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ABSTRACT
In contrast to depressed feelings generated from economic bubbles, there is an exciting
aspect of tiny bubbles actuated by acoustic waves to manipulate mciro-objects. Manipulation of
fluids, particles, cells, and even chemical reactions inside a closed microfluidic chamber is one of
the most imperative, yet challenging, task for microfluidic study. In this thesis, we establish an
“optoacoustic tweezers” technique to realize the non-invasive, versatile, contactless, and simple
manipulation of fluid and particle. This technique utilizes a microbubble, generated by
optothermal effect, actuated by acoustic wave, to impact surrounding environment. Vortical
cavitation microstreaming is used for fluid manipulation; acoustic radiation force from the
dissipation of acoustic energy is used to trap particles and cells. The location of the microbubble
itself is manipulated by laser incidence spot.
A few milestones in developing and applying optoacoustic tweezers are presented in this
dissertation: in chapter 2, optothermal effect is explored as energy source for building
optoacoustic tweezers, in-situ nanostructure synthesis as substrates for surface-enhanced Raman
scattering (SERS) is also achieved with the optothermal effect. In chapter 3, generation of
microbubbles through the optothermal effect is investigated both theoretically and
experimentally; a particle manipulation mechanism based on convective flow around the bubble
is proposed. In chapter 4, we combine the optothermal effect generated bubbles with acoustic
actuation to establish optoacoustic tweezers, a biocompatible manipulation method of cells.
Applications in programmable cell patterning and concentrating are illustrated as well. In chapter
5, the optoacoustic tweezers are applied to probe mechanical biomarkers of cells for cancer
diagnosis. With optoacoustic tweezers technique, and its applications we have demonstrated, we
believe it can contribute a wide range of studies in physics, chemistry and biomedicine field.
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Chapter 1

Overview

1.1 Motivation
Manipulation of particles, cells, even the locations of a chemical reaction inside a closed
microfluidic chamber is one of the most challenging, yet imperative, tasks for microfluidic
studies. A wide range of applications in physics, chemistry and biology will benefit from
microfluidic particle manipulation technique. However, due to sealed structure and laminar flow
nature inside a microfluidic chamber, applying external forces to manipulate particles or cells is
very challenging. Therefore, in this dissertation, our motivation is developing an
optoacoustic tweezers technique to manipulate fluids, particles, and cells; control the
occurrence of chemical reaction; and explore potential applications in a biomedical context.
To build the optoacoustic tweezers, we utilize both the optothermal effect and acoustic
manipulation through a microbubble; i.e. a bubble that is generated at any pre-designed locations
with pre-defined size via the optothermal effect; control of particle loading/un-loading and
streaming field around the bubble is achieved through acoustic actuation. By naturally bridging
advantages from optics and acoustics, the optoacoustic tweezers technique has the following
superior features.
(1) Versatile functionality: optoacoustic tweezers, as a microfluidic manipulating tool,
is capable of manipulating both fluids and particles/cells. It can load various types of cells and
particles with sizes ranging from few micrometers to hundreds micrometers. Besides translational
particles manipulation function, optoacoustic tweezers can also pattern and concentrate
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particle/cells. Furthermore, it can be used to deform a soft cell in suspension. The functionalities
of optoacoustic tweezers can be utilized in a wide range of biological and chemical studies.
(2) Contactless manipulation: The optoacoustic tweezers technique uses the acoustic
radiation force to trap cells or particles. Furthermore, it can control the underlying flow field via
acoustic streaming. Both these control modalities are contactless thus preventing sample
contaminations and allowing for remote manipulation in the sealed microfluidic chambers.
(3) Non-invasiveness: The optoacoustic tweezers technique is a bubble-based acoustic
method, which operates at low power level (1 mW level) and thus is rather biocompatible. The
laser only turns on during bubble generation process; it keeps off during later cell trapping
process. Therefore, the optoacoustic tweezers technique is expected to be biocompatible.
(4) Simplicity: experimental setups for optoacoustic tweezers do not require high-power
laser or high-numerical-aperture lenses, which are necessities for optical tweezers. Acoustic
actuation of a microbubble is achieved by a commercial available, low-cost piezo transducer (~1
USD) at ultrasound range frequency (~100 kHz). All setups are easy-to-assembling and easy-tooperate.
As a multi-functional, contactless, non-invasive, and simple manipulation technique, we
expect the optoacoustic tweezers technique to be of great use in in physics, chemistry, and
biology research.

1.2 Acoustic actuated bubbles
A bubble is defined as a globule of gas in surrounding liquid1. The study of the
interaction between acoustic wave and bubbles has drawn considerable attentions over last
several decades2. Once a bubble is in an acoustic field, the flexible gas-liquid interface oscillates
in response to pressure fluctuation of environment. The acoustically actuated bubble can
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profoundly impact the motion of fluid and particles around through acoustic streaming and
radiation force. The optoaocustic tweezers technique, presented in this thesis, also features a
microbubble (a few tens of micrometer in diameter) as central component, generated by the
optothermal effect and actuated by acoustic waves. In this chapter, we review the advances using
acoustic actuated bubble in microfluidics; specifically, bubble generation, bubble actuation,
acoustic streaming, acoustic radiation force and cutting edge applications with acoustic bubble
are discussed.

1.2.1 Bubble generation
Numerous methods have been used to generate bubbles in microfluidics, including Tjunction3, acoustic cavitation4, microstructure confinement5, direct laser incidence6, and
optothermal effect7. Fig. 1-1 demonstrates mechanisms for these representative bubble generation
approaches. Each method has its own advantages and limitations and therefore each is appropriate
only for some specific applications. For example, the acoustic cavitation (Fig.1-1a) and Tjunction bubble formation (Fig.1-1b) methods can generate hundreds of bubbles in a few
seconds3,4; however, they have poor control on the bubbles’ sizes and locations. Thus, these two
methods are usually applied in cell poration, cell lysis, somochemistry, and high throughput
mixing where large amount of bubbles are required. By contrast, using microstructure
confinement (Fig.1-1c) and micro pipette injection (Fig.1-1d) one can generate a few bubbles but
with good size and location control5,8. Thus, these latter two methods were used to study particle
trapping, acoustic streaming, and analytical chemistry where the throughput was not the first
consideration. Recently, a laser technique has been applied bubble generation (Fig.1-1e and f)6,7.
Due to high-directional, tunable energy input of laser incidence, it can generate bubbles with
great time and spatial control. With pulsed laser beam, hundreds of bubbles can be generated in
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seconds. For instance, Ed Zwaan et al. utilized a pulsed and frequency-doubled Nd:YAG laser as
power source to generate bubble in microfluidic channel9. Pulsed laser beam focused on liquid in
a mcirofluidic channel, the laser energy heated up the liquid locally to evaporate a bubble within
10 µs. The size and location of a bubble are controlled by laser incident duration and laser
focusing spot, respectively.

Figure 1-1: Overview of bubble generation methods in microfluidics. Bubbles are generated
through acoustic cavitation, T-junction, microstructure confinements, micro-pipette injection,
direct laser incidence, or optothermal effect. Reference 3-9
Although directly using energy of laser incidence to form microbubbles well solves
challenge in time and spatial control of microbubble, it requires high-power, highly-focused,
pulsed laser source to boil liquid; and a special light-absorbing liquid to enhance energy
absorbance. These pre-requirements on setups increase the cost of experiment and limits
application of technology. To tackle the problem, we, along with other groups, pioneered a
bubble generation method using optothermal effect from a laser beam10–12. In this method, a
continuous-wave laser focused onto laser absorbing materials (e.g. gold or chromium pads) on the
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bottom of microfluidic channel; the metal absorbs the energy from laser and heat liquid in the
microfluidic chamber. When the liquid reaches its boiling point, a vapor bubble formed.
Generating microbubbles with optothermal effect renders a few advantageous features: (1)
locations and sizes of bubble are highly controllable by tuning laser focusing spots and duration;
(2) the bubble can be stable for hours after the laser incidence was turned off, making down
streaming bubble operation possible; (3) compared with directly laser incidence method, use of
optothermal effect entirely removes the procedure of adding dyes to working liquid medium, or
the high-power, highly-focused, pulsed laser. Thus, it significantly decreases the cost of
experimental setups.
In this dissertation, we use the optothermal effect to generate bubbles in microfluidic
channel for further acoustic actuation. Due to great control on size, location, the bubble is
superior for acoustic actuation at its resonant frequency.

1.2.2 Acoustic actuation
The acoustic actuation of a bubble is done through oscillations of its gas-liquid interface.
This interface can be modeled9 as a flexible membrane upon external stimulation of pressure
wave. The oscillatory response is dependent on the intensity of external ultrasound. At low
intensity acoustic field, the bubble is under an action of steady, linear oscillating behavior, which
is also called non-inertial cavitation. A bubble under this oscillating mode is a good candidate to
become a microfluidic tool because of a few advantages it featured with: first, the bubble could
oscillate stably for hours under mild acoustic stimulus, which enabled long time microfluidic
operation. Second, the steady oscillating bubble can significantly impact the environments by
effect of streaming and acoustic radiation force. Third, physics mechanism behind the linear
oscillating bubble and flow field around is extensively studied and well revealed. Fourth, acoustic
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setups are extremely simple and in-expensive to stimulate a bubble under steady, linear
oscillation.
Contrary to the steady oscillating bubbles, when the amplitude of acoustic stimulus
reaches above a certain threshold, nonlinearities in the system begin to dominate. Here, bubbles
may undergo violent expansions and contractions over cycles, which result in a subsequent
collapse, referred to as ‘inertial cavitation’. Due to the high energy stored in the expansioncollapsing process in an inertial cavitation, it was majorly applied in sono-chemistry, cell lysis,
surface de-fouling, liquid extraction process where high energy intensity is required. In this
thesis, the optoaocustic tweezers technique is based on a steady, linear oscillating bubble;
therefore, we only focus on those effects generated by steady oscillating bubbles (i.e. non-inertial
cavitation) and on the state-of-the-art applications mentioned in Chapter 1. The inertial cavitation
is intentionally ignored to keep the thesis concise.

1.2.3 Streaming
An oscillating object generates fluctuations in velocity and pressure in the viscous fluid
surrounding it. A steady streaming flow, i.e. acoustic streaming, is a result of the non-zero
temporal average of these fluctuations13,14. When this object is a gas bubble, the small-scale
acoustic streaming flow is specifically referred to as ‘cavitation microstreaming’15. Cavitation
microstreaming results from vorticity generated within the oscillatory boundary layer surrounding
the bubble; it is a consequence of second-order nonlinear terms in the vorticity transport
equation16.
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Figure 1-2: Streaming patterns around a 272 µm radius bubble excited at acoustic frequencies of
(a) 1kHz, (b) 3kHz, (c) 4kHz, (d) 7kHz, (e) 9 kHz and (f) 11kHz. Reference 17

A pattern of cavitation microstreaming is dependent on mode of oscillations of an
acoustic actuated bubble, which is further determined by bubble size, amplitude and frequency of
acoustic signal. The streaming patterns around an oscillating bubble was investigated by Microparticle image velocimetry system (Micro-PIV)17 in Fig. 1-2. Their work clearly revealed that for
one bubble with different frequencies for acoustic actuation, patterns with one, two, or four
vortices, can be generated. In addition, their work also showed that at fixed frequency for acoustic
actuations, bubbles with different diameters generates different vortex patterns17. To numerically
demonstrate the streaming patterns at different oscillation modes, we have done numerical
simulations for a bubble undergoing only lateral oscillations, and both lateral and radical
oscillation. In the simulation, streaming patterns for a single bubble with diameter of 60 µm,
amplitude of oscillation of 5 µm at frequency 100 kHz was investigated. The results reveal a
quadrupole acoustic streaming pattern, when only laterial oscillations occurs. On the other hand,
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when both lateral and radical oscillation occurs on a bubble simultaneously, two vortex appears
around the oscillating bubble. Both experimental and theoretical results point towards the
streaming flow pattern is determined by the modes of oscillation of the bubble at different
acoustic frequencies. Therefore, experimental controlling the bubble size and frequency of
acoustic signal can rationally manipulate the fluids around an oscillating bubble.

Figure 1-3: Numerical simulations of streaming patterns around a 60 µm radius bubble,
undergoing both lateral and radical oscillation (a), and only lateral oscillations (b).

A series of functions, including fluidic mixing18, pumping19, switching20, extraction21 and
chemical gradient22 are achieved through manipulating the cavitation microstreaming around an
oscillating bubbles. The cavitation microstreaming was used to perturb laminar flow and enhance
mass transfer in these applications. For example, Ahmed et. al. presented ultra-fast homogeneous
mixing inside a microfluidic channel via single-bubble-based acoustic streaming.18 The device
operated by trapping an air bubble within a ‘‘horse-shoe’’ structure located between two laminar
flows inside a microchannel. Acoustic waves excited the trapped air bubble at its resonance
frequency, resulting in acoustic streaming, which disrupted the laminar flows and triggers the two
fluids to mix. The mixer achieved excellent homogenized mixing across the entire width of the
channel (200 um) with a mixing time of about 7 ms. Ryu et. al. developed an acoustic micro-
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pump based on an oscillating bubble19 where the circulating streaming flow was regulated to a
directional flow in a tube to achieve pumping function; they have reached a pumping velocity of
5 mm/s under the pressure load of 250 Pa. Xie et. al. used an acoustic actuated microbubble to
enhance the mass transfer across liquid-liquid interface21 where the acoustic streaming assisted
molecules to transfer across a liquid-liquid interface. Experiments extracting Rhodanmine B from
an aqueous phase (DI water) to an organic phase (1-octanol) were performed, the rate of mass
transfer enhanced up to 10 times compared with a pure diffusion based process. This microfluidic
acoustic assisted extraction strategy can be potentially used for biomolecule enrichment and for
enhancing bio-detection under practical operating conditions. Beyond acoustic streaming from
single acoustic actuated bubble, collaborative streaming effect from bubbles’ series locating at
several predesigned positions, could achieve more complex fluid manipulation function. For
instance, Ahmed et. al. presented a novel concept of generating both static and pulsatile chemical
gradients using acoustically activated bubbles designed in a ladder-like arrangement22. The device
is capable of generating pulsatile gradients at frequencies as high as 0.1Hz, which is valuable for
cell chemotaxis, differentiation, and migration in dynamic chemical environment.
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Figure 1-4: Application of microstreaming, induced by an oscillating bubble, in fluidic pumping,
mixing, extraction and forming of chemical gradient. Reference 18-22.

Figure 1-5: Application of microstreaming, induced by an oscillating bubble, to deform vesicles.
Reference 23.
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Another important function of cavitation microstreaming, besides fluid manipulation, is
exerting shear stress on vesicles or cells in the vicinity of an oscillating bubble10,23. In this aspect,
Marmottant et. al. used an linear oscillating bubble to achieve rupture of lipid membranes,
composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)23. The streaming flow exerts
large enough shear forces to manipulate, deform, and rupture DOPC vesicles. It need to be noted
that Marmottant et. al. only deformed vesicles in their work, not cells. Cells, with complex
cytoskeleton structure, are much stiffer than a DOPC vesicles. To effectively deform cells for
probing cellular biomechanical markers, we have applied a high viscous medium (with viscosity
about 100 time of water) to enhance the shear stress on cells (This work are discussed in chapter
5)10. When the amplitude of acoustic streaming is above a critical limit, strong shear stress may
also cause cell poration, and even rupture24. However, at high acoustic power condition the
bubbles are in a statues of non-inertial cavitation, which beyond the scope of our discussion.
Cavitation microstreaming is also combined with acoustic radiation force to control the
trajectories of particles near an oscillating bubble. This topic is discussed in section of radiation
force (Section 1.2.4).

