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The interaction of laser-generated tandem microbubble (maximum diameter of about 50 �m) with

single (rat mammary carcinoma) cells is investigated in a 25-�m liquid layer. Antiphase and coupled

oscillation of the tandem microbubble leads to the formation of alternating, directional microjets (with

max microstreaming velocity of 10 m=s) and vortices (max vorticity of 350 000 s�1) in opposite

directions. Localized and directional membrane poration (200 nm to 2 �m in pore size) can be produced

by the tandem microbubble in an orientation and proximity-dependent manner, which is absent from a

single oscillating microbubble of comparable size and at the same stand-off distance.
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Introduction.—Cavitation, the formation and dynamics
of vapor or gas bubbles in aqueous medium, plays a pivotal
role in a diverse range of biomedical and engineering
applications [1,2]. An oscillating bubble can release energy
upon symmetric collapse in the form of heat, light, and
shock wave, [3] or a high-speed liquid jet due to bubble-
bubble interaction [4], asymmetric collapse either near a
boundary [2] or under the influence of an impinging shock
wave [5]. In contrast to damaging ship propellers and
hydraulic structures [6], the power of cavitation has often
been harnessed in biomedical applications for the treat-
ment of cancers by high-intensity focused ultrasound, non-
invasive disintegration of kidney stones by shock wave
lithotripsy, and ultrasound-mediated drug and gene deliv-
ery [1]. However, understanding the dynamic bubble-cell
interaction and its causal relation with the biological con-
sequences still remains to be a significant challenge. Only a
few studies have been performed to investigate bubble-cell
interaction under well-controlled experimental conditions,
using either a small air bubble [7,8] or ultrasound contrast
agents as stabilized cavitation nuclei [9] in an acoustic
field, or a laser-generated millimeter- and micron-size
bubble to interact with adherent [10] or suspension [11]
cells. Overall, these previous studies are limited in resolv-
ing the transient bubble-cell interaction, associated fluid
dynamics, and membrane poration by the cavitating
bubble, as well as subsequent transport of macromolecule
into the cell.

In this Letter, we introduce a method for generating
tandem microbubble in close proximity that leads to alter-
nating formation of microjets in opposite directions. The
transient bubble-bubble and microjet-cell interaction, as
well as resultant microstreaming and vortex formation
are characterized by high-speed imaging and micro-
particle image velocimetry (�PIV). Using this method,
localized and directional membrane poration in single
biological cells can be produced in an orientation and
proximity-dependent manner.

Experimental setup.—A Zeiss Axio Observer inverted
microscope was configured to incorporate two laser beams

for tandem microbubble generation and high-speed cam-
eras for imaging of bubble dynamics, bubble-cell interac-
tion, and�PIV of fluid motion [Fig. 1(a)]. TwoQ-switched
Nd:YAG lasers of 5 ns pulse duration [MiniLase I
(LASER1) and Solo PIV (LASER2), New Wave
Research] with wavelength of 1064 nm and 532 nm, re-
spectively, were transmitted through a 63� long-working-
distance objective. The incident angle of LASER1 was
slightly tilted so that the foci of the two laser beams were
separated by a distance of � ¼ 40 �m. Each laser beam
(�30 �J) is preferentially absorbed by the fluid medium
containing 0.4% Trypan blue in a microfluidic channel
[Fig. 1(b)], generating a microbubble via optical break-
down [11]. By controlling the release of individual laser
pulses using a digital delay generator (BNC 555, Berkeley
Nucleonics Corporation), tandem microbubbles with dif-
ferent oscillation phases can be produced.
High-speed imaging and �PIV.—Two 45�-dichroic

