generates appropriate force to trap the picobubble
suspended in silicone oil toward the illuminating area.

© 2011 American Institute of Physics
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FIG. 2. (Color online) The bubble is dragged by following the trajectory
of the moving light square. The light-induced driving force drags a
50 pl volume bubble to fuse another 220 pl bubble. The scale bar is
30 um. (enhanced online, bubbles_manipulation.mov). [URL:
http://dx.doi.org/10.1063/1.3580760.1]

strate. The picobubbles are generated by placing 1 cc Eppen-
dorf containing 500 ul silicone oil on the vibrator (Scientific
Industries, Inc., vortex genie 2) for 5 min. After vibrating,
the 50 wul silicone oil embedded with bubble is loaded into
the Ti-OET chip.

A commercial finite element software CFD-ACE+
(CFDRC, Huntsville, AL) is utilized to simulate the steady-
state electric field, which dominates the light-induced
optoelectronic-mechanism force." Figure 1 also shows the
simulation results for the root mean square of ac electric field
(E_square). The red color near the edge of the illuminating
area represents the stronger ac electric field. The blue color
region far away from the illuminating zone represents the
weaker ac electric field. The light-induced driving force at-
tracts the picobubble toward the light pattern.

The TiOPc has good light-sensitive electrophotographic
characteristics from green to infrared region.23 The illuminat-
ing white light, which contains green and red light, decreases
the impedance of TiOPc; but the blue light almost has no
influence on this photoconductive substrate. In this research,
we use white-color light pattern to manipulate bubbles and
blue-color background for the observation. While the square
white-light pattern shown in Fig. 2 is projected to the TiOPc
surface, the induced virtual electrode forms on the illuminat-
ing region. A nonuniform electric field is, then, generated
between the top ITO glass and the bottom TiOPc surface.
This electric field distribution results in the optoelectroni-
cally driven force to drive the picobubble toward the illumi-
nating region when the 10 Vpp ac voltage in the frequency
range of 1 Hz to 20 MHz is applied to our TiOPc-based
optoelectronic chip. When a finger drags the white square on
the touch panel, the trapping square projected onto the TiOPc
surface simultaneously moves the picobubble. The ac voltage
of 10 Vpp at 10 kHz is applied between the top and button
ITO glass to trap the picobubbles suspended in the silicone
oil. Figures 2(a)-2(d) demonstrates the bubble-fusion pro-
cess utilizing the light pattern to manipulate two bubbles, 50
pl and 220 pl. The light-induced driving force drags the pi-
cobubbles to follow the trajectory of the moving light square.

Figure 3 demonstrates the feature of utilizing the trapped
picobubble to indirectly drive single polymer bead. In Fig.
3(a), the light-induced driving force traps a 185 pl pi-
cobubble within the square light pattern. The black and the
red arrows highlight the position of the two 15 um diameter
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FIG. 3. (Color online) A 15 um diameter bead indicated with the arrow is
manipulated via the optically driven picobubble. The scale bar is 35 um.
(enhanced  online, bead_manip_via_picobubble_tweezer.mov). [URL:
http://dx.doi.org/10.1063/1.3580760.2]

polymer beads. When an ac voltage of 10 Vpp at 10 kHz is
applied to our chip, the light-induced driving force has no
influence on the polymer beads. However, the light-induced
optoelectronic driving force would drive the picobubble
on this condition. In Figs. 3(b) and 3(c), the light-induced
optoelectronic-mechanism force drives the picobubble to
push the 15 wm bead downwards. Comparing the bead po-
sition indicated by the red arrow in Figs. 3(a) and 3(d), the
bead is driven 185 wum in this demonstration.

When the picobubble is driven with a constant velocity
on the Ti-OET chip, the driving force resulting from the
light-induced optoelectronic-mechanism equals to the vis-
cous dlrag.zz’24 An indirect approach to estimate the light-
induced driVing force is based on Stokes’ law, i.e., Fri.opt
=O07r PVTi.0ET- % Here, 7 is the medium viscosity and vy ot
is the steady-state velocity of the picobubble. Figure 4 char-
acterizes the light-induced driving force acting on the pi-
cobubble. When a gas bubble suspended in the liquid, two
factors dominate the bubble volume. One is the concentra-
tion of dissolved gas in the liquid and the other is the surface
tension of the gas bubble-liquid interface. As the bubble ra-
dius decreases, the surface tension increases. The air mol-
ecules are then brought to diffuse into the surrounding liquid
until the bubble vanishes.”> >’ Before the bubble disappears,
the light-induced driving force can still manipulates its posi-
tion by moving the light pattern. The gas molecules inside
the picobubble dissolve slowly into the silicone oil during
the manipulation process. The maximum light-induced driv-
ing force is 160 pN as it drives a 300 pl picobubble. As the
bubble volume decreases to less than 100 pl, the light-
induced driving force is reduced rapidly. The minimum mea-
surable light-induced driving force is about 30 pN acting on
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FIG. 4. (Color online) The relationship between light-induced driving force
and picobubble volume. The ac voltage of 10 Vpp at 10 k Hz is applied

between the top and button ITO glass.
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a 4 pl picobubble with a steady-state velocity of 35 um/s.