1.2.4 Radiation force
A particle experiences acoustic radiation force in the vicinity of an oscillating bubble25.
The acoustic radiation force, arising from the scattering of incoming ultrasonic waves, can be
directed towards or away from the centre of an oscillating bubble. When particles absorb this
scattered radiation, their momentum is changed. Calculation of the radiation force (Fr) is derived
by the time-averaged, second-order momentum terms in the Navier-Stokes equation. For a fluid
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with a dilute concentration of particle, the radiation force on a particle can be expressed as
follows26:
$

𝐹" = 𝜋𝑅(% 𝑑* 𝑢,- 𝐵𝑅/$ 𝑟 12
%

(1-1)

where Rs is the radius of a spherical particle suspended in the flow field; u0 is the surface velocity
amplitude; Rp is the radius of the oscillating bubble; r is the distance from the particle to the
bubble center; ds is the density of particle; dm is the density of the medium; and B=3(dsdm)/(2ds+dm) is the constant that determines the direction of the radiation force on the particle
(B>0, attractive force; B<0, repulsive force).
The motion of a particle around an acoustic actuated bubble is determined by a combined
effect of acoustic radiation force and drag force by acoustic streaming (Fd). The drag force from
acoustic streaming on a spherical particle at low Reynolds number (and, again, at dilute
concentrations) is calculated by the so-called Stokes equation:
𝐹3 = 6𝜋𝜂𝑅( 𝑣

(1-2)

where η is the medium viscosity, and v is the relative velocity between the particle and the fluid.
However, it is very difficult to determine v at each position in a flow field, because even when the
particle velocity can be characterized by tracing particle motion, the real flow field is still very
challenging to obtain. Thus, is practice, the maximum velocity (UL) is used to estimate the upperlimit of the velocity of a particle in the vortex. The streaming patterns generated by the oscillating
bubbles were studied in previous works, and the maximum velocity of the liquid within the
boundary layer of streaming was found to be25:
𝑈8 = 𝜔 1: 𝑢,- 𝑅/$ 𝑟 12

(1-3)

where 𝜔 = 2𝜋𝑓. With this estimation, the maximum drag force due to acoustic streaming is:
𝐹3*=> = 6𝜋𝜂𝑅( 𝑈8

(1-4)
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The ratio of streaming-induced drag force (its maximum value) and radiation force was
attained to qualitatively predict the determination of particle, by combining Eqns. 1-1 and 1-4:
?@
?ABCD

$
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E

(1-5)

Eqn. 1-5 shows that with higher oscillating frequency or relatively large particle size, Fr plays a
more important role in the motion of the particle than Fd, causing the particles to attract to the
surface of the bubble. Otherwise, Fd would determine the trajectories of particles, and the
trajectories would be similar to the streaming pattern. Since Eqn. 1-5 is derived from FdMAX, rather
than Fd, it only provides a qualitative analysis. Nevertheless, it is still valuable for the design of
particle trapping mechanism. If the ratio in Eqn. 1-5 was larger than 1, or even close to 1, Fr
would dominate Fd (since Fd is always less than FdMAX) and the particles would be trapped at the
surface of the bubble. On the contrary, if the ratio is much less than 1 (e.g., 0.01), the drag force
would dominate the system and the particles would easily escape the vortex by following
streamlines.
Various applications including switching27, sorting28, or particle transportation26 were
reported with acoustic actuated bubbles in which acoustic radiation force was used in couple with
streaming effect to manipulate particles and cells. For example, Patel et. al. developed a novel onchip microfluidic switch, named Lateral Cavity Acoustic Transducers (LCATs), that utilizes the
acoustic microstreaming and acoustic radiation force generated by an oscillating air–liquid
interface to switch cells/particles into bifurcating microchannels27. The LCATs is capable of
achieving theoretical switching rates of 800 cells/particles per second. It was also demonstrated
that K562 cells could be switched into a collection channel. The power consumption of the LCAT
switch is 2.3 mW, making it a low power on-chip actuator that does not require additional
fabrication steps. Particle sorting function is also achieved through the acoustic streaming and
radiation force. For example, Wang et. al. presented a size-sensitive particle sorting mechanism
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using acoustic actuated bubble29. Particle sorting was realized by superimposing a laminar flow
and an oscillating bubble; particles with 1 µm radius followed laminar flow while 5 µm radius
particles were trapped by acoustic radiation force. Acoustic actuated bubble was also used to sort
particles with different materials besides size differences. In calculation of acoustic radiation
force (Eqn. 1-5), parameter B is determined by the density difference between particles and
medium. As a consequence, particles with higher density were more significantly dominated by
acoustic radiation force, leading to a radical motion to the bubble; oppositely, lighter particle
follows the acoustic streaming more. For example, Rogers et. al. demonstrated that suspended
high-density silica particles (density 2000 kgm/m3) within the acoustic field were attracted to the
bubble, at which the same sized polystyrene particles (density 1050 kgm/m3) would be repelled in
the acoustic streaming8.

Figure 1-6: Application of acoustic actuated bubble to switch and sort particle. Reference from 6,
28, 29.
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A single bubble under acoustic actuation can achieve a series of functions through
acoustic radiation force as we discussed above. Sequential configuration of bubbles are able to
realize more complex functionalities such as control of particle transportation along predefined
trajectories26. In this aspect, we have developed an acoustofluidic relay for sequential trapping
and transporting of microparticles via acoustically oscillating bubbles26. The size and location of
bubbles were precisely controlled by lithography, where multiple bubbles are configured in a
ladder shape (Fig. 1-7a). When the acoustic waves are turned on, particles are attracted to and
trapped in a vortex near the surface of bubble. When the acoustic waves are turned off, particles
follows the streamlines to the next bubble in down streaming direction. Therefore, by cycling the
acoustic waves on and off, the particles are trapped, rotated, and transported among multiple
bubbles, causing them to move transversely across the channel via an acoustofluidic relay (Fig. 17 b-c).

Figure 1-7: Application of multiple oscillating bubbles to transfer particles. Reference 26.

16
Experimentally, during the first ON period of acoustic signal, which could be observed
by the oscillation of the bubble, the particles were attracted to the bubble by the radiation force
and trapped in a vortex near the bubble even with continuous fluid injecting from the inlet (Fig. 18a). Then, acoustic signal was turned off (Fig. 1-8b) causing the particles to be released from the
vortex and follow the laminar streamlines toward the outlet. The time during which the function
generator was turned off was set as the time for the particles to flow from one bubble to the other
along the X-direction in laminar flow. When the acoustic signal was turned on for a second time
(Fig. 1-8c), the particles moved toward the second bubble and again became trapped. When the
transducer was turned off again, the particles were released and moved downstream. Cycling
ON/OFF of acoustic signal results that polystyrene particles with radius of 5 µm are transported
between multiple bubbles with 350 µm gaps in the flow direction, and 90 µm perpendicular to the
flow direction. The acoustofluidic relay technique is useful for the trapping and transport of
particles or cells in microfluidic devices and facilitates the further integration of bubble-based,
lab-on-a-chip systems.

Figure 1-8: Image of (a) particles trapped by the first bubble; (b) particles released and flowing
downstream when the acoustic signal was turned off; (c) particles attracted and trapped to the
second bubble when the acoustic signal was turned on; (d) trajectories of many particles during
the transportation process. Reference 26.
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1.3 Acoustic actuated bubble in biomedical applications
Due to the effectiveness in generating acoustic radiation force and streaming, as well as
high biocompatibility, the acoustic actuated bubble is a very promising tool to manipulate cells or
micro-organisms. In this section, we would like to discuss a few state-of-the-art biomedical
applications using acoustic actuated bubble in microfluidics. To limit the length of our discussion,
we focus on those applications using steady oscillating bubbles (i.e. non-inertial cavitation); those
achievements with inertial cavitation, including cell sonoporation30, sonochemistry3, acoustic
contrast imaging31, are excluded from our discussion in this desertions. We do not emphasize
those work on particle/cell sorting8, transporation32, separation28, trapping33 in this section neither,
because these work were discussed earlier in the section of acoustic radiation force. Here we
highlight four biomedical applications with acoustic actuated bubbles: characterization of enzyme
reaction, actuation of microswimmer, study of mechano-transduction, and micro-organism
rotation. These application are based on use of acoustic radiation force and/or acoustic streaming.

1.3.1 Characterization of enzyme reaction
Enzymes have played an important role in many disciplines such as biochemistry34,
medicine35, and food science36. One key issue in enzyme-based assays and studies is the accurate
characterization of the enzymatic reaction constants. Michaelis-Menten (M-M) kinetics37 is one
of the most used models to describe the bulk reactions of enzymes. Although M-M kinetics
simplifies the allosteric regulation, multi-substrate binding, inhibition, and other effects that occur
in real enzymes, it is still valid for many enzymatic reactions. The M-M constant (Km) and
turnover number (kcat) are two of the most important constants. Km quantifies the affinity between
enzyme and substrate; kcat quantifies the turnover rate of the reaction. Measuring the enzymatic
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reaction constants requires two key factors from device aspect: first, several parallel experiments
must be conducted with different substrate concentrations but a constant enzyme concentration;
more important, enzyme and substrate must be mixed as quickly as possible to quantify the initial
reaction and minimize the time that substrate or enzyme is inhomogeneous due to partial mixing.

Figure 1-9: (a) Enzymatic reaction carried out with acoustic actuated bubble mixer. The
fluorescent intensity was detected in the channel with equal distance intervals. (b) The fluorescent
intensity at the starting point of reaction (blue circle) and the point after a certain reaction time
(red square). The fluorescent intensity at the middle of the curves was used as effective
fluorescent intensity in Fig. 1-9c. (c) Initial reaction rate (v0) curve with substrate concentration
ranging from 91 µM to 545 µM. Reference 5.

Acoustic actuated bubbles were used to effectively enhance mixing efficiency to
characterize the enzymatic reaction5. When a bubble is introduced in the microfluidic channel and
driven by acoustic waves, the oscillating gas-liquid interface will cause vortices in the channel to
achieve millisecond level mixing. This method is well suited for use in measuring enzymatic
reaction constants. In this work, the enzyme (β-galactosidase, β-Gal) and substrate (resorufin
β-D-galactopyranoside) were fully mixed in just a few milliseconds by the oscillating bubble.
This reaction led to a fluorescent product to facilitate the detection. The intensity of the
fluorescent signals indicated the concentration of product generated from the reaction. The
reaction time was calculated based on the flow rates and the geometry of the channel. The Km and
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kcat in this reaction were measured to be 333 µM, with a standard deviation of 130 µM, and 64 s-1
with a standard deviation of 8 s-1, respectively. These values are in fair agreement with published
results (Hadd et. al.38 measured Km as 550 ± 200 µM, kcat as 70 ± 30 s-1; Jambovane et. al.39
measured Km as 335 ± 65 µM, kcat as 39 ± 5 s-1). Our bubble-based, high-speed mixer reduces the
mixing time into the milliseconds range, significantly increasing the versatility in characterizing
enzymatic reaction constants without the use of organic solvents or measures to affect the
reaction.

1.3.2 Actuation of microswimmer
Microswimmers, devices capable of finely controlled, active motion at the microscale40,
are particularly compelling in biological or biomedical contexts41. However, current
microswimmer has faced lots of barriers to swim in body liquid environments. First, propulsion in
a complex fluid medium (i.e., highly viscous or non-Newtonian fluids) and motion against high
flow rates has remained a significant challenge. Second, many of the existing swimmers that use
electric fields or chemical/electrochemical fuels cannot be used in biological environments which
lacks such power source. Third, selectively manipulation has not been realized yet.
Acoustic actuated bubble based microswimers made a few step-ups in solving these
problems42. By acoustically actuate a microbubble in an asymmetric, motile micro-structure, the
streaming effect could propels the liquid around. Due to the Newton’s third law, the reaction
force propels the microswimers itself moving. Selective manipulation is achieved by designing
the microstructure into different dimensions, so that bubble trapped inside are featured with its
characteristic resonant frequencies. A plethora of microstructures were designed to accommodate
bubbles for translational, rotational, and selective motion. For example, Ahmed et. al.
demonstrated a microswimmer using photo crosslinking polyethylene glycol (PEG) based
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microstructure with one or more microbubbles anchored inside42. This acoustically-powered
microswimmer accomplishes controllable and rapid translational and rotational motion, even in
highly viscous liquids (with viscosity 6,000 times higher than that of water). In another case,
Bertin et. al. presents hammer-shaped microswimmer43. They have demonstrated that the
swimmer propelled at speeds of order 1 mm/s solely by the bubble-based steady streaming (thrust
force 0.6 nN). This velocity is on the order of magnitude required to travel in blood capillaries,
which may pave the way to in vivo use of acoustic actuated bubble swimmer.

Figure 1-10: (a) When a two-bubble swimmer is driven at the resonance of just one bubble, it
rotates in awide orbit. (b), The orbit of an asymmetric one-bubble swimmer is much tighter due to
its stronger asymmetry. (c) At a frequency intermediate between the resonances of the two
constituent bubbles, a two-bubble swimmer can move in a straight line. From reference 42.

21
1.3.3 Study of mechanotransduction
Mechanotransduction44, cells response to extracellular mechanical signals, is central to
many developmental, physiological, and pathological processes and affects various cell functions,
including growth, migration, differentiation, and apoptosis. From bioengineering point of view,
establishing an approach that can apply controllable force on cells is essential to study
mechanotransduction. An acoustic actuated bubble is a good candidate to do this. An oscillating
bubble exerts acoustic radiation force and drag force to cells nearby. Given the fact these forces
were well predicted with current theory; by observation of the deformation or motion of cells
around the bubble, the affinity of cell-bubble interaction can be calculated. In this regard, Chen
et. al. developed a technique called “acoustic tweezing cytometer” to map the cellular actin
cytoskeleton contractile force responses45,46. In their work, Targeson (Targesphere-SA
microbubbles), an ultrasound imaging contrast was used as microbubbles; Arg-Gly-Asp (RGD)
peptides was coated on bubbles to conjugate with cells. The motion of a pair of neighboring
bubbles was investigated to characterize the cytoskeleton contractile force. At equilibrium state,
the acoustic radiation force between two bubbles, was balanced by the contractile force from the
cells, where are bonded with bubbles. Their method allows controlled force application for
biomechanical probing and stimulation of cells in an integrated platform, providing an
advantageous tool for cell mechanics and mechanobiology studies.
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Figure 1-11: (a) Experimental setup of acoustic tweezering cytometer; (b) Schematics of primary
acoustic radiation force (pARF) and secondary acoustic radiation force (sARF) exerted on two
microbubbles. Brightfield images showing one (c) or two (d) microbubbles attached to single
cells (e) contractile force of single NIH 3T3 fibroblasts. From reference 45.

1.3.4 Rotation of micro-organism
Precise rotational manipulation of single cells or organisms is invaluable to many
applications in biology, chemistry, physics and medicine47,48, including single-cell analysis, drug
discovery, and organism studies. Although many methods, including optical tweezers49, magnetic
tweezers50, electrophoresis51 have demonstrated great performance in translational manipulation,
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these methods meet challenges in terms of rotational manipulation of micro-organism. Acoustic
actuated bubble has unique advantages in rotation micro-objects due to the circulated streaming
patterns. Ahmed et. al. demonstrated an acoustic actuated bubble based, on-chip manipulation
method that can rotate single microparticles, cells and organisms52. In their method, a series of
microbubbles were trapped within predefined sidewall microcavities inside a microchannel.
Under stimulation of external acoustic field, microbubbles experienced oscillatory motion
generates steady microvortices which were utilized to precisely rotate colloids, cells and entire
organisms (i.e. C. elegans). They applied their rotational method in analyzing reproductive
system pathologies and nervous system morphology in C. elegans. They have demonstrated the
underlying abnormal cell fusion causing defective vulval morphology in mutant worms.