mirrors (900dcsp and z532dcrb, Chroma) were used for
reflection of the laser beams and simultaneous trans-
mission of illumination light for high-speed imaging. A
fiber-optic coupled Xenon flash lamp (ML1000, Dyna-
Lite) was used to provide backlight illumination, peti-
tioned into an 80=20 intensity ratio between two
high-speed cameras (Imacon 200, DRS Hadland and
Phantom v7.3, Vision Research). The Imacon 200 was
operated at 1� 106 frames per second, 50 ns exposure
time, and 14 frames per sequence to capture the dynam-
ics of bubble-bubble-cell interaction. The Phantom
camera was used to record the subsequent uptake and
progressive diffusion of Trypan blue into the targeted cell
within 1 min. Moreover, a Shimadzu HPV-1 camera oper-
ated at 1� 106 frames per second, 250 ns exposure time,
and 100 frames per sequence was used for �PIV. For flow
visualization, 2 �m polystyrene beads (R0200, Duke
Scientific) were added in the medium as tracers at 1�
109 beads=ml concentration. The acquired images were
processed using DaVis 7 software (LaVision, GmbH) for
determining the velocity field around pulsating micro-
bubble(s).
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Cell culture and experimental design.—Rat mammary
carcinoma cells maintained routinely in culture (37 �C)
were trypsinized and reseeded in a 60-mm diameter Petri
dish at 105 cells=ml concentration one day before the
experiment. When cell growth reached about 10% conflu-
ence, the culture medium was replaced by saline solution
containing 0.4% Trypan blue (T8154, Sigma-Aldrich) at
room temperature (�20 �C). Subsequently, two 25-�m
platinum wires (A-M Systems) were placed in parallel in
the Petri dish to form a channel of �10 mm wide and
25 mm long. A 1.0-mm thick glass plate was then placed
on top of the platinum wires to form a microfluidic expo-
sure chamber [Fig. 1(b)]. Trypan blue enhanced laser
absorption to facilitate optical breakdown while providing
concomitantly a biomarker for membrane poration.

Adherent cells of spindle shape were selected and ran-
domly assigned to one of the seven groups. Cells in groups
G1 toG3 were treated at different orientations (0

� and 90�)
with respect to tandemmicrobubble axis while maintaining
the same stand-off distance (SD) of 10 �m. Cells in groups
G4 to G6 were treated at SD ¼ 20, 30, and 40 �m, re-
spectively, while maintaining the same orientation (0�, as
used in case G1). In group G0 (control), cells were treated
by a single bubble (B1) produced at SD ¼ 10 �m.

Bubble-bubble and microjet-cell interaction.—Similar
to shockwave-bubble interaction [12,13], the most effec-
tive energy transfer is produced when the collapse time of
the bubble matches with the duration of external driving
force. By releasing the two laser pulses in tandem with a
4 �s interpulse delay, a first bubble (B1) can be generated
(at time ¼ 0 �s) that expands to a maximum size of about
50 �m before a second bubble (B2) of similar size is
produced [Fig. 1(c), 4 �s]. Consequently, the collapse of
B1 is coupled with the simultaneous expansion of B2,
leading to asymmetric deformation of the bubbles with
microjets formation [Fig. 1(c), 6 �s] under the influence
of secondary Bjerknes forces [14]. Thereafter, B2 begins to
collapse with its elongated portion in contact with B1

contracting rapidly, producing a second microjet moving
away from B1 [Fig. 1(c), 8� 12 �s]. This alternating

formation of microjets moving in opposite directions along
the axis of the tandem microbubble (movie 1 in the sup-
plementary material [15]) is not observed during the sym-
metric expansion and collapse of a single microbubble
(movie 2 in the supplementary material [15]) of compa-
rable size produced by one laser [Fig. 1(d)]. Similar bubble
dynamics have been observed in an unconstrained fluid
medium using spark-generated vapor bubbles of millimeter
size [16].
Flow field around the pulsating microbubble(s).—

Following the 1st optical breakdown, the fluid is initially
pushed outward from the center of B1 before reversing the
direction of flow during subsequent collapse after the
maximum bubble expansion (movie 3 in the supplemen-
tary material [15]). In contrast, the initial symmetric ex-
pansion of B2 is quickly distorted with its proximal end
being sucked in by the collapsing B1, leading to the for-
mation of the first microjet [J1 in Fig. 2(a), 6 �s]. The
acceleration of J1 produces a microstreaming impulse with
a maximum flow velocity on the order of 10 m=s near the
jet tip (5 to 6 �s). Upon maximum expansion, the elon-
gated B2 collapses asymmetrically and generates the sec-
ond microjet (J2) that moves away from B1 (7 to 11 �s).
As a consequence of the alternating microjet formation,
two pairs of vortices are generated around B1 and B2, one
rotating clockwise and the other counterclockwise
[Fig. 2(b)], reaching a maximum vorticity of 350 000 s�1

at 6 �s. Vortex formation from laser-induced single bubble
(�150 �m in diameter) near a microfludic channel wall
was recently reported with a maximum vorticity of
100 000 s�1 [17].
Cell membrane poration.—Because of the unique flow

pattern produced by the pulsating tandem microbubble, we
examined its influence on the morphology and membrane
permeability of individual adherent cells (Rat mammary
carcinoma) placed nearby. As shown in Fig. 3(a), a cell
placed on the axis of B1 and B2 with a SD of 10 �m from
the proximal surface of B2 (case G2) can be deformed
significantly [see Fig. 2(a) for an example of case G1]
while its counterpart in the symmetric flow field of a single