The effects of electrothermal flow," buoyanc:y,2 light-
induced ac electroosmosis,29 and light-induced DEP (Refs.
17-19) contribute to the dynamics of light-driven particles in
the OET device.?® In our TiOPc-based optoelectronic chip,
the organic material TiOPc has good absorption property
at 700-800 nm.* The power density of our light source, a
UHP mercury lamp, projected onto the TiOPc layer is char-
acterized as 0.33 mW/cm? by using a power meter, Ophir
NOVA II. This power energy is too weak to generate enough
temperature gradient for obvious electrothermal flow and
buoyancy effects on our TiOPc-based optoelectronic chip.
The ac electroosmosis induced flow velocity is frequency
dependent.31 However, the velocity of our light-driven pi-
cobubble is characterized as 40—-50 wum/s for the bubble
volume of 50-200 pl at the operational frequency varying
from 1 Hz to 20 MHz. Based on our experimental character-
ization, we did not observe the frequency dependence of the
light-induced velocity for the bubble manipulation on our
TiOPc-based optoelectronic chip. From the viewpoint of
DEP principle, the bubble is always trapped and dragged
within the illuminating region. When the ac voltage is turned
off, the movement of the square light pattern has no influ-
ence on the bubble. When the ac voltage is on, the bubble
can be driven to follow the path of the light pattern which is
the maximum electric field region.lg’24 Thus, most other can-
didates of driving mechanisms can be ruled out by our con-
trolled experiments. DEP could be the most likely driving
mechanism for the light-driven manipulation of picobubbles
on our TiOPc-based optoelectronic chip. This bubble ma-
nipulation process is in agreement with the positive DEP
phenomenon reported in the article of OETs.'” However, the
DEP theory might predict that the bubble suspended in sili-
cone oil is experienced the negative DEP force." Although
the light-induced DEP manipulation of the picobubbles sus-
pended in silicone oil under the nonuniform electric field is
the most likely mechanism, a full investigation would be
needed to confirm the driving mechanism.

The time span of a picobubble being manipulated till it
vanishes is about 10 min. The phenomenon has been studied
based on Henry’s law.**?"3? When the gas concentration of
silicone oil is saturated, the picobubble vanishes more slowly
and lasts longer for manipulation. This approach can provide
a suitable method to fuse two and more different gas
bubbles. Furthermore, the experimental results reveal the in-
duced charges assembling on the gas-oil interface. For ex-
ample, two approaching bubbles are attracted slightly to each
other. However, there is very limited study on these electro-
dynamic phenomena which are the process of induced charge
generation, distribution and diminishing between the gas-
liquid interfaces. Utilizing this dynamic manipulation ap-
proach for picobubbles might offer an opportunity to clarify
the basic physics phenomena.

In conclusion, this research utilizes light-induced driving
force to manipulate the gas picobubble on the Ti-OET chip
fabricated by using the photoconductive material, TiOPc.

Appl. Phys. Lett. 98, 153512 (2011)

The touch panel is integrated into the optical system to make
the bubble control convenient and intuitive. The light-driven
picobubble is demonstrated to push a 15 wm bead. This
work also characterizes the relationship of light-induced
driving force and picobubble volume. The bubble manipula-
tion technique provides a potential for various picobubble
applications.

The authors would like to thank the National Science
Council of Taiwan (Grant No. 98-2120-M-007-003) for the
financial support. The corresponding author thanks Professor
Pei-Yu Chiou, Professor Ming C. Wu, and Professor Gwo-
Bin Lee for sharing OET experience and helpful discussion.
Dr. Ming-Huei Liu (Sinonar Corp., Taiwan, R.O.C.) provides
TiOPc and the technical discussion.

'S. Hernot and A. L. Klibanov, Adv. Drug Delivery Rev. 60, 1153 (2008).
7. Lentacker, S. C. D. Smedt, and N. N. Sanders, Soft Matter 5, 2161
(2009).

%J.H. Xu, S. W. Li, G. G. Chen, and G. S. Luo, AIChE J. 52, 2254 (2006).
4y, Negishi, Y. Endo, T. Fukuyama, R. Suzuki, T. Takizawa, D. Omata, K.
Maruyama, and Y. Aramaki, J. Controlled Release 132, 124 (2008).

ST, Kodama, H. Tan, I. Offiah, T. Partridge, T. Look, A. J. George, and M.
J. Blomley, Ultrasound Med. Biol. 31, 1683 (2005).
°R. Taylor and C. Hnatovsky, Opt. Express 12, 916 (2004).

D. D. Meng and C. J. Kim, Lab Chip 8, 958 (2008).
8G. P. Garstecki, H. A. Stone, and G. M. Whitesides, Phys. Rev. Lett. 94,
164501 (2005).
°D. R. Link, S. L. Anna, D. A. Weitz, and H. A. Stone, Phys. Rev. Lett. 92,
054503 (2004).

197, R. Gagnon and H. C. Chang, Appl. Phys. Lett. 93, 224101 (2008).