Figure 1-12: (a) A schematic of the experimental setup. (b) An optical image showing a mid-L4
stage C. elegans trapped by multiple oscillating microbubbles. From reference 52.
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1.4 Organization of dissertation
In this dissertation, we discuss the development and application of optoacoustic tweezers
platform. The structure of dissertation is based on key steps in technique development. In chapter
2, we discuss the exploration of optothermal effect, the energy source for generation of
microbubble. In chapter 3, we harness this energy to control the generation and motion of
microbubbles in microfluidics. In chapter 4, we discuss the configuration of optoacoustic
tweezers by integrating the optothermal effect generated bubble with acoustic stimulation,
achieving biocompatible manipulation of cells. In chapter 5, we applied the optoacoustic tweezers
to deform cells suspended in the vicinity to probe the mechanical biomarkers of cells. New
discoveries, new applications along the way of development of optoacoustic tweezers are also
discussed. For example, in chapter 2, besides the discover of optothermal effect, we also applied
this phenomenon to catalyze localized Ag@ZnO nanostructure synthesis for surface enhanced
Raman scattering (SERS) detection. In chapter 3, after we discusses the generation of
optothermal bubble, we further studies particle trapping phenomenon on bubble surface through
convective flow. Chapters 2-5 are modified versions of published work, first-authored or co-firstauthored by Yuliang Xie.
In chapter 6, we summarize the achievements and limitations of optoacoustic tweezers
technique. We will also provide prospects for future research.
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Chapter 2

Exploring optothermal effect for in-situ synthesis
In this chapter, we explore the optothermal effect, which will be used to drive
optoacoustic tweezers later. As an application of optothermal effect, we develop an in situ
fabrication method to grow highly controllable and sensitive, three-dimensional (3D) surfaceenhanced Raman scattering (SERS) substrates for bio-dection. Specifically, we fabricate the
SERS substrates composed of Ag@ZnO structures at prescribed locations inside microfluidic
channels. After exploring the fabrication of the 3D nanostructures, we demonstrate a SERS
enhancement factor of up to ~2×106 and investigate the optical properties of the 3D Ag@ZnO
structures through finite-difference time-domain simulations. A cell-trapping device is also
integrated with the 3D Ag@ZnO structures to record the surface chemical fingerprint of a living
cell. Overall, our optothermal-effect-based fabrication strategy presents a seamless combination
of microfluidics with SERS, overcoming problems in fabricating SERS substrates within
microfluidic channels.
Part of the work in Chapter 2 was published at ACS Nano53.

Figure 2-1: Overview of in-situ nanostructure synthesis via optothermal effect for SERS
detection.
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2.1 Introduction
Label-free detection of analytes from a small-volume, highly diluted, multi-component
sample is vitally important among diverse fields.54,55 Trace detection of poisonous organic
molecules, for example, is significant in monitoring environmental pollutants.56,57 In cancer
diagnostics, probing single-stranded DNA and its hybridization process is beneficial in the
designing of DNA markers.58–60 Identifying and distinguishing different biomarkers on cell
surfaces (i.e., cell surface fingerprinting)61,62 is helpful for visualizing phenotypes,63–65
investigating the metastatic processes of cells,66 and understanding cell-cell communications.67
Accomplishing these tasks require the unification of a sample preparation platform and a
detection technique.68,69 The sample preparation platform should be capable of delivering
miniscule amounts of samples and reagents to the detection site, where the detection technique
should be able to analyze the samples in a sensitive and label-free manner.
Significant achievements have been made in recent years in both sample preparation
systems and analytical techniques. One approach garnering significant interest, microfluidics70–72
has developed rapidly as a promising sample preparation platform. By confining small volumes
of fluids (i.e., nano/pico-liter scale), microfluidic systems enable a flexible and highly
controllable manipulation of liquids,5,73 suspended particles,11,74 and biological samples.75
Similarly, the surface-enhanced Raman scattering (SERS)58,76 detection technique has attracted a
great deal of attention for its direct, highly sensitive, nondestructive, label-free, and real-time
collection of quantitative chemical information.77,78 In comparison to many of the microfluidic
bioanalysis sensing techniques, such as fluorescence microscopy and electron microscopy, the
SERS detection method avoids any fixation, freezing, or staining of the biological samples with
exogenous labels.79,80 Consequently, it offers more intrinsic information of bio-species,81–83
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refraining from perturbing biological activity84–88, and enabling monitor of the analytes in a
simultaneous, dynamic manner.89–92
The cohesion of these techniques into an integrated microfluidic-SERS system93–95 could
conflate the respective advantages of each, resulting in a promising approach for many
applications. In such a system, the microfluidic device would manipulate a small amount of
analytes (or bio-species), while the SERS technique would analyze the sample in an
instantaneous, label-free manner. A microfluidic-SERS system would be especially attractive in
biological studies. This device, for example, could intentionally isolate cells at certain spots in
microfluidic channels, allowing the future in situ investigation of single cell response to stimuli
(e.g., mechanical compression, heat, chemotaxis, metabolism, and cell-cell signaling) through
SERS. Considerable efforts have been made in constructing the detection system by fabricating
high-performance SERS substrates inside microfluidic channels. For example, the SERS
substrates

pre-fabricated

by

conventional

methodologies

(e.g.,

lithography,94 thermal

evaporation,95,96 and wet chemistry97) can be buried into the microfluidic channel through a postfabrication alignment and bonding process. Alternatively, SERS substrates can be designed in
pre-formed microfluidic channels without the process of alignment and bonding, for instance,
with the hydrothermal deposition89,98,99 of nanostructures from precursor solutions. Furthermore, a
laser irradiation-induced growth100–102 can create SERS substrates at specific spots in microfluidic
channels, as the channel composition (e.g., PDMS, glass) is often highly transparent to the laser
light.
Here, we present a growth concept based on the optothermal effect to create 3D Ag@ZnO
nanostructures at any predefined position inside microfluidic channels, forming an integrated
microfluidic-SERS system. Our method bears several merits: (1) Easy fabrication process: A lowpower (3−15 mW), weak-focused, continuous-wave laser beam is used to illuminate a glass slide
coated with gold film serving as the bottom of the microfluidic channel. The gold film absorbs
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the laser power and heats the solutions in the microfluidic channel filled with appropriate
precursors to trigger the formation of 3D Ag@ZnO SERS substrates within the laser spot area.
(2) Rational control over the location of 3D Ag@ZnO nanostructures: Since the Ag@ZnO
nanostructures are grown exclusively within the laser spot area, the location of the Ag@ZnO
nanostructures can be programmably controlled by moving the laser beam. Vital in a variety of
applicable disciplines, the ability to rationally control the location of the SERS substrates within
the unreachable microfluidic channels represents the greatest advantage of our technique. As a
demonstration, we have achieved single cell trapping and SERS analysis using a horse-shoe
shaped structure with its bottom covered by the 3D Ag@ZnO nanostructures integrated within
the microfluidic channels. (3) 3D structured SERS substrate: 3D structures have proven to exhibit
extraordinary SERS performance owing to their large effective surface area that can contribute to
SERS enhancement.
The SERS enhancement factor of the 3D Ag@ZnO nanostructures is evaluated to be
about 2×106, which is due to the amplification of the large electric field between adjacent Ag
nanoparticles on the same and/or neighboring ZnO nanorods. The in-channel SERS performance
of the Ag@ZnO nanostructures is demonstrated by detecting small molecules, proteins, and
DNAs. Particularly, the real-time fingerprinting of SERS signals from a single cell trapped at the
position of the pre-grown Ag@ZnO SERS substrate illustrates the versatility of the integrated
microfluidic-SERS platform. Optothermal-effect-based fabrication enables an integrated
microfluidic-SERS system via the design of 3D Ag@ZnO SERS substrates inside any
microfluidic device, rendering the technique valuable in both analytical chemistry and cell
biology.103

29
2.2 Experimental methods

2.2.1 Chemicals.
Zinc nitrate hexahydrate, Hexamethylenetetramine (HMTA), and silver nitrate were
purchased from Sigma-Aldrich with a grade of analytical purity for the synthesis of Ag@ZnO
nanostructures. 4-Aminothiophenol (4-ATP), Rhodamine 6G (R6G), and Albumin from bovine
serum (BSA) were purchased from Sigma-Aldrich as SERS detecting samples. The precursor
solution for ZnO nanorod fabrication was a mixture of Zinc nitrate (25 mM) and HMTA (25
mM). The precursor solution for Ag nanoparticle growth was a silver nitrate aqueous solution (20
mM).

2.2.2 Microfluidic setups.
A polydimethylsiloxane (PDMS) based microfluidic device was fabricated using standard
soft lithography and mold replica techniques. Two types of microfluidic channels were used in
the experiment. The device for the demonstration of nanostructure fabrication features the
following dimensions: 10 mm in length, 10 mm in width, and 70 µm in depth. For cell trapping
experiments, the channel comprised of a horse-shoe shaped trapper with three outlets (width of 10
µm), and a channel depth of 16 µm. Both microfluidic channels were prepared by bonding PDMS
onto the gold-coated glass slide. The gold was thermally evaporated onto a glass slide (Semicore
evaporator) with a thickness of 50 nm.
A diode laser (wavelength of 405 nm) was coupled to an upright optical microscope
(Eclipse LV-100, Nikon, Japan). The objective lens (20×, NA=0.45) mounted on the microscope
was used to focus the laser beam, as well as image the sample on a CCD camera (DS-Fi1, Nikon,
Japan). The laser beam was focused into an elliptical area of approximately 30×40 µm on the
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gold film, serving as the bottom of the microfluidic device. The laser power was 15-20 mW,
measured on the sample plane by a power meter (FieldMaxII-TO, Coherent, USA). A motorized
stage was used to move the PDMS channel and change the laser-focusing position, and therefore,
the position of the prepared ZnO nanorods. The precursor solution for the ZnO nanorod
fabrication was injected into the microfluidic channel with a syringe pump (KD scientific, USA).
The growth of ZnO nanorods usually takes 5−15 min, depending on the experimental conditions.
Ag nanoparticles were deposited on ZnO nanorods using the same experimental setup as the one
used for the fabrication of ZnO nanorods. The precursor solution (AgNO3; 20 mM) was injected
into the microfluidic channel with a syringe pump to replace the ZnO precursor solutions. The
laser spot was focused onto the ZnO nanorods to locally deposit Ag nanoparticles on them. The
laser power was 3−5 mW. A laser exposure time of about 10 min was used to form 3D Ag@ZnO
nanostructures.

2.2.3 On-chip SERS Detection.
4-ATP (1 µM), BSA (0.01 %, w/w), and DNA (1 µM) were used to evaluate the SERS
performance of the 3D Ag@ZnO nanorods. The analytes with desired concentrations were
injected into the channel composed of 3D Ag@ZnO nanostructures, keeping them in a liquid state
and a static flow condition. The Raman scattering spectra were recorded with a confocal
microprobe Raman system with the excitation wavelength of 633 nm; the laser power was about
1 mW. The accumulation time was varied from 10 to 20 s, with different times corresponding to
different samples. SERS measurements were repeated 5 times on the nanostructures and then
averaged.
Hela cells were grown in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/F12) media (Gibco, CA, USA), supplemented with 10% fetal bovine serum (Atlanta
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Biologicals, GA, USA), penicillin (100 U/ml), and 100 µg/ml streptomycin (Mediatech, VA,
USA). Cells ware grown to reach about 90% confluence before trypsinization (Trypsin +0.05%
EDTA, Gibco, CA, USA). After centrifugation (800 rpm for 5 min), cells were re-suspended in a
PBS buffer solution (1×, pH 7.4) to reach a final concentration of about 2×105 cells/ml. The
suspension of the Hela cells was injected into the microfluidic cell-trapping device at a flow rate
of 10 µl/min. After cells were trapped within the horse-shoe structures composed of pre-grown
3D Ag@ZnO SERS substrates, the injecting flow was stopped. SERS measurements of the
trapped cells were then performed using a 633 nm laser (about 1 mW) with an integrating time of
20 s.

2.3 Numerical modeling methods

2.3.1 Simulation of Temperature and Flow Fields.
Numerical investigation was performed to simulate the temperature distribution and the
convective flow around the laser spot area using Fluent software package. Since the laser beam
was focused onto a small spot, the heating area could be considered as axisymmetrically
distributed around the laser spot. As a result, an axisymmetrical 2D model was employed to
reduce the simulation time. The whole model was built according to the device used in
experiments, consisting of a glass slide, a thin water layer, and a PDMS layer. The thicknesses of
the three layers were 150 µm, 70 µm, and 2 mm, respectively. The width of the three layers was 2
mm. To mimic the heating effect when the gold film absorbed the laser energy, a coupled thin
film heat source with a thickness of 50 nm (the same as the gold film used in the experiments)
was inserted at the glass/water interface. The radius of the coupled heat source was set to 20 µm,
in accordance with the area of the focused laser beam. The heating power was 8.7 mW, which
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was determined by an optical test. As to the boundary conditions, the outer surfaces of both the
glass layer and the PDMS layer were set as convective cooling surfaces. Convective cooling took
place naturally at these two surfaces, thereby the heat transfer coefficients were given as 10 W/
(°C•m2). The conditions of the right sides of the three layers were set to the ambient temperature
at 15 °C.

2.3.2 Simulation of Electromagnetic Field Enhancement.
A finite-difference time-domain (FDTD) method (Lumerical, Inc., USA) was used to
simulate the electromagnetic field enhancement of ZnO and 3D Ag@ZnO nanostructures. The
Ag@ZnO nanostructures were simplified as ZnO cylinders covered by randomly distributed
spherical Ag nanoparticles. ZnO nanorods with a diameter of 100 nm and length of 1500 nm,
revealed by the SEM observations, were used in the model for FDTD simulations. Silver
nanoparticles with a diameter of 40 nm were randomly placed on the ZnO nanorods to imitate the
3D Ag@ZnO nanostructures. Two identical ZnO nanorods decorated with silver nanoparticles
were separated by a distance of 50 nm or 100 nm to investigate the influence of the inter-nanorod
distance on the electromagnetic field distributions. A plane wave was used to illuminate the
whole nanostructure immersed in a water solution.

2.4 Results and Discussion

2.4.1 Mechanism of in-situ synthesis
Using the same setup (Fig. 2-2a), the Ag@ZnO nanostructure clusters were formed by
two sequential reactions catalyzed by an optothermal effect: first ZnO nanorods were fabricated
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(Fig. 2-2b) and then Ag nanoparticles were deposited on the pre-formed ZnO nanorods (Fig. 22c). In the first step, a continuous laser, serving as a localized heat source to catalyze the
formation of ZnO nanorods, was focused onto a gold-coated glass slide, which was used to
support the microfluidic channel containing zinc nitrate (Zn(NO3)2) and Hexamethylenetetramine
(HMTA) solution as precursors (Fig. 2-2b). The gold film absorbed energy from the laser and
heated the surrounding precursor solution, resulting in the formation of ZnO nanorods on the gold
film (Fig. 2-2b). The location of the ZnO nanorods was entirely determined by the position of the
focused laser spot, which can be translated by the movement of a programmable, motorized stage
on which the microfluidic channel was fixed. After the ZnO nanorods were prepared, the
precursor solution was drained. Subsequently, silver nitrate (AgNO3) solution was injected into
the same microfluidic channel to grow Ag nanoparticles (Fig. 2-2c). The laser beam was focused
onto the pre-formed ZnO nanorods, leading to the formation of Ag nanoparticles on the ZnO
nanorods by decomposing AgNO3. Eventually, the Ag@ZnO nanostructures were formed at the
position of the laser-focusing spot area (Fig. 2-2c).