FIG. 1 (color online). Dynamics of tandem microbubble and bubble-cell interaction. (a) Experimental setup. Microbubbles are
generated by two pulsed Nd:YAG lasers, which are separated by � ¼ 40 �m in the focal plane of a 63� objective. (b) Microfluidic
exposure chamber with 25 �m in height, 10 mm� 25 mm in channel width and length. (c) Dynamics of tandem microbubble
(generated by both lasers with a 4 �s interpulse delay) and their interaction with an adherent cell (pointed to by arrow) near the first
bubble (B1). (d) Dynamics of single microbubble (generated by LASER1) and its interaction with an adherent cell (pointed to by
arrow). The asymmetric deformation with resultant formation of alternating microjets in opposite directions along the tandem
microbubble axis (movie 1 in the supplementary material [15]) is not observed during the symmetric expansion and collapse of the
laser-generated single microbubble of comparable size (movie 2 in the supplementary material [15]).
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bubble is only strained mildly (case G0). The microjet-
flow-cell interaction along the tandem bubble axis causes a
micron-scale bending and shear deformation of the cell
[65 �s in Fig. 3(a) for case G2] that leads to localized
membrane disruption and uptake of Trypan blue within
1 min. In comparison, when a cell is placed at the same SD
but rotated by 90� from the axis of B1 and B2 [Fig. 3(a),
case G3] or subjected to the symmetric expansion and
collapse of a single bubble (case G0), a much milder strain
with no concomitant Trypan blue uptake is observed. Also,
no appreciable membrane poration is produced when the
cell is located either off the tandem microbubble axis with
a SD greater than 10 �m or on the axis with a SD greater
than 40 �m. Quantitatively, the membrane poration pro-
duced by the tandem microbubble shows a clear depen-
dence on orientation [Fig. 3(b)] and stand-off distance
[Fig. 3(c)]. Statistically significant (p < 0:05) increase in
Trypan blue uptake is observed in G1 and G4 compared to
G3 and G6, respectively, with maximum probability for
Trypan blue uptake produced at SD ¼ 20 �m along the
tandem microbubble axis.

Localized and directional membrane poration.—The
membrane disruption is highly localized. Using time-lapse

imaging [Fig. 4(a)], we can observe a pinpoint entrance
of the Trypan blue from the cell surface proximal to the
jet impact in 6 s. The dye gradually diffuses and spreads
out in the cytosol towards the distal end in 24 s, with
subsequent directional entrance and staining of the cell
nuclei by 42 s (movie 4 in the supplementary material
[15]). Using our setup, the cell can be quickly fixed by a
perfusion flow of 2.5% glutaraldehyde, started in about
10 seconds after the tandem microbubble-cell interaction.
Subsequently, cell location and jet impact direction are
registered by laser-produced markings at the bottom of
the Petri dish [Fig. 4(b)]. Scanning electron microscopy
of the treated cell reveals highly localized membrane dis-
ruption with single or dual pore formation at the site of
membrane surface facing the microjet impact. The pore
size varies from 200 nm to 2 �m [Figs. 4(c) and 4(d)].
Because the cell is treated in Trypan blue solution (with no
Ca2þ content), active repair of the pore is likely to be
significantly compromised with smaller than 1 �m spheri-
cal vesicles observed at the disruption site [see Fig. 4(d)]
[18,19]. Therefore, the observed pore size may represent
an upper limit in membrane disruption produced by the
tandem microbubble under physiological conditions.
Discussion and summary.—A new method is developed

to produce localized and directional membrane poration on
single cells with high precision and reproducibility. The
pore size can be varied from nanometer to micrometer

FIG. 2 (color online). Fluid motion. (a) High-speed imaging of
bubble dynamics and micro-particle image velocimetry (�PIV)
using 10� 10 �m interrogation windows with 25% overlap
indicating the flow direction around individual oscillating micro-
bubbles. Flow tracers (i.e., 2 �m polystyrene beads) were used
to facilitate visualization of the velocity field. (b) Streamline
display of three �PIV images, demonstrating vortex formation
in the flow field, with one pair of vortices rotating clockwise and
the other counterclockwise within 22 �s (movie 3 in the supple-
mentary material [15]) following the generation of the tandem
microbubble.