"'Z. Y. Zhao and S. K. Cho, Lab Chip 7, 273 (2007).

"2A. T. Ohta, A. Jamshidi, J. K. Valley, H. Y. Hsu, and M. C. Wu, Appl.
Phys. Lett. 91, 074103 (2007).

BRr. C. Hayward, D. A. Saville, and 1. A. Aksay, Nature (London) 404, 56
(2000).

'C. T. Ho, R. Z. Lin, W. Y. Chang, H. Y. Chang, and C. H. Liu, Lab Chip
6, 724 (2006).

'>T. B. Jones and G. W. Bliss, J. Appl. Phys. 48, 1412 (1977).

C. M. Feeley and F. McGovern, J. Phys. E 19, 923 (1986).

P Y. Chiou, A. T. Ohta, and M. C. Wu, Nature (London) 436, 370 (2005).

'8H. Y. Hsu, A. T. Ohta, P. Y. Chiou, A. Jamshidi, S. L. Neale, and M. C.
Wu, Lab Chip 10, 165 (2010).

195, M. Yang, T. M. Yu, H. P. Huang, M. Y. Ku, L. Hsu, and C. H. Liu, Opt.
Lett. 35, 1959 (2010).

%Y. H. Lin, C. M. Chang, and G. B. Lee, Opt. Express 17, 15318 (2009).

*'K. Y. Law, Chem. Rev. 93, 449 (1993).

2W. Wang, Y. H. Lin, R. S. Guan, T. C. Wen, T. F. Guo, and G. B. Lee, Opt.
Express 17, 17603 (2009).

2K, Ogawa, J. Yao, H. Yonehara, and C. Pac, J. Mater. Chem. 6, 143
(1996).

*A. T. Ohta, P. Y. Chiou, T. H. Han, J. C. Liao, U. Bhardwaj, E. R. B.
McCabe, Y. Fuqu, R. Sun, and M. C. Wu, J. Microelectromech. Syst. 16,
491 (2007).

25p, B. Duncan and D. Needham, Langmuir 20, 2567 (2004).

204, Katiyar and K. Sarkar, J. Colloid Interface Sci. 343, 42 (2010).

21X, Xu, G. Zhao, and H. Li, J. Appl. Polym. Sci. 116, 1264 (2010).

#J. K. Valley, A. Jamshidi, A. T. Ohta, H. Y. Hsu, and M. C. Wu, J.
Microelectromech. Syst. 17, 342 (2008).

#P-Y. Chiou, A. T. Ohta, A. Jamshidi, H.-Y. Hsu, and M. C. Wu, J. Micro-
electromech. Syst. 17, 525 (2008).

W. B. Wang, X. G. Li, S. R. Wang, and W. Hou, Dyes Pigm. 72, 38
(2007).

31C. T. Kuo and C. H. Liu, Lab Chip 8, 725 (2008).

¥G. Y. Gor and A. E. Kuchma, J. Chem. Phys. 131, 034507 (2009).


http://dx.doi.org/10.1016/j.addr.2008.03.005
http://dx.doi.org/10.1039/b823051j
http://dx.doi.org/10.1002/aic.10824
http://dx.doi.org/10.1016/j.jconrel.2008.08.019
http://dx.doi.org/10.1016/j.ultrasmedbio.2005.08.002
http://dx.doi.org/10.1364/OPEX.12.000916
http://dx.doi.org/10.1039/b719918j
http://dx.doi.org/10.1103/PhysRevLett.94.164501
http://dx.doi.org/10.1103/PhysRevLett.92.054503
http://dx.doi.org/10.1063/1.3002283
http://dx.doi.org/10.1039/b616845k
http://dx.doi.org/10.1063/1.2771091
http://dx.doi.org/10.1063/1.2771091
http://dx.doi.org/10.1038/35003530
http://dx.doi.org/10.1039/b602036d
http://dx.doi.org/10.1063/1.323806
http://dx.doi.org/10.1088/0022-3735/19/11/009
http://dx.doi.org/10.1038/nature03831
http://dx.doi.org/10.1039/b906593h
http://dx.doi.org/10.1364/OL.35.001959
http://dx.doi.org/10.1364/OL.35.001959
http://dx.doi.org/10.1364/OE.17.015318
http://dx.doi.org/10.1021/cr00017a020
http://dx.doi.org/10.1364/OE.17.017603
http://dx.doi.org/10.1364/OE.17.017603
http://dx.doi.org/10.1039/jm9960600143
http://dx.doi.org/10.1109/JMEMS.2007.896717
http://dx.doi.org/10.1021/la034930i
http://dx.doi.org/10.1016/j.jcis.2009.11.030
http://dx.doi.org/10.1002/app.31450
http://dx.doi.org/10.1109/JMEMS.2008.916335
http://dx.doi.org/10.1109/JMEMS.2008.916335
http://dx.doi.org/10.1109/JMEMS.2008.916342
http://dx.doi.org/10.1109/JMEMS.2008.916342
http://dx.doi.org/10.1016/j.dyepig.2005.07.014
http://dx.doi.org/10.1039/b719968f
http://dx.doi.org/10.1063/1.3176896