Figure 2-2: (a) Optical setups for fabricating 3D Ag@ZnO nanostructures in a microfluidic channel.
Schematic illustration of on-chip, in situ creation of (b) ZnO nanorods and (c) Ag@ZnO nanostructures by
optothermal effect.
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2.4.2 Formation of ZnO Nanorods.
As the scaffold of Ag@ZnO nanostructure fabrication, ZnO nanorods were synthesized
by the optothermal effect. The formation mechanism was illustrated by a simulation of
temperature and flow distribution near the laser spot area. The results (Fig. 2-3) show that the
parameters of the laser play important roles in determining the formation process of ZnO
nanorods. First, the highest temperature reached is 385 K, with a heating power of 8.7 mW
(similar to the heating power experimentally used), which is high enough for the hydrothermal
synthesis of ZnO nanorods. The highest temperature locates at the glass/liquid interface (Fig. 23a), where the gold film is situated. Second, the localized growth of ZnO nanorods at the laser
spot area is induced by the sharp spatial distribution of the temperature along the microfluidic
channel’s width (X-axis). For example, the temperature drops from 385 to 360 K as measurement
shifted from the center of the focused laser spot to the boundary of the focused laser spot (about
20 µm) along the X direction. Further movement along the X-axis leads to a sharply reduced
temperature, which is too low to satisfy the growth requirement of ZnO nanorods (Fig. 2-3b).
Third, the strong temperature gradient in the Y direction explains why the length of the ZnO
nanorods was insensitive to the laser-irradiation time. The temperature decreases more
significantly along the Y direction (Fig. 2-3c); at a distance of 10 µm from the gold film, the
temperature is insufficient for the growth of ZnO nanorods. Lastly, the heat-induced convective
flow is also important to facilitate the formation of ZnO nanorods. Simulation results show that
the amplitude of the convective flow (Fig. 2-3a) from the bottom to the top inside the
microfluidic channel was up to 10 µm/s. The convective flow draws precursor molecules to the
laser-irradiation area, where they are consumed by the growth of ZnO nanorods. The effect of
convective flow is confirmed experimentally by a shortened growth time of ZnO nanorods (~5
min) compared to conventional hydrothermal methods in bulk reactions (~30 min at 90o C).
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Figure 2-3: (a) Simulation results of the flow and temperature distributions during the optothermal effect.
The temperature distributions along (b) X axis (the blue line in Fig. 2a) and (c) Y axis (the red line in Fig.
2a). The temperature decreases steeply from the laser spot area to the outside area, confining ZnO nanorod
formation exclusively within the laser spot area.

A few minor discrepancies in temperature distribution exist between the simulations and
the experiments. The highest temperature in the simulation (up to 385 K) is slightly above the
boiling point of water, and this temperature is not observed in the experiments. This discrepancy
is due to the overestimated energy input in the simulation. In the simulation, the power absorbs by
the gold film is defined by subtracting the reflected energy and energy transmitted through the
gold film from the total energy of the laser beam. In reality, other factors, such as heat transfer
efficiency between different materials, make the heat power lower than that used in the
simulation conditions. This trivial discrepancy does not influence the explanation of the
optothermal growth process of the ZnO nanorods through the simulations. Overall, this
simulation result confirms that the creation of ZnO nanorods is due to the optothermal effect. The
inhomogeneous temperature distribution induces the localized formation of ZnO nanorods, while
the convective flow facilitates the rapid preparation of ZnO nanorods.
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Figure 2-4: SEM images of ZnO nanorods fabricated at different laser-irradiation times with different
magnifications. (a)-(c) 5 min; (d)-(f) 10 min; (g)-(i) 15 min.

The morphology of the ZnO nanorods further supported the optothermal fabrication
mechanism. The ZnO nanorods fabricated at laser-irradiation times of 5, 10, and 15 minutes were
characterized by scanning electron microscopy (SEM). All ZnO nanorod clusters formed
exclusively at the laser spot area, with an elliptical shape of about 40×30 µm (Fig. 2-4a, d, g),
consistent with the temperature distribution in the X direction. The ZnO nanorod cluster was
composed of many densely packed, nearly vertical ZnO nanorods. The length of the ZnO
nanorods was measured by observing lying nanorods induced by intentionally scratching the
cluster after removing the PDMS device. All of the nanorods were about 1.0−1.5 µm in length,
independent of the laser-irradiation time, which confirmed the strong temperature gradient in the
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Y direction. We also observed that when the irradiation time increased, the diameter of the ZnO
nanorods increased significantly, while their packing density kept nearly constant. For example,
the diameter of each hexagonal ZnO nanorod increased from 50 nm to 200 nm as the laser
irradiation time was prolonged from 5 min to 15 min. The density of the ZnO nanorods kept
nearly constant at 50 nanorods per 1 µm2 when the laser-irradiation time exceeds 10 min. This
phenomenon could be explained by the nucleation and growth theory,104,105 where ZnO was
deposited on the pre-formed ZnO nanorods successively, rather than forming new ZnO nanorods.
Initially, the gold film absorbed the laser energy to heat the surrounding precursor solutions.
When the temperature of the solution reached a certain value, the ZnO component formed
continuously until it oversaturated, which triggered the nucleation process. Since the ZnO
component had the highest concentration on the laser-exposed area, which has the highest
temperature, ZnO nanorods nucleated and grew on the hot region of the gold film. Once the
nucleation process began, the growth of ZnO nanorods consumed the ZnO component in the
solution, which prohibited further oversaturation of ZnO components. Thus, formation of new
ZnO nuclei to increase the packing density became impossible.
The optothermal-effect-based fabrication strategy features several advantages: (1) This
method enables significantly improved control over the location of fabrication compared to the
conventional ZnO nanorod fabrication process in which the precursor solutions are heated in bulk
reactors. The ZnO nanorods can therefore be incorporated inside any microfluidic device. (2) The
optothermal effect allows fabrication of ZnO nanorods with a high packing density and welldefined structures. The morphology of the nanostructures can also be conveniently adjusted by
the laser irradiation time, shape of the focusing spot, and the incidence power. (3) Optothermaleffect-based fabrication uses a thin layer of gold film as absorber, allowing a low-power
continuous laser to create 3D Ag@ZnO structures rather than a high-power pulsed laser. Overall,
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the high packing density and uniformity of the ZnO nanorods make them excellent candidates as
3D SERS substrates with an exceptional sensing performance.

2.4.3 Formation of Ag@ZnO Nanostructures.
Following the formation of ZnO, Ag nanoparticles were deposited on the pre-formed
ZnO nanorods. The laser irradiation time for ZnO nanorods formation is 5 min and the irradiation
time for Ag nanoparticle deposition is 10 min. The mechanism of the deposition of silver
nanoparticles is the decomposition of AgNO3 catalyzed by the optothermal effect. By focusing
the laser beam on the ZnO nanorods, Ag nanoparticle deposition takes place only on the ZnO
nanorods, resulting in the formation of 3D Ag@ZnO nanorods. The power of the laser for Ag
deposition is lower (about 3 mW) than that for the growth of ZnO nanorods (15 mW) to regulate
the reaction rate of the Ag nanoparticle deposition. The morphology of the ZnO nanorods remain
unchanged during the Ag nanoparticle deposition because the temperature of the solution is much
lower than that required in the ZnO formation process.
The deposition of Ag nanoparticles was first reflected by the color change under optical
microscopy. The color of the ZnO nanorods turned from semi-transparent (Fig. 2-5a) to opaque
(Fig. 2-5b) due to the strong light absorption of Ag nanoparticles on the ZnO nanorods. The
opaque color of the nanostructure indicated that, in Raman detection, the energy of the excitation
laser could be used more efficiently by the 3D structures than 2D SERS substrates, such as
various nanoparticle membranes. This improved efficiency indicates the benefit of the application
of 3D structures in SERS sensing. The morphology of the Ag@ZnO nanostructure was further
visualized by SEM (Fig. 2-5c, d). The surface of the Ag@ZnO nanostructure was much coarser
than that of the pure ZnO nanorods. Enlarged images revealed that there were numerous Ag
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nanoparticles randomly attached on the surfaces of the ZnO nanorods. The size of each Ag
nanoparticle was several tens of nanometers.

Figure 2-5: Morphology of Ag@ZnO nanostructure cluster. Optical images of ZnO nanorods (a) before
and (b) after deposition of Ag nanoparticles for 10 min. (c) SEM image of Ag@ZnO nanorods. (d)
Magnified SEM image of Ag@ZnO nanostructure. TEM images of (e) Ag@ZnO nanostructure and (f) a
single Ag nanoparticle; (g) EDX element analysis of Ag@ZnO nanostructure.

To clearly observe the spatial arrangement and coverage of the Ag nanoparticles on the
ZnO nanorods, transmission electron microscopy (TEM) characterizations were performed (Fig.
2-5e). In the TEM image, a sharp contrast formed between ZnO nanorods and the Ag
nanoparticles as a result of their different abilities to absorb electrons. Numerous Ag
nanoparticles with sizes ranging from 10 nm to 40 nm were closely packed on the ZnO nanorods.
The Ag nanoparticles were single crystalline, as verified by the high-resolution TEM result (Fig.
2-5f). The lattice fingers of Ag (111) planes were clearly observable with a plane distance of 0.23
nm (Fig. 2-5f, inset). Energy-dispersive X-ray spectroscopy (EDX) results further confirmed the
existence of Ag and ZnO, consolidating the formation of the Ag@ZnO nanorod structures (Fig.
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2-5g). The small peaks of Au, Cu and C are from the gold film used for Ag@ZnO nanostructure
preparation and the carbon-coated Cu mesh used as TEM sample holder.

2.4.4 Evaluation of SERS Performance.
The SERS sensitivity of the 3D Ag@ZnO nanostructures was evaluated by detecting
liquid-state, 4-aminothiophenol (4-ATP) as a testing molecule. Here, the 3D Ag@ZnO with a 5
min laser-irradiation time was incorporated in the microfluidic channel as a SERS substrate. This
irradiation time was used because it produced the best uniformity of ZnO nanorods in the center
and at the edge of the ZnO nanorod clusters. High uniformity is important for improving the
reproducibility of the SERS signals in sensing. As shown in Fig. 2-6, strong SERS signals (black
curve) were observed from 4-ATP molecules absorbed on the Ag@ZnO SERS substrates.106 In
comparison, almost no observable SERS signals were detected from those 4-ATP molecules
attached on either the thermally evaporated Au film (blue curve in Fig. 2-6) or pristine ZnO
nanorods before depositing Ag nanoparticles (red curve in Fig. 2-6).
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Figure 2-6: SERS spectra of 4-ATP using the 3D Ag@ZnO nanostructures as SERS substrates (black
line); ZnO nanorods (red curve, up-shifted 3000); and with no SERS substrate (blue curve, up-shifted
2000).

The SERS enhancement factor (EF) of the Ag@ZnO nanostructures was estimated using
the equation:106
EF = (ISERS/Nads)/(Ibulk/Nbulk),
where ISERS is the Raman signal intensity of the 4-ATP molecules attached onto the Ag@ZnO
nanostructures; Ibulk is the Raman signal intensity of solid 4-ATP powder; Nads is the number of 4ATP molecules adsorbed on the Ag@ZnO nanostructures; Nbulk is the 4-ATP molecules that, in
the solid state, are exposed to the laser light without Ag@ZnO nanostructures. Nbulk is estimated
as a thin layer of 4-ATP powder with an area of 1 µm2 (area of laser-focusing spot) and depth of
20 µm (the penetration depth of the laser during SERS measurements). Considering the density
(1.2 g/cm3) and the molecular weight (125 g/mol) of 4-ATP powder, Nbulk can be estimated to be
about 1011. From the TEM results (Fig. 2-5e), we can see that Ag nanoparticles with a wide size
distribution are irregularly arranged on the ZnO nanorods. Although 4-ATP molecules can form a
monolayer on the Ag nanoparticles, it is still difficult to accurately determine Nads due to the
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difficulties in defining the effective surface area of Ag. To simplify the estimation of Nads, we
assume that ZnO nanorods are cylinder-shaped, with a diameter of 100 nm and length of 1.5 µm
and that they are arranged perpendicular to the substrate with packing density of 50 nanorods per
1 µm2. Thus, the total surface area of the 3D Ag@ZnO nanostructure is estimated as 2.4×107 nm2
in 1 µm2. If we further assume a single layer of 4-ATP molecules attached on the Ag@ZnO
nanostructures, and the occupation area of a single 4-ATP molecule is about 0.5 nm2, Nads was
estimated to be around 5×107. ISERS/Ibulk was about 103, observed by the SERS spectra (Fig. 2-6).
As such, the EF was calculated to be approximately 2×106. It is worth mentioning that the
calculated EF is inevitably underestimated, mainly due to the overestimation of the number of 4ATP molecules on the Ag@ZnO nanostructures. Consequently, the real EF should be much
higher.

Figure 2-7: Electromagnetic field enhancement of ZnO nanorods and Ag@ZnO nanostructures using
FDTD simulations. (a) Schematics of simulation configuration; (b)-(c) pristine ZnO nanorods showed
limited electromagnetic field enhancements. (d)-(e) Ag@ZnO nanorods with strong electromagnetic field
enhancements. (f)-(g) When two Ag@ZnO nanostructures are placed at a distance of 100 nm, the
electromagnetic field is further magnified. (h)-(i) Further reduced distance between the Ag@ZnO nanorods
gives rise to a dramatically enhanced electromagnetic field.
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The SERS effect was further confirmed theoretically by simulating the electromagnetic
field distributions using FDTD software. The electromagnetic field distributions were simulated
over ZnO nanorods, single Ag@ZnO structures, and neighboring Ag@ZnO structures with
different distances (Fig. 2-7). The electromagnetic field enhancement was trivial on pure ZnO
nanorods (Fig. 2-7a). In contrast, a strong electromagnetic field appeared close to the Ag
nanoparticles attached to the ZnO nanorods (Fig. 2-7b). Moreover, the electromagnetic field was
magnified dramatically when two Ag@ZnO nanostructures approached each other (Fig. 2-7c, d),
arising from a significant amount of small crevices formed between Ag nanoparticles on the two
nanorods. As a result, the 3D structure of the Ag@ZnO nanostructure clusters induced numerous
SERS “hot spots” located between neighboring Ag nanoparticles on both the same ZnO nanorods
(marked as 1 in Fig. 2-7a) and adjacent ZnO nanorods (marked as 2 in Fig. 2-7a).
This unique 3D structure makes the Ag@ZnO nanostructure clusters good candidates for
use in SERS sensing applications, giving rise to a strong SERS signal even when the analytes are
in the liquid phase.

In proof-of-concept studies, we tested BSA protein (0.01 %, w/w) and

DNA (single-stranded and hybridized double-stranded DNA, 1 µM) solutions with the 3D
Ag@ZnO nanostructures (described in Supporting Information). These results confirmed the
ability to probe organic molecules such as proteins and DNAs, making our technique useful in
environmental protection and medical diagnostics.