FIG. 3 (color online). Trypan blue uptake. (a) Cell deformation
produced by the microjet and vortex flow initiated from the
pulsating tandem microbubble. Representative images of indi-
vidual cells (circled) before, at 10 and 65 �s, and 1 min after the
interaction with either single (case G0) or tandem (case G2 or
G3) microbubble. (b) Probability of Trypan blue uptake in 1 min
after microbubble-cell interaction: effect of orientation (G1,
impacted by J1; G2, impacted by J2; and G3, parallel to J1).
The stand-off distance between the proximal cell surface and
bubble center is 10 �m. (c) Probability of Trypan blue uptake in
1 min after microbubble-cell interaction: effect of stand-off
distance. Individual cells are located on the axis of the tandem
microbubble, with a bubble-cell stand-off distance varying from
10 �m to 40 �m, at an interbubble separation distance � ¼
40 �m. Error bars indicate intervals �1=

ffiffiffiffi

N
p

, where N (¼15 to
27) is the number of cells treated in each group. Two-tailed test
of proportions was used for statistical analysis for comparing
results between different groups.
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range, limited only by the ability of the cell to reseal the
disruption site [19]. Because jet diameter is usually about
one-tenth of the maximum bubble size, the potential en-
ergy accumulated by a single bubble with comparable size
to a cell (i.e., �20 �m) is limited and insufficient to
produce measurable membrane disruption when collapsing
near a boundary [20]. By confining the bubble generation
in a quasi-2D thin layer, and furthermore, by transferring
and focusing energy through tandem microbubble interac-
tion, we have demonstrated the feasibility for generating
pinpoint mechanical forces for highly localized membrane
poration.

Microjetting induced flow shear stress and resultant
bending (and stretching) of the cell body may contribute
to the observed pore formation. The flow-induced shear
stress (�) near the microfluidic channel (height ¼ 2h ¼
25 �m) surface can be estimated by � ¼ �ðVj=hÞ where
� is dynamic viscosity of the medium and Vj is jet speed.

The estimated maximum shear stress in our setup is about
1 kPa, which is within the range of previously reported
critical shear stress of 0.1 kPa for cell detachment [20] and
water-hammer pressure of 3 kPa for jet impact induced
membrane rupture [9].

Individual cells placed on the axis of the tandem micro-
bubble [see Figs. 1(c), 2(a), and 3(a)] show different de-

grees of bending deformation produced by jet impact and
resultant microstreaming and vortex flow. The central por-
tion of the cell directly under jet impact is detached, while
one or both distal ends of the cell remain attached, leading
to a significant stretching of the cell membrane. The
stretching ratios of material lines located at different ori-
entations and SDs from the tandem microbubble (data not
shown), estimated based on �PIV images, show a good
correlation with the membrane poration.
It is envisioned that the technique developed in this work

can be easily integrated in microfluidics and thus possess-
ing great potential in high-throughput biosynthesis and
bioengineering applications, and for mechanistic investi-
gation of cavitation-induced bioeffects.
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FIG. 4 (color online). Membrane poration. (a) Time-elapse
images showing pinpoint entrance of Trypan blue into the cell
from the site of microjet impact (pointed to by arrow) with
subsequent progressive diffusion in the cytosol and staining
of the nuclei (movie 4 in the supplementary material [15]).
(b) Laser-generated marking dots (circled) on the bottom surface
(�1:0 mm thick polystyrene) of the Petri dish, which are used to
register the treated cell, site and direction (distal to ‘‘T’’ mark-
ing) of the microjet impact. (c) SEM images of the porated cell
shown in (b), demonstrating the formation of a 200 nm pore
(pointed by arrow) at the site of microjet impact. (d) SEM
images of another porated cell, showing the formation of two
adjacent pores (pointed to by arrow) of about 1� 2 �m in
individual pore size. Spherical vesicles of less than 1 �m in
size were observed near the disruption site, which is character-
istic of cell membrane resealing after mechanical damage with-
out Ca2þ in the surrounding medium.
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