2.4.5 Single-cell Trapping and SERS Fingerprinting.
In this section, the SERS fingerprinting of a single living cell surface was detected by
integrating the 3D Ag@ZnO nanostructures with a single-cell trapping microfluidic device (Fig.
7). In detail, the cell-trapping device (Fig. 2-8a) is a horse-shoe shaped trapper18,26,107 with three
outlets (width of 10 µm). Since the size of each outlet is slightly smaller than a mature Hela cell,
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when the cell suspension flows into the channel, a single cell can be trapped at the outlet. The
Ag@ZnO nanostructures were fabricated close to the outlet inside the trapper (Fig. 2-8a). The
channel depth was carefully designed to be similar to the size of the cells (about 16 µm).
Consequently, as cells were trapped within the horse-shoe shaped structure, the cell surface was
in close contact with the Ag@ZnO nanostructures, facilitating subsequent SERS measurements
(Fig. 2-8b). Three parallel outlets were used to improve the likelihood of successful cell trapping
(Fig. 2-8c). As anticipated, after flowing the Hela cell suspension in PBS through the channel, a
single cell was trapped on the top of each of the Ag@ZnO nanostructures (Fig. 2-8d). SERS
measurements were performed on the trapped cell with a 633 nm laser (about 1 mW) with an
integration time of 20 s. SERS spectrum of the cell membrane (black curve in Fig. 2-8e) reflected
the fact that the cell surface is composed of proteins, carbohydrates, and lipids.108,109 For example,
the peak located at 482 cm-1 is from the C-C-C deformation vibrations in carbohydrates; the 750
cm-1 peak arises from H-C-O stretches in carbohydrates; and hemiacetal stretches and methylene
deformation lead to the appearance of the 845 cm-1 peak. The vibration peak from lipids can be
found at 710 cm-1. SERS peaks from proteins are assigned to aliphatic side chains at 1430 cm-1
and the peptide backbone amide III at 1260 cm-1. Without the Ag@ZnO structures, no observable
SERS peaks could be observed from Hela cells (red curve in Fig. 2-8e).
The optothermal-effect-based fabrication technique allows us to fabricate sensitive SERS
substrates at any desired location on-chip without necessary constraints to channel design.
Therefore, it is convenient to integrate this SERS detection technique with most on-chip cell
manipulation techniques110,111 into a single device to study cell behaviors (e.g., cell response to
drugs). Additionally, the 3D Ag@ZnO nanostructure has good contact with the cell surface due to
their highly complex shape. Accordingly, better SERS performance can be expected.
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Figure 2-8:

SERS fingerprinting of trapped single cells. Schematic demonstration of the cell-trapping
device and the optothermal SERS substrate preparation concept in (a) X-Y plane and (b) X-Z plane; (c)
Ag@ZnO nanorods were fabricated within the cell-trapping device; (d) Single Hela cell were trapped at
individual outlets of the horse-shoe structure; (e) SERS peaks of cell surface with Ag@ZnO nanostructure
(black line) and without Ag@ZnO nanostructures (red line).
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2.5 Conclusion
In summary, we have integrated SERS substrates composed of 3D Ag@ZnO
nanostructures into microfluidic platforms. The growth of the Ag@ZnO nanostructure is through
an optothermal-effect-based mechanism, which is confirmed by theoretical simulations of the
temperature and flow distribution within and around the laser spot area. The Ag@ZnO
nanostructures grew exclusively at the laser spot area, allowing for rational location control
within the channel. Due to the dense Ag nanoparticles on the ZnO nanorods, substantial SERS
hot-spots are integrated in the 3D Ag@ZnO nanorods, making them excellent candidates as
SERS substrates. The SERS enhancement factor of the Ag@ZnO nanorods is estimated to be ~
2×106 using 4-ATP as a test molecule. The integrated microfluidic-SERS system is validated by
detecting low volumes of protein and DNA solutions. Furthermore, single-cell trapping and in
situ SERS analysis are achieved through designing a horse-shoe cell-trapping device and
precisely growing Ag@ZnO nanorods within the horse-shoe structure. Using our technique, cell
surface biomarkers are visualized in real-time, without intake of any external SERS tags,
minimizing potential damage on cell integrity. Overall, by unifying the advantages of SERS and
microfluidics via our demonstrated optothermal fabrication technique, we expect that the
integrated microfluidic-SERS system can be valuable in many chemical and biological analysis
fields.
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Chapter 3

Bubble generation and particle manipulation via optothermal effect
In chapter 3, we present a theoretical analysis and experimental demonstration of
optothermally generated bubbles, and particle trapping and manipulation around them. We
demonstrate that a mciro-sized bubble can be generated through optothermal effect at any
predefined spots under incidence of a laser beam. We also show the bubble can attract a particle
located within 500 µm by the drag force resulting from a convective flow. Once the particle
comes in contact with the bubble’s surface, a balance between surface tension forces and pressure
forces traps the particle on the bubble surface, allowing the particle to move with the bubble
without detaching. Based on this mechanism, we experimentally demonstrated a novel approach
for manipulating microparticles via optothermally generated bubbles. Using this approach,
randomly distributed microparticles were effectively collected and carried to predefined
locations. Single particles were also manipulated along prescribed trajectories. This bubble-based
particle trapping and manipulation technique can be useful in applications such as micro
assembly, particle concentration, and high-precision particle separation.
Parts of the work in chapter 3 was published at Lab on a chip11.

Figure 3-1: Overview of bubble generated via optothermal effect and its application in particle
manipulation.
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3.1 Introduction
Recently, the use of bubbles in microfluidics1 has led to many unique approaches for
handling liquids7,18,112, microparticles8,23,32, cells113, or molecules on a chip. Most of these
approaches require mechanisms not only to generate micro-bubbles with well-defined sizes, but
also to actively control their locations. To fulfill these requirements within microfluidic devices,
researchers have developed several bubble generation and manipulation mechanisms31,114, among
which optothermally generated bubbles have received significant attention. The optothermalbased approach12,115–118 can conveniently generate bubbles and actively control their locations and
sizes with simple setups. It uses a weakly focused, continuous wave laser to heat a strong laserabsorbing metal (e.g., silver or gold) immersed in a liquid. After the temperature of the liquid
near the metal surface is heated to its boiling point, a bubble is generated at the metal-liquid
interface. The size and movement of the bubble can be flexibly controlled by adjusting the
exposure time and the location of the laser. So far, optothermally generated bubbles have been
applied in liquid control7, single DNA stretching, the assembly of micro-components119,
plasmonic lens115, and nanoparticle accumulation120.
More than aforementioned applications, optothermally generated bubbles can potentially
be utilized for particle trapping and manipulation121, which is an important tool for many
physical, chemical, and biological studies75,111,122. It has been shown that particles located near an
optothermally generated bubble can be trapped on the surface of a bubble116,118,120. However,
currently, the underlying mechanism for particle trapping using an optothermal bubble has not
been fully understood. A number of effects, including van der Waals forces, thermophoretic
effects120, and Marangoni effects117,119 have been hypothesized to be the dominant mechanism,
but the theories behind this interesting phenomenon are insufficient. Consequently, applying
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optothermally generated bubbles for particle manipulation usually relies on forces from external
sources, such as acoustics or solid structures, rather than the bubble itself.
In chapter 3, we conducted comprehensive studies on particle trapping and manipulation
based on optothermally generated bubbles. Our studies involve a theoretical analysis, simulations,
and experiments which reveal that the particle-trapping process is governed by a combined effect
of drag, pressure, and surface tension forces. When particles are introduced into a flow field
around an optothermally generated bubble, the particles are first driven towards the bubble
surface by the heat-induced convective flow. The particles are then trapped on the bubble’s
surface by a balance of a surface tension force and a pressure force. Our proposed mechanism has
been confirmed by computational fluid dynamics (CFD) simulations, theoretical calculations, and
experiments. Based on our understanding of this mechanism, we further demonstrated a novel
particle-manipulation technique, in which particles are carried by an optothermally generated
bubble without the use of any external forces. Our technique has excellent control over the
particle trajectory: the position of the bubble and the attached particles can be precisely controlled
by moving the laser spot along a prescribed route. Our particle-manipulation approach uses a
combination of both long-range forces (the drag force arising from the convective flow) and
short-range forces (surface tension and pressure forces) to trap and manipulate particles. This
combination of forces enables attracting particles that are located both near and far away from the
bubble and manipulation to any predefined location. This technique has excellent versatility. It
can be used to manipulate either single particles or clusters of particles at the same time. The
experimental setup does not require a high-powered laser, a complicated optical setup, or an
objective with a high numerical aperture, which is typically required in an optical tweezers setup.
Our system is easy to design and operate. With its advantages in functionality, versatility, and
simple device setup, we expect that this bubble-based particle manipulation technique can be
valuable in many disciplines in science and engineering71,72.
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3.2 Experimental methods
The optical setup is schematically shown in Fig. 3-2a. A continuous wave diode laser
(405 nm wavelength, 200 mW power) passing through a variable neutral density filter (Filter
2) and a beam splitter was focused on the sample using an objective (10x, NA=0.3) in an
upright microscope (Eclipse LV-100, Nikon). The focal spot on the sample had an area of
about 1,200 µm 2. The laser power was measured on the sample plane, and tunable from 0 to
45 mW using the variable neutral density filter (Filter 2 in Fig. 3-2a). The sample was
illuminated from below with a white light source and finally imaged with the same objective
and Lens 1 onto a CCD (DS-Fi1, Nikon). A notch filter (Filter 1) was placed before the CCD
to reject the laser light reflected directly from the sample surface. In our experiment, the
sample was a microfluidic chamber (Fig. 3-2b) formed by a wrapping-film spacer between
two cover glasses. The resulting thickness of the chamber was 60−70 µm. The length and
width of the chamber was approximately 2 cm. A 50 nm thin-film layer of gold was
evaporated on the top glass surface before assembling the chamber. Polystyrene (PS) beads
(Polyscience Inc.) with a diameter of 15 µm were used to demonstrate the particlemanipulation capability. The particles were suspended in deionized water and injected into
the chamber before the experiment. A motorized stage (PRIOR, Model type C152V2) was
used to automatically move the position of the laser spot on the sample for particle
manipulation. The lateral resolution of the motorized stage is 1 µm. The laser was
continuously kept on during the process of particle manipulation.
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Figure 3-2: (a) Schematic of the optical setup to generate bubbles via the optothermal effect. (b) Illustration
showing the particle manipulation process: particles are trapped onto the bubble’s surface; particle
manipulation is achieved by moving the laser beam.

3.3 Numerical modeling methods
In order to provide theoretical guidance for the optothermal bubble-based particle
trapping and manipulation process, CFD simulations were conducted using the ANSYS Fluent
software. The goal of the simulations was to reveal the temperature distribution, the convective
flow pattern, and drag forces on the particles.
A two-dimensional (2D) model was applied to calculate the flow pattern in the chamber
after a bubble was generated. To simplify the simulation, only the heat transfer and convective
flow in the liquid domain were considered. The simulation domain we used was 1000 µm
(width) × 70 µm (depth). A constant temperature of 80 ̊C was applied to the bubble-liquid
interface. The top and bottom surfaces were set as free convective boundaries with a room
temperature of 27 ̊C with a conductivity h = 10 W/(m2·K). The temperatures on other surfaces
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far away from the bubble were also set to room temperature. The variations in water density and
viscosity with temperature were accounted for in the model.
Another 2D model was applied to study the drag force on particles due to the convective
flow. In this simulation, a sphere with a diameter of 15 µm was included in the 2D flow field
model, representing the microparticle. Several different distances from the particle to the bubble
were used to calculate the drag force on the particle. The other simulation parameters were the
same as in the simulation of the convective flow pattern.
A three-dimensional (3D) model was applied to more accurately simulate the asymmetric
temperature distribution on the bubble’s surface when the laser spot moved away from the
bubble’s center. The dimensions of the simulation domain were 1000 µm (length) × 1000 µm
(width) × 70 µm (depth). The radius of the surface bubble was 60 µm. In order to simulate the
scenario when the laser was moved away from the bubble’s center, a non-uniform temperature
profile was imposed on the spherical bubble-liquid interface as the boundary condition. The area
with the highest temperature, located at the surface of the gold film (where the laser spot was
focused), was set to 100 ̊C. The temperature decreased both along the radial and axial directions
from the hottest region to the coolest region on the bubble-liquid interface. The other boundary
conditions and material properties were the same as used in the 2D model.

3.4 Results and discussions

3.4.1 Generation of microbubble via optothermal effect
In this experiment, the micro-bubble was generated by the laser-induced, opto-thermal
effect. This method offers excellent control of the position and size of the micro-bubble. Fig. 3-3a
demonstrates the mechanisms for bubble generation. When the diode laser (405 nm wavelength)
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is focused onto the gold film, the gold film absorbs energy from the laser and is rapidly heated.
As a result, the water in contact with the gold film is also heated, and the convection flow is
generated due to the heating effect (dashed lines in Fig. 3-3a). Above a certain laser power
threshold, the water in the chamber reaches its boiling point, and a micro-bubble is generated at
the interface of the gold film and the water inside the chamber. The laser power threshold in our
experiment was about 35 mW. When incident laser power exceeded 35 mW, a micro-bubble was
generated. Fig. 3-3b shows the size of the bubble both during and after the bubble-generation
process. The bubble expands very fast when the laser is first turned on (0-40 µm diameter
increase in the first 0.1 s). After this short time period, the rate of bubble expansion increases with
increasing laser power. In 10 s, the bubble diameter can reach up to 100 µm using a 46 mW laser.
During the bubble-generation process, the bubble stays in contact with the gold film; this allows
the position of the surface bubble to remain stable. Stable positioning of the bubble is required in
order to define a location for cell trapping. Upon removing the laser, it was observed that the
bubble promptly shrunk in size due to the sudden temperature decrease (Fig. 3-3b). After the
sudden shrink in size, the bubble’s size (with diameter 60-80 µm) can remain stable for hours.
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Figure 3-3: (a) Schematics of bubble-generation process. When the laser is focused on the gold film, the
opto-thermal effect causes water to evaporate, and a bubble is generated in the micro-chamber. During this
process, the heated water also causes convection flow in the chamber. (b) The bubble-expansion process
with different levels of laser power. After the laser is turned off, the bubble exhibits a sudden decrease in
size.

3.4.2 Convective flow around a bubble
When the diode laser was focused onto the gold-liquid interface (Fig. 3-4a), the gold film
at the laser focal spot was quickly heated up due to effective absorption of the laser energy. When
the temperature of the water near the laser focal spot reached its boiling point, a vapor microbubble formed on top of the gold film (Fig. 3-4b). Unlike the bubbles suspended in a liquid
medium123–125, the optothermally generated bubble remained in contact with the gold film,
resulting in a hemisphere-shaped bubble sitting on the surface of the gold film. This surface
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bubble was not influenced by the surrounding fluid flow, and as a result, it was convenient to
control both its position and size.
Once the bubble was generated, a temperature gradient and convective flow were formed
around the bubble. The simulation result of the temperature distribution around an optothermally
generated bubble is shown in Fig. 3-4c. The temperature decreased along the radial direction
because of convective cooling along the top and bottom surfaces. The corresponding convective
flow caused by this temperature gradient is shown in Fig. 3-4d. The flow formed a clockwise
flow pattern near the bubble-liquid interface due to the density difference in water with respect to
temperature. Water flowed toward the bubble near the bottom surface of the chamber, moved
upward to the top surface (the surface with the gold-coated layer), and finally flowed away. This
convective flow played an important role in attracting particles, which was an important step in
the particle manipulation process.
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Figure 3-4: (a) Schematic of the bubble-generation process; (b) Microscope image of a bubble generated by
the optothermal effect. (c) Simulation result for the temperature distribution around an optothermally
generated bubble. (d) Simulation result for the convective flow pattern around an optothermally generated
bubble.

3.4.3 Attracting particles to the bubble
Once a particle was introduced in the flow field, it was attracted towards the bubble
surface (Fig. 3-5 a-b). A particle, at distances up to 500 µm away from the bubble, could be
attracted to the bubble, and the particle moved towards the bubble with a velocity approaching 90
µm/s. In addition, the top surface of the chamber (i.e., the surface with the gold-coated layer) was
in the focal plane of the imaging system during the experiment. On the other side, the particle was
out-of-focus as it approached the bubble, as shown in Fig. 3-5a-b, which indicated that the
particle was dragged towards the bubble along the bottom surface.
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Figure 3-5: (a, b) Experimental results show that the particle is attracted to the bubble. (c) Simulation
results show that the particle is attracted to the bubble due to the drag force.

The process of particles being attracted to the bubble could be explained by using a CFD
simulation (Fig. 3-5c). To calculate the drag force on a particle, a circle with a diameter of 15 µm
was used to represent the particle in 2D. The particle was placed near the bottom surface of the
chamber at different distances (150−500 µm) from the bubble. Fig. 3-5c shows that the particle
experienced a horizontal drag force with its direction pointing towards the bubble (the black
arrow). This force dragged the particle towards the bubble, and its magnitude increased as the
particle moved closer to the bubble. In the simulation, if the particle was near the top surface, it
experienced a drag force which finally pushed the particle to the bottom of the chamber and the
particle was recaptured by the convective flow at the bottom surface. The simulation also showed
the convective flow can exert a force on the particle at a relatively far distance from the bubble
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(about 500 µm), which matched the experimental results and indicated that the drag force was a
long-range force. The discrepancy between the velocity in the simulation results (~10 µm/s) and
from experimental measurement (~90 µm/s) was probably because our computational model did
not consider the complex two-phase gas-liquid system. Thus the simulated convection at the
bubble-liquid interface was not exactly the same as that in the experiment. Overall, the simulation
explained the process by which the particle was attracted towards the bubble by the convective
flow.

3.4.4 Trapping particles on the bubble
After the particle approached the bubble, it attached to the bubble’s surface (Fig. 3-6a).
Furthermore, by focusing the microscope on the top surface of the chamber, we found that the
particle was also in-focus. This is different from the particle-attracting process where the particle
was out of focus. This indicated that the particle was trapped near the top surface although it
approached the bubble along the bottom surface. The trapping mechanism cannot be simply
explained by the convective flow since the circulating convective flow formed around the bubble
would finally push the particle away at the top surface, if no other forces were present in this
process. This would directly contradict the experimental observations.
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Figure 3-6: (a) A particle is trapped on a bubble near the top surface of the chamber; (b) The surface
tension force and the pressure force balance in the radial direction of the bubble which stabilizes the
particle on the bubble; (c) A diagram defining the pressure force when the particle attaches to the bubble’s
surface; (d) A diagram of the surface tension force when the particle attaches to the bubble’s surface.

We believe that there are other forces, namely surface tension and pressure forces,
which play an important role in this process. The balance of these forces along the radial
direction of the bubble was the reason why particles were trapped on the bubble’s surface, as
shown in Fig. 3-6b. When a particle was located at the bubble-liquid interface, the following
forces have components along the radial direction: surface tension force (F), pressure force
(Fp), and drag force (Fd). The balance of these forces can be described with the following
equation:
𝐹 + 𝐹/ + 𝐹3 = 0

(3-1)

When the particle was located at the bubble-liquid interface, the pressure difference
(ΔP) between the gas (Po) and liquid (Pi) is:
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𝑃I − 𝑃K =

-L

(3-2)

MN

where γ is the surface tension and RB is the radius of the bubble at the cross section. The
resulting pressure difference exerted a pressure force (Fp) on the particle. Using the notations
shown in Fig. 3-6c, the pressure force can then be described as:
𝐹/ = 𝜋(𝑅𝑠𝑖𝑛𝛽)-

-L
MN

(3-3)

where β is the half central angle, and R is the radius of the particle. In addition, once the
particle came in contact with the bubble-liquid interface, a meniscus was formed around the
particle; thus, a surface tension force was induced against the pressure force. A crosssectional diagram of the surface tension force acting on a bubble-liquid-solid interface is
shown in Fig. 3-6d. The surface tension force (Fs) is tangential to the bubble’s surface at the
contact point and points towards the inside of the bubble. The components of Fs tangential to
the cross section of the bubble-liquid-solid interface are cancelled out because of the
symmetric circular shape. This results in a net force F pointing towards the inside of the
bubble as shown in Fig. 3-6d. By using the notations shown in Fig. 3-6d, Fs can be described
as:
𝐹( = 𝛾 ∙ 2𝜋𝑅𝑠𝑖𝑛𝛽

(3-4)

𝐹 = 𝐹( sin ( 𝛽 − 𝜃\I )

(3-5)

And F is estimated as:

where ϴ c0 is the contact angle among the particle and the liquid-gas interface.
Comparing the order of F and Fp can provide more information about the force
balance on the particle:
?
?]

=

MN ^_` (ab 1c)
M

(Kdc

(3-6)

Eqn. 3-6 demonstrates that the ratio between F and Fp is highly dependent on the
wettability of the particles. In the experiment, R, RB, and β were estimated to be 7.5 µm, 40
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µm, and 10°−20°. This estimation is reasonable based on the results shown in Fig. 4a, where
only a small portion of the particle was attached to the bubble. To keep F and Fp on the same
order of magnitude, the calculated ϴ c0 was 30°−40°, which is in the experiment. Under this
condition, both forces are on the order of 10 -8 N.
The drag force due to the convective flow can also be calculated using Stokes’ law:
𝐹3 = 6𝜋𝜂𝑅𝜐

(3-7)

where η is the viscosity of medium, and v is the relative velocity between the particle and the
fluid. The upper limit of v is the velocity of the flow, which was less than 100 µm/s. The
calculated upper limit of the drag force was about 10 -10 N in a vector direction away from the
bubble.
The above analysis on pressure, surface tension, and drag forces reveals the following
properties of a particle trapped by an optothermal bubble: (1) since the surface tension force
dominates over the drag force, the wettability between particles and liquids is critical for
optothermal bubble-based particle trapping. This is consistent with previous observations that
when a surfactant was added to the liquid, the surface tension coefficient between the particle
and the liquid changed, so that particles were not effectively trapped at the bubble’s surface.
(2) The calculated drag force is significantly smaller than the pressure force and surface
tension force, indicating the balance between the latter two is the main reason particles
remain attached to the bubble. However, if the drag force drastically increases; it will become
important and break the force balance between the surface tension and pressure force. This
happens when the bubble moves at a high speed (greater than 500 µm/s). Above this speed,
the particle was pulled off the bubble by the drag force, indicating that the drag force had
increased enough to break the force balance. (3) The force analysis described here is similar
to other process such as when using an atomic force microscope to press a particle into a gasliquid interface126,127 where a net detachment force arising from surface tension and the
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pressure force can be calculated. In Pickering emulsions, where particles are trapped at an
oil-aqueous interface, the system is theoretically described from the surface energy point of
view. (4) Other effects, such as optical trapping, the thermophoretic effect, buoyancy and
gravity do not play a major role in this process. The optical trapping effect has been excluded
by performing a control experiment, where a laser beam focusing on a particle can not
manipulate it. The thermophoretic effect can be excluded because it would drive particles
towards the region with a lower temperature which is away from the bubble. This is contrary
to our experimental results. Buoyancy and gravitational forces do not dominate in this
process because their directions are perpendicular to the direction of the particle motion.
In summary, the particle trapping process is explained based on the above theoretical
analysis and experimental results. The convective flow brings the particle towards the bubble,
when initially separated by large distances, along the bottom of the chamber. Once the
particle is brought into contact with the bubble, the convective flow pushes the particle
upwards to the top surface of the chamber. At this point, the surface tension and pressure
force dominate and the balance between these two forces traps the particle tightly against the
bubble surface and prevents the convective flow from pulling the particle away. As a result,
the particle is trapped on the bubble surface near the top surface of the chamber, as observed
in the experiment.

3.4.5 Collecting multiple particles and manipulating single particles
To demonstrate the particle manipulation capability using the optothermal bubble-based
particle trapping mechanism, we demonstrated two applications here: (1) the collection of
randomly distributed particles, and (2) manipulation of a single particle along a well-defined
trajectory. The particle-collection results are shown in Fig. 3-7 a−f. The white dashed circle

63
represents the laser spot and the red dashed arrow indicates the direction of the laser movement.
The bubble closely followed the laser spot and moved in a well-controlled manner.
When the laser spot moved in front of the bubble, a convective stream formed around the
bubble due to the asymmetric temperature distribution. This resulted in a net force directed
towards the front bubble. surface (in the direction of the laser movement). The final bubble
movement depended on the relative magnitude of this thermally-generated force and the
interfacial forces between the bubble and gold surface. If the laser-induced asymmetric thermal
force was smaller than the interfacial forces, the bubble remained stationary. This was the case
when the laser spot remained inside of the bubble. If the laser spot moved further out in front of
the bubble surface, as the case shown in Fig. 3-7 5a-f, the water at the laser spot was quickly
heated and evaporated. Then, this thermally-induced force exceeded the interfacial forces and this
pushed the bubble forwards. The net effect was that the bubble appeared to follow the laser spot.
Besides the bubble's motion, the particles (polystyrene, 15 µm diameter) located along the
bubble’s trajectory became trapped on the bubble’s surface, following the mechanism described
above. In addition, the trapped particles were carried in front of the surface bubble along the
direction of motion. This observation further confirmed that particles will be trapped near the
location of the focused laser, where the temperature was the highest. After the particles were
delivered to a desired position, they could be unloaded by turning off the laser and allowing the
bubble to shrink until it finally disappeared.
To illustrate the ability of single particle manipulation with this technique, three letters
“P”, “S”, and “U” were written with three surface bubbles, respectively. Fig. 3-7g shows a timelapsed, composite image of a bubble following the trajectory of each letter. The maximum
velocity of the particle was ~500 µm/s. Above this threshold, the particle was dragged away from
the bubble. As discussed in the particle-trapping section, this is because the increased drag force
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breaks the balance between the surface tension and the thermally-induced force. In addition, our
technique can effectively manipulate particles in a large working area up to the centimeter scale.

Figure 3-7: (a)-(f) Collecting randomly distributed polystyrene particles; (g) Single particle manipulation
following three trajectories to trace the letters “P”, “S”, and “U,” from left to right.
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3.5 Conclusion
In chapter 3, we utilize optothermal effect to generate a micronized bubble at any
predefined spots in the microfluidic chamber. The mechanism of generation, the convective flow
around the bubble was revealed through a theoretical analysis, numerical simulations, and
experiments.
In addition, we developed a novel particle-manipulation technique based on the bubbleparticle-flow interactions. Microparticles were attracted to the bubble’s surface from relatively
long distances away due to the convective flow. Once entrained by the flow, the particles were
trapped on the bubble surface and were carried along with the hemispherical bubble to any
desired location, as the result of a balance between surface tension and pressure forces. This
approach to particle manipulation was demonstrated with two examples: by collecting randomly
distributed microparticles and by moving single particles along a prescribed trajectory. Due to the
effectiveness and simplicity of this particle-manipulation technique, it could be valuable in many
applications where particle manipulation is needed.
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Chapter 4

Optoacoustic tweezers
In chapter, we combined the optothermal effect with acoustic manipulation method to
form the novel “opto/acoustic tweezers” technique. By naturally bridged the advantages from
light and sound, this technique could manipulate cells in the channel with good biocompatibility.
The combination of optothermal effect with acoustic manipulation was achieved through a microsized bubble. In our experiments, micro-bubbles were generated by focusing a 405 nm diode laser
onto a gold-coated glass chamber. By properly tuning the laser, we demonstrate precise control
over the position and size of the generated bubbles. Acoustic waves were then applied to activate
the surface bubbles, causing them to oscillate at an optimized frequency. The resulting acoustic
radiation force allowed us to locally trap particles/cells, including 15 µm polystyrene beads and
HeLa cells, around each bubble. Cell-adhesion tests were also conducted after cell concentrating
to confirm the biocompatibility of this technique.
Part of work in chapter 4 was published at Lab on a chip12.

Figure 4-1: Overview of chapter 4, optoacoustic tweezers for cell patterning.
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4.1 Introduction
A programmable cell concentrator is characterized by its ability to trap and
concentrate cells at any predefined position, control the extent of cell aggregation, and form
cell arrays consisting of multiple concentrating spots. Compared with conventional cell
concentrators, which are primarily used for pretreatment of diluted cell samples, a
programmable cell concentrator has more functionalities and can have broader applications,
such as point-of-care diagnostics128,129, cell microarrays130, tissue engineering131, regenerative
medicine132, and cell-cell communication pathway studies133. For instance, in diagnostic
systems which involve diluted samples, concentrating target cells at predefined locations can
increase local cell concentration, thus locally enhancing detection sensitivity and improving
the flexibility and performance of the device 134. The importance of controlling the extent of
cell aggregation is demonstrated in the analysis of the cell contact inhibition phenomenon; in
these studies, the behavior of cells which are concentrated until they come in close contact
with one another is examined in order to distinguish cancerous cells from normal cells135. In
another example, the ability to simultaneously concentrate cells at several pre-defined spots
has significantly contributed to the study of cells’ collaborative relations in tissue
engineering136, in which programmable cell arrays of various configurations and separation
distances allow researchers to investigate certain cell behaviors, such as cell-cell
communication with extracellular signaling molecules 133.
While the significance of an on-chip, programmable cell concentrator is well
understood, developing the methods to do so has not been a trivial process. Over the past few
years, several effective, on-chip, cell-concentrating techniques have been developed based on
a variety of physics concepts. For example, the hydrodynamic effect can be utilized to trap
cells within certain shaped channels134; optical or optoelectronic tweezers are able to
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manipulate cells with high precision137; bulk or surface acoustic waves can trap cells in welldefined resonant cavities138; the electrokinetic effect can be exploited to generate electrical
fields and transport particles to regions near the electrodes139. These techniques exhibit
impressive on-chip, cell-concentrating capabilities; however, most of these techniques lack
the ability to dynamically concentrate particles at any prescribed position and consequently
form programmable, complex patterns (i.e., as a programmable cell concentrator). In this
regard, it is essential to develop a programmable, biocompatible, on-chip cell concentrator.
The use of acoustically activated bubbles to trap particles shows great potential for
realizing a programmable cell-concentrating technique. In such systems, acoustic waves (kHz
range) oscillate the air-liquid interface of a bubble5. The oscillatory response is localized and
confined to a region comparable with the radius of the bubble (~100 µm). It has been
observed that particles located in this region can be trapped near the surface of the bubble
due to an emergent acoustic radiation force8. Although bubble-based systems are able to
locally trap particles in well-defined areas, difficulties exist in dynamically controlling the
size and location of the bubbles. This limitation hinders the ability of such systems to
concentrate cells in a programmable manner. Attentive solutions to this challenge involve the
fabrication of cavities using lithography techniques.29 This strategy enables researchers to
control the size and location of the bubbles; however, once the cavities are prepared, the size
and location of the bubble can no longer be changed. In this sense, the lithography-based
method operates in a static manner.
In this chapter, we developed an “optoacoustic tweezers” technique for
dynamically concentrating particles/cells at any desired location within a microfluidic
chamber and forming dynamic particle/cell patterns. This technique utilizes the opto-thermal
effect to generate bubbles in a microchamber and acoustic radiation forces to trap
particles/cells. By taking advantages of both opto-thermal bubble generation and acoustic-

69
based trapping mechanism, the “optoacoustic tweezers” technique is capable of creating
programmable, complex patterns in a biocompatible manner. It has the following advantages:
(a) Programmability: The size and location of the bubbles are controlled by the power and
position of a diode laser, thus our technique is capable of generating bubbles at arbitrary
locations in the microchamber without the use of permanent structures. Acoustic waves are
then applied to the bubbles, enabling us to trap particles at any location in the microchamber.
(b) Localized cell-concentrating effect: The acoustic trapping force is local, rather than
global, allowing us to trap particles/cells around the bubbles, while leaving others
undisturbed. This local cell-trapping property, combined with the ability to create
programmable, complex bubble arrays, can achieve flexible cell patterns of varying
complexity. This cell-concentrating capability has not been previously demonstrated by any
other methods. (c) Biocompatibility: The bubble-based acoustic method operates at low
power and thus is rather biocompatible. The laser only turns on during the bubble-generation
process; it is off during the cell-concentrating process. Therefore, the “optoacoustic
tweezers” technique is expected to be biocompatible, which is confirmed by the results from
cell-adhesion tests. (d) Simplicity: Unlike optical tweezers, our experimental setup does not
require high-power laser or high-numerical-aperture lenses. All setups are easy-to-assemble
and easy-to-operate.
With these advantages, it is expected that the “optoacoustic tweezers” technique
presented here could be valuable in many applications in bioengineering, biochemistry, and
physics.
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4.2 Experimental methods

4.2.1 Experimental setups
The optical setups and microfluidic device were prepared as described in section 3.2 to
generate microbubble via optothermal effect. A piezo transducer (Model 273-073, RadioShack
Corp.) was bonded to the bottom slide using epoxy and was used to generate acoustic waves.
After surface bubbles were generated by the focused diode laser, the piezo transducer was
actuated by a function generator (8116A, Hewlett Packard) at a frequency of ~100 kHz. This
caused the surface bubbles to oscillate and allowed one to trap cells close to the bubbles.

4.2.3 Cell preparation
HeLa cells were grown in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/F12) media (Gibco, CA), supplemented with 10% fetal bovine serum (Atlanta
Biologicals, GA), penicillin (100 U/ml), and 100 µg/ml streptomycin (Mediatech, VA), to about
90% confluence before trypsinization (Trypsin +0.05% EDTA, Gibco, CA). After centrifugation
at 800 RPM for 5 min, cells were re-suspended in fresh medium or PBS buffer (1×, pH 7.4) to a
final concentration of about 2 × 105 cells/ml for the experiment.
In the cell-adhesion experiment, the bottom glass slide was replaced by a cell culture
slide (Thermanox). All other elements in the setup were left unchanged. About 10 µl of cell
solution was added to the chamber. After the cells were concentrated at prescribed locations, the
periphery of the platform was sealed with petroleum jelly to prevent evaporation, and the entire
device was placed in a CO2 incubator. Concentrated HeLa cells were cultured at 37°C and 5%
CO2 for 2 h to assess the biocompatibility of this device by observing cell attachment.
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4.3 Numerical modelling methods
When acoustic waves are applied to a bubble in liquid medium, the bubble oscillates and
attracts cells to the surface of the bubble, achieving a biocompatible mechanism for locally
concentrating cells. There are two forces exerted on cells when they are introduced into the flow
field near an acoustically actuated bubble: drag force (Fd) and radiation force (Fr). In order to
optimize the local cell-trapping effect, the amplitude of these two forces must be precisely
controlled. The drag force, a result of acoustic streaming140,141, is exerted on the cells when they
are injected into the acoustic flow field. Acoustic streaming is generated by the non-uniform
oscillation of the surface bubble; this oscillation causes the air/liquid interface to vibrate with
different velocities, causing vortex-shaped streaming patterns. Fd acts opposite to the relative
velocity of a cell in a fluid. The amplitude of Fd on a cell, approximated as a spherical particle
here, is:
𝐹3 = 6𝜋𝜂𝑅( 𝑣

(4-1)

where η is the viscosity of medium, Rs is the radius of the cell, and v is the relative velocity
between cell and fluid. In Eqn. 4-1, since v is difficult to calculate at each position in the flow
field, the upper-limit of Fd can be estimated using the maximum acoustic streaming velocity:
𝐹3fgh = 6𝜋𝜂𝑅( 𝑈8
𝑈8 = 𝜔 1: 𝑢,- 𝑅/$ 𝑟 12

(4-2)
(4-3)

where FdMAX is the upper-limit of drag force; UL is the maximum acoustic streaming velocity; Rp
is the radius of bubble; r is the distances between cells and bubble; ω=2πf, f is the oscillating
frequency; and u0 is the surface velocity of bubble, which is determined by the oscillatory
frequency and amplitude.
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The acoustic radiation force is derived from the time-averaged, second-order momentum
terms in the Navier-Stokes equation. Unlike the streaming effect, Fr can either attract cells
towards the bubble or repel them from the bubble. The amplitude of Fr is described as below25:
$

𝐹" = 𝜋𝑅(% 𝑑* 𝑢,- 𝐵𝑅/$ 𝑟 12

(4-4)

𝐵 = 3(𝑑( − 𝑑* )/(2𝑑( + 𝑑* )

(4-5)
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where ds is the density of cells, dm is the density of medium, and B determines the direction of the
acoustic radiation force (B>0, particles are attracted to the bubble; B<0, particles are repelled
away from the bubble). Since cells have a higher density than the medium, they tend to be
attracted to the bubble’s surface.
The relative amplitudes of FdMAX and Fr determine whether the cells’ motion will be
dictated by the drag force or the radiation force. To quantify this, the ratio between FdMAX and Fr
is described below:
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Eqn. 4-6 shows that with higher oscillating frequency or relatively large cell size, Fr will play a
more important role than Fd in the motion of the particles, causing the cells to be attracted to the
bubble’s surface. Otherwise, Fd will determine the trajectories of cells and they will follow the
streaming pattern. For a given device, η, B, and dm in Eqn. 4-6 are constants. Rs is defined by the
cells chosen to be concentrated. Therefore, optimizing f is vital for the performance of the device.
However, choosing f is not trivial because bubbles can only be effectively actuated near certain
resonant frequencies, which are tightly related to the bubble’s size. The resonant frequencies for a
spherical bubble at oscillating mode n are described as25:
𝑓d- ≈
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where fn is the resonant frequency at oscillation mode n and σ is the surface tension of medium.
Optimizing device performance requires considering both Eqn. 4-6 and 4-7. An optimized f
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should be near the fn for a bubble with radius Rp; at the same time, the value of f must keep Fd /Fr
MAX

smaller than 1, so that the radiation force will dictate particles' motion. This theory can predict the
experimental condition for trapping cells near the acoustically activated bubbles; however, the
effectiveness of acoustic operation is determined by the location and size of the bubble. In the
next section, the opto-thermal effect is applied to generate highly controllable bubbles for
acoustic cell trapping.

4.4 Results and discussions

4.4.1 Generation and actuation of microbubble
Bubble generation process was demonstrated in section 3.4.1. By successfully controlling
the bubble’s size with the laser, we were able to optimize Rp (about 30-33 µm) and f (about 100
kHz). The optimized f was approximately the same as the 5th harmonious resonant frequency of a
32 µm radius bubble (f5=97.5 kHz). The vibration of the bubble’s surface was detected by the fast
camera at 225,000 fps, Figs. 4-2a and b show the oscillation of the bubble at 100 kHz using an
acoustic wave with amplitude of 10 V peak-to-peak (Vpp). The bubble oscillates near the 5th
harmonious mode as predicted. The oscillation amplitude was measured by recording the position
change of arrow-indicated point in Fig. 4-2b, which is about 2 µm (Fig. 4-2c). Surface velocity
(u0) was calculated by the period and amplitude from Fig 4-2c, which is about 0.8 m/s. When
operating with HeLa cells (Rs=10 µm), the calculated Fr (by Eqn. 4-4) at different r are displayed
in Fig. 4-2d. Fr increases drastically when cells get near the bubble, which indicates that the
trapping of cells to the bubble surface is stable. The ratio between the FdMAX and Fr is also
illustrated in Fig. 4-2e. When the radiation force is larger than the maximum drag force, we can
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expect that HeLa cells will move toward the bubble’s surface under experimental conditions. The
following cell-trapping experiment verifies this theoretical calculation.

Figure 4-2: (a) The bubble oscillates at the 5th harmonious mode at 100 kHz. (b) The bubble oscillates
between the statuses represented by blue and red lines, the arrow indicates the point used to measure the
oscillating amplitude. (c) The change in position of bubble’s surface (Arrow in Fig. 4-2b). (d) The
amplitude of acoustic radiation force. (e) The ratio between maximum drag force and radiation force.

4.4.2 Localized concentrating of cells
HeLa cells were used to test the cell-concentrating performance of the device. The
acoustic parameters used followed the calculated frequency (100 kHz) and amplitude (10 Vpp).
Initially, HeLa cells were distributed randomly throughout the chamber (Fig. 4-3a); after turning
on the acoustic waves, it was observed that cells moved towards the bubble’s surface and
aggregated there (Fig. 4-3b) within 20 s. After the cells had aggregated, the acoustic waves were
turned off, and cells were found to be concentrated within 100 µm of the bubble’s center. It
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should be noted that the concentrating effect was local, meaning that only the cells near the
bubble (distance within about 500 µm), rather than all of the cells in the chamber, were trapped at
the bubble’s surface.

Figure 4-3: (a) HeLa cells distributes randomly throughout the chamber before bubble actuation. (b) HeLa
cells move and aggregate near the bubble’s surface after bubble actuation. (c) Statistics shows that cells
aggregate both with each other and close to the bubble’s center. (d) Cell-adhesion test results show all cells
are attached to the culturing slides, indicating that our approach has good biocompatibility.

The cell-concentrating process was further investigated quantitatively. Two parameters
were used to evaluate the device’s cell-concentrating performance: (1) Average distance between
cells was used to describe how cells aggregate with each other. Before the bubble was actuated,
this value was about 246.4±49.97 µm. After the bubble was actuated, this value decreased to
91.26±54.96 µm, indicating that cells came closer due to the oscillation of the bubble. (2) The
average distance from cells to the bubble’s center was used to evaluate the extent to which the
device is able to trap cells near the bubble. This value changed from 212.9±29.99 µm to
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58.87±45.35 µm after acoustic treatments. Considering that the bubble has a radius of 30 µm, this
value indicates that the cells were trapped very close to the bubble’s surface. Another experiment
with a mixture of Hela cells (radius 10 µm) and Yeast (radius 4 µm) showed that the movement of
Hela cells is dominated by the radiation force, because the ratio of FdMAX/Fr is smaller than 1. As
a result, they are more easily trapped near the bubble’s surface. On the contrary, the movement of
Yeast cells is dominated by the drag force, and they tend to follow the streaming lines around the
bubbles under the same operation parameters. This phenomenon confirmed the prediction from
our theory that the value of FdMAX/Fr increases as the radius of particles/cells decreases.
Cell-adhesion tests were also conducted to confirm the biocompatibility of this system. In
such experiments, the cell-culturing slides replaced the commonly used glass slides and all other
elements were left unchanged. After the cells were concentrated, they were cultured for 2 h and
allowed to attach onto the slides. Fig. 4-3d shows the cell-culturing results. It was observed that
all of the cells in the microscope’s vision adhered to the cell-culturing slides and were kept alive
after the bubble was activated acoustically. The results indicate: (1) Laser heat should be noninvasive towards the cells in this experiment because the laser is focused on the gold film, rather
than directly on the cells, and the laser is turned off once the cell-concentrating process starts. (2)
Compared with the acoustic methods for ultrasound-mediated drug delivery142, sonoporation and
sonolysis30, our bubble-based acoustic technique operates at a much lower acoustic power, thus
avoiding potential damages to cells. (3) The generated bubble is extremely small compared with
the total area of the microchamber, and most cells do not attach directly to the bubble’s surface.
Therefore, the generated bubble has little disturbance on cells’ living environments. Overall, this
technique is demonstrated to be biocompatible and suitable for cell-related studies and
applications.
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4.4.3 Programmable cell patterning
Our technique’s ability to concentrate particles/cells at multiple positions was examined
on both polystyrene particles (15 µm in diameters) and HeLa cells. In Figs. 4-4a and b, surface
bubbles were generated in pre-defined patterns (two bubbles in a line for Fig. 4-4a, and a square
with a bubble in the center for Fig. 4-4b). When acoustic waves were applied, polystyrene
particles were trapped near each bubble’s surface. This resulted in the patterning of the
particles/cells that closely resembled the well-defined bubble array. The distance between each
aggregation of particles was approximately equal to the distance (~200 µm) between bubbles. We
further proved that this optoacoustic tweezers method can be readily used to form pre-defined
patterns of cells. As an example, triangle (Fig. 4-4c) and centered triangle patterns (Fig. 4-4d),
which are usually difficult to obtain by other cell-patterning mechanisms, were achieved.
The formation of complex, dynamic patterns relies on two unique characteristics of our
device: the ability to generate well controlled bubbles at any location in the microchamber; and
the capacity to locally, rather than globally, trap particles/cells near the generated bubbles. Precise
control over the size and location of the generated bubbles allows us to form any desired pattern,
and the local trapping effect enables us to pattern target cells at each of these locations, while
leaving others undisturbed. In the experiment, we also found that acoustic power and exerting
time influenced the pattern. Higher acoustic power caused a larger acoustic radiation force,
resulting in the trapping of more cells near the bubble; longer working times permitted more cells
to aggregate near the bubble surface. Overall, the optoacoustic tweezers method shows great
potential in concentrating cells in a programmable, biocompatible manner.
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Figure 4-4: Patterns of particles and cells generated by optoacoustic tweezers. (a)(b) Patterning of
polystyrene particles with 15 µm diameters. (c)(d) Patterning of HeLa cells with about 20 µm diameters.
The scale bar represents for 100 µm.
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4.5 Conclusion
In this chapter, we have integrated an acoustic-based cell trapping mechanism with an
opto-thermal bubble generation method in order to develop a simple, effective,
programmable, biocompatible approach for concentrating cells locally in a microfluidic
chamber. This device features several unique advantages: (1) The size and location of optothermally generated surface bubbles can be dynamically controlled by changing the power
and position of a laser focused on a gold film. Strong acoustic radiation forces (larger than
100 pN) can be exerted on nearby cells by applying acoustic waves to the surface bubble
array. By combining these two effects, this method can effectively collect cells at any
prescribed position in the chamber. (2) This device has great biocompatibility. HeLa cells
were trapped effectively in a region extending no further than 100 µm from the center of the
bubble. The cells were successfully attached to a culturing slide and were kept alive after the
trapping process.
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Chapter 5

Probing cell mechanical biomarkers with optoacoustic tweezers
In chapter 5, we applied the optoacoustic tweezers technique to investigate the
deformability of cells suspended in microfluidic devices. Principally, a micro-sized bubble is
generated by an optothermal effect near the target cells, which is suspended in a microfluidic
chamber. Subsequently, acoustic actuation is employed to create localized acoustic streaming. In
turn, the streaming flow results in hydrodynamic forces that deform the cells in situ. The
deformability of the cells is indicative of their mechanical properties. Our method measures
mechanical biomarkers from multiple cells in a single experiment, and it can be conveniently
integrated with other bioanalysis and drug-screening platforms. Using this technique, we
measured the mean deformability of tens of HeLa, HEK, and HUVEC cells to distinguish their
mechanical properties. HeLa cells were deformed upon treatment with Cytochalasin. The
technique also revealed the deformability of each sub-population in a mixed, heterogeneous cell
sample, by the use of both fluorescent markers and mechanical biomarkers. Our technique, apart
from being relevant to cell biology, will also enable biophysical cellular diagnosis.
Part of the work in chapter 5 was published at Small.

Figure 5-1: Overview of probing mechanical biomarkers using optoacoustic tweezers.
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5.1 Introduction
The characterization of cell deformability as a mechanical biomarker is valuable for both
diagnostics as well as biological studies.143–145 Changes in cell deformability have been used to
identify diseases such as cancer, malaria, arthritis, atherosclerosis, hypertension, cerebral edema,
stroke, and asthma.146 In addition, identifying the cellular mechanical biomarkers with
corresponding alterations in the cytoskeleton and gene expression will aid the investigation of
cellular processes, including metastasis, cytoskeleton development, cell differentiation, and the
cell cycle.147–150 Cellular deformability may be measured by exposing adherent or suspended cells
to a non-uniform external force field, which results in deformation on the cells. In contrast with
the many cellular geometries observed upon contact with substrates, most mammalian cells are
essentially spherical when suspended in a fluid environment, with a simple cortical actin
cytoskeleton layer underneath the cell membrane to maintain mechanical integrity.151 The
characterization of mechanical biomarkers from cells in suspension, then, would offer both
simple operation as well as improved repeatability of measurements.
Advances in micro-electro-mechanical systems (MEMS)152,153 have yielded multiple
approaches to measure cell deformability.154–157 These approaches may be categorized as either
flow-based or in situ methods. Among the plethora of cell-deforming methods, flow-based
methods157–161 are popular: suspended cells are delivered, focused, and stretched via
hydrodynamic effects such as shear stress and inertial force.162–166 Cell deformability,160
velocity,158 and pressure variations161 are recorded as characteristic mechanical properties. On the
contrary, the cells are often static during in situ methods such as atomic force microscopy,167
microaspiration,168,169 laser cavitation,142,170 optical tweezers,171–173 and methods using elelctrodeformation.174,175 Both flow-based and in situ methods have pros and cons. For example, flowbased methods offer better throughput over in situ methods; however, the deformability of cells is

82
measured when cells pass through a detection spot from the inlets to the outlets, providing only
data on cellular shape. This limitation makes it difficult to accurately identify each individual cell
before and after the cell-stretching process. By contrast, an in situ measurement can record more
information from the measurement. They can also easily integrate with other techniques such as
cell culture and drug treatment, albeit at lower throughput. Thus, there is a need for a technique to
measure mechanical biomarkers which combines the advantages of both flow-based (i.e., high
throughput) and in situ methods (i.e., the capability to record more information, and easy
integration with other bio-analysis and drug-treatment units).
In chapter 5, we applied the optoacoustic tweezers technique to deform cells. A bubble is
generated by the optothermal effect7,12 at any desired position within a microfluidic chamber.
When this bubble is actuated by acoustic waves, the oscillation of the air-liquid interface perturbs
the liquid nearby, resulting a localized acoustic streaming flow around the bubble.18,107,141,176–178
Once a suspended cell is introduced to the flow field, the cell is stretched by hydrodynamic
forces. Since the flow is essentially static except for the bubble-induced localized streaming, the
cell deformability measurement is performed in situ, allowing for cell identification after bubblebased cell deformation.

5.2 Experimental methods

5.2.1 Microfluidic setups
The bubble was generated via the optothermal effect, as described in section 3.2. After
bubbles were generated, they were actuated by a piezo transducer (Piezo Ceramic Transducer
20×2.1mmR Disc, Steiner & Martins Inc., USA). The piezo transducer was bonded to the same
glass slide with the microfluidic chamber by double-sided polyimide tape (Masking Products,
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USA) to generate acoustic waves (Fig. 5-2b).73,179,180 The stimulating electrical signal was
generated from a function generator (8116A, Hewlett Packard, USA) and connected to a signal
amplifier (Model 25A250A, Amplifier Research, USA). The frequency is ~100 kHz. When the
bubble was actuated by the acoustic waves, acoustic streaming was generated around the bubble
due to oscillation of air-liquid interface. Cells suspended around the bubble were attracted to the
bubble and then were pushed away (Fig. 5-2c). As a result, significant deforming of cells was
observed (Fig. 5-2d).
The cells were imaged with a CCD camera (DS-Fi1, Nikon, Japan) through the same
objective lens which focused the laser beam. The outline of a cell at each frame was extracted by
ImageJ and estimated as an ellipse. The long and short axes were estimated using the linemeasurement function of ImageJ. The deformability of cells is defined as the aspect ratio between
long axis (a in Fig. 5-2e) and short axis (b in Fig. 5-2e). The mean deformability of a cell type
was obtained by measuring multiple cells around an oscillating bubble (Fig. 5-2f).

Figure 5-2: (a) Optical setup to generate bubbles by the optothermal effect; (b) Schematic for the
configuration of microfluidic chamber and piezo transducer; (c) Schematic for cell stretching in the flow
field around an acoustically activated oscillating bubble; (d)-(e) A spherical-shaped suspended cell is
stretched near an oscillating bubble, where the aspect ratio is used to characterize the cell’s deformability;
(f) The statistical analysis of deformability (i.e., aspect ratio) for HEK cells.
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5.2.2 Cell preparation
HeLa cells, human umbilical vein endothelial cells (HUVEC), and human embryonic
kidney 293 cells (HEK 293) were chosen for testing of mechanical properties. HeLa cells were
grown in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) media
(Gibco, CA, USA), supplemented with 10% fetal bovine serum (Atlanta Biologicals, GA, USA),
penicillin (100 U/ml), and 100 µg/ml streptomycin (Mediatech, VA, USA). HUVEC were
cultured using EndoGRO-LS Complete Culture Medium (Millipore, Germany). HEK 293 were
cultured using Minimum Essential Medium with Earle's salts (Cellgro, Corning, USA)
supplemented with 10% FBS and 1% penicillin-streptomycin solution. The cell lines were
maintained in T-25 cell culture flasks, in a 37 °C incubator at 5% CO2 level, and were cultured
twice per week. Before each experiment, an adherent culture was released from flasks using
0.05% trypsin digestion (Cellgro, Corning, USA), and then rinsed with Trypsin neutralizer
solution (Gibco, Life Technologies, USA). After centrifugation at 800 rpm for 5 min and rinsing
with PBS buffer (1×, pH 7.4), cells were re-suspended in a highly viscous working medium,
containing 5% (w/w) sodium alginate (Sigma, USA) dissolved in PBS buffer (1×, pH 7.4), in a
final concentration of about 2 × 105 cells/ml.
Cortical actin in the suspended cells was fluorescently visualized by Actin-GFP
(CellLight®, BacMam 2.0, Life Technologies, USA), following the protocol provided by the
manufacturer. The cortical actin was visualized with fluorescent microscopy in the excitation
wavelength of 488 nm, and at the emission wavelength of 532 nm. Visualization of microtubule
utilized the Microtubule-RFP (CellLight®, BacMam 2.0, Life technologies, USA) with similar
procedure to the actin stain. The fluorescent excitation wavelength and emission wavelength were
555 and 584 nm, respectively.

85
To test the change of deformability during the drug treatments, Cytochalasin D (SigmaAldrich, USA) was used to depolymerize the actin of the HeLa cells. Cytochalasin D was kept in
Dimethyl sulfoxide (DMSO) of concentration of 5 mg/ml and at -20 0C. Cytochalasin D was
added to the cell suspension, and the final concentration was 1 µg/ml. After incubating for 20
min, cell deformation was measured.
The specimen of a cell mixture was prepared by mixing living and protein-denatured
HeLa cells. The protein-denatured cells were prepared by adding 70% ethanol into the cell
suspensions. They were then rinsed with PBS and mixed with the living cells in a PBS buffer.
The protein-denatured cells were fluorescently labelled with propidium iodide (PI) stain, where
PI was added into the medium at a ratio of 0.5 µl PI to 1 ml buffer. The living cells were
fluorescently labeled with calcein AM (Life Technologies, USA) of a concentration of 0.5 µM.

5.3 Numerical modeling methods
Streaming

generated

from

acoustically

oscillated

bubbles

has

been

studied

extensively.181,182 Dissipation in fluid is rapid and non-harmonic in response to a harmonic force,
which may be generated by the acoustic oscillations of a microbubble. This response can be
considered as a superposition of a time-harmonic acoustic response with the same frequency as
the actuation frequency, and a slower, steady response known as “acoustic streaming”.21,182–187
The nonlinear hydrodynamic coupling188 results in transmission of acoustic energy to the fluid as
steady momentum, manifested as acoustic streaming around the oscillating bubble. The fluid
response is governed by the standard Navier-Stokes equations for a linear viscous compressible
fluid:182,183
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is the mass density, v is the fluid density,

(5-2)

p is the fluid pressure, and µ and µb are the

shear and the bulk dynamic viscosities, respectively. As is commonly done in simulations of
acoustic streaming,41 the relation between

p and ρ is chosen to be linear, namely 𝑝 = 𝑐,- 𝜌,

where 𝑐, is the speed of sound in the fluid at rest. Direct numerical simulation of this non-linear
system of equations is computationally challenging and expensive, due to discrepancy in space
(characteristic wavelengths of acoustic waves vs. the characteristic geometrical dimensions of the
system) and time scales (characteristic oscillation periods vs. characteristic times dictated by the
streaming speed). However, in the case of small oscillations, the fluid response can be studied
using a perturbation expansion of the flow variables in the Navier-Stokes equations. We employ
Nyborg’s perturbation approach189 where the fluid velocity, density, and pressure are assumed to
be of the following form:
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is a non-dimensional parameter defined as the ratio of oscillation amplitude to the

bubble radius.35 Substitution of Eqn. 5-3 in Eqn. 5-1 and 2 and segregation of first-order terms
yields a first-order system:
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where

µ

and

µb

represent, respectively, the shear viscosity and the bulk viscosity. Repeating

the same procedure for the second-order terms, followed by time-averaging over a period of
oscillation, yields a second-order system:
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Eqns. 5-4, 5, 6, and 7, complemented with appropriate boundary conditions, were solved
numerically using the commercial finite element software COMSOL Multiphysics 4.4 to
characterize the acoustic streaming patterns around the oscillating bubble. Here, we studied the
streaming patterns generated by a single bubble in the microfluidic chamber of dimensions 600
µm × 600 µm. A single bubble was simulated with diameter 60 µm, oscillating with amplitude 5
µm at frequency 100 kHz.

5.4 Results and Discussion

5.4.1 Mechanism for cell deformation
The bubble was generated via an optothermal effect and actuated by an acoustic wave, as
described in sections 3.4.1 and 4.4.2. The cavitation microstreaming (abbreviated as “streaming”)
from the oscillation of a bubble, exerting shear force on cells, was the cause of cell deformation.
This streaming was investigated via both experiments and simulations. Fig. 5-3a shows the
numerical results of streaming patterns generated by the oscillating bubble; the presence of two
vortices around the bubble is similar to those observed experimentally (Fig. 5-3b). This streaming
pattern was also observed previously by Tho et al,17 and is associated with ellipsoidal motion of
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the bubble (i.e., the bubble oscillates both laterally and radically). The numerical results reported
here are instructive in determining the acoustic streaming through a perturbation approach, even
when the oscillation amplitude of the bubble is difficult to observe.
Once the streaming is modeled by numerical simulation, validation of the shear force to
deform a cell in the fluidic field becomes feasible. Since the presence of a cell near the bubble
alters the streaming patterns around the bubble, a fully coupled fluid-structure interaction model
is required to investigate the deformation of the cells inside the streaming field. However, we
considerably simplified this problem to obtain qualitative understanding of our device’s working
mechanism by considering a fixed particle (a cell) inside the domain and investigating the force
which the particle experiences for different positions relative to the bubble. To study the force
experienced by a particle due to streaming, we numerically simulated a spherical particle of
diameter 15 µm at coordinates (50 µm, -50 µm) relative to the bubble center. The flow field was
recalculated in the presence of this particle (Fig. 5-3c); the hydrodynamic traction was integrated
over the surface of the particle to calculate the force (Fig. 5-3d) exerted on the particle in the
acoustic streaming field. While the net force on the particle acts in the direction of the streaming
flow, the non-uniform traction distribution observed on the particle’s surface would result in the
deformation of the particle (Fig. 5-3d). Due to the non-uniform flow field, the force experienced
by the particle is different for particles at different positions relative to the oscillating bubble.
Thus, by tuning the operational parameters as well as the bubble’s position relative to the cell, the
cell can be subjected to a wide range of force distributions that, in combination with the cell’s
response, can be used to investigate the mechanical properties of the cell.
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Figure 5-3: Working mechanism for deforming a cell by cavitation microstreaming. (a) Simulation and (b)
experimental results for streaming flow patterns around an oscillating bubble; (c) Streaming patterns
around the oscillating bubble in the presence of a particle positioned at (50 µm, -50 µm) relative to the
bubble center; (d) An enlarged picture of (c) showing the non-uniform flow field near the cell, and the
shear force on the cell. The color indicates the magnitude of the streaming velocity from min (blue) to max
(red), while the arrows indicate the direction of the streaming velocity.

5.4.2 Parallel measurement of deformability
Deformability, as a parameter of mechanical biomarker, is used to characterize cell
properties. To realize a statistically meaningful value, multiple cells must be measured.
Conventional in situ measurements, including optical tweezers and atomic force microscopy,
have relatively low throughput (~1 cell per minute). By contrast, our technique measures the
deformability from multiple cells simultaneously, so statistically meaningful data can be
conveniently obtained.
The deformability of three cell lines, HeLa (N=50), HEK (N=70), and HUVEC (N=50),
was tested to demonstrate the capability of our devices. The results are shown in Fig. 5-4, where
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the HEK cell has the most deformability (mean: 1.691; standard deviation: 0.2608), the HeLa cell
has the medium deformability (mean: 1.592; standard deviation: 0.2473), and the HUVEC has the
least deformability (mean: 1.370; standard deviation: 0.2192). The deformability of HEK cells is
significantly greater than HeLa cells (P=0.0403); while the deformability of HeLa cells is
significantly greater than HUVEC cells (P=0.0001). These results indicate that the HEK cell has
the least mechanical strength, while the HUVEC cell has the greatest. Once a single bubble is
actuated acoustically, it can deform tens of cells around it within seconds; sufficient data on cell
deformability may thereby be obtained for statistical analysis.
The differences in the deformability of each cell line arise from cytoskeleton structures,
which are visualized by fluorescent images of GFP-actin and RFP-microtubule. When cells are
suspended, the F-actin forms a hollow-spherical-shaped, cortical actin layer to maintain the cell
shape and mechanical properties, while the microtubule usually exists deeper under the cell
membrane. Previous reports151 reveal that most mammalian cells have cortical actin of
thicknesses from 50 nm to 2 µm. For example, HEK 293 has a cortical actin thickness of
0.99±0.38 um. The fluorescent images we presented here are in agreement with previous
observations. Further, the structures of cortical actins in three cell lines were distinct. The HEK
cell has the thinnest cortical actin layer under the cell membrane; the HeLa cell shows a thin but
more-uniform cortical actin layers to maintain the suspended cells; the HUVEC shows much
thicker cortical actin. As a consequence of cortical actin variations in their structures, the three
cell lines deformed differently under nearly identical acoustic operating conditions. The HUVEC,
with the most condensed cortical actin, exhibited the least deformability; while the HEK cells,
with the thinnest cortical actin, exhibited the greatest deformability. The reason for a weaker
cortical actin in the HEK and HeLa than HUVEC (i.e., larger deformability for HEK and HeLa),
may relate to the origins of these cell lines. HeLa cells are from cervical cancer. HEK 293 cells
are from human embryonic kidneys. HUVEC are derived from non-malignant endothelial cells.
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This result suggests that tumor cell lines, HeLa and HEK, are similar in their immature nature of
their cytoskletons. As a result, cancer cells are generally less stiff than non-malignant cells. Our
result is consistent with a previous report, which found stiffness changes of malignant cells
compared with their healthy counterparts.144

Figure 5-4: The deformability of (a) HEK, (b) HeLa, and (c) HUVEC; (d) statistical analysis indicated the
HEK cell has the largest deformability, while HUVEC has the least deformability; (e)-(g) the deformability
reflects differences in cytoskeleton structure.

5.4.3 In situ measurement of deformability during drug treatment
Optoacoustic tweezers technique based measurement can be conveniently integrated with
other cell operation platforms due to its in situ operation properties. Hence, this technique
enhances prognostic analyses in which the cells’ mechanical properties are characterized during
therapeutic treatment. Here we demonstrate the effect of cytochalasin D on the deformability of
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cells by incorporating cell deformability measurements with drug treatment. During incubation of
the drug, the measurement of deformability, and the fluorescent visualization of cytoskeleton
structure, the cells were kept in the same microfluidic chamber.
Cytochalasin D was added to a suspension of HeLa cells (with sodium alginate to adjust
viscosity) for incubation at 37oC. After 20 min, a bubble was generated near a group of cells to
measure the deformability of cells after cytochalasin D treatment. Treatment with cytochalasin D
enhanced the cell deformability (mean: 1.688, standard deviation: 0.1951, N=50) (Fig. 5-5b).
Compared with the untreated group, a significant increase in the cell deformability occurs
(P=0.0336). The increase reveals that cytochalasin D undermined the F-actin, which maintains
the cells’ stiffness. Their morphology was visualized in both bright-field and fluorescent
microscopy. After the treatment of cytochalasin D for 20 min, the cytochalasin D was bound to Factin polymer, which prevented further polymerization of actin monomers. Thus, F-actin must not
be synthesized, in order to maintain the cells’ structure. A bright-field image (Fig. 5-5c) shows
that blebs emerge after the cytochalasin D treatment: the attachment between actin and the
membrane was destabilized by cytochalasin D, promoting bleb nucleation.147 Existing blebs did
not assemble an actin rim and did not retract. The actin-GFP fluorescent images (Fig. 5-5d) show
that the fiber-shaped cortical actin became discrete actin fragments.
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Figure 5-5: (a) The deformability of CD treated HeLa cells; (b) The CD treated HeLa cells shows an
increased deformability compared with non-treated ones; (c) bright field and (d) actin-GFP fluorescent
images of a CD-treated HeLa cell.

5.4.4 Measurement of cell deformability of subpopulations from mixture
Analyzing the deformability of each cell sub-population in complex cell samples will
benefit multiple clinical applications. To probe the mechanical properties of the tumor cells from
a cancer patient, in which both benign and metastatic cells exist, conventional techniques require
complex sample preparation: separating each subpopulations in the cell mixture, culturing the
specific tumor cells, and measuring the mechanical properties based on the purified tumor cells.
This sample-purification process, however, is difficult to perform on cells which have similar
cellular properties. Our method can probe the deformability of each sub-population in a cell
mixture, by directly combining chemical biomarkers with the mechanical biomarker.
To demonstrate this capability, a cell sample was prepared containing two cell types
(protein-denatured and living HeLa cells) and three fluorescent biomarkers (red fluorescence
from PI, green fluorescence from calcium AM, and no stain). The superimposed fluorescent
images and the deformability of each sub-population are in Fig. 5-6. In a single operation, about
20 cells were traced and their deformability was analyzed (Fig. 5-6b). Protein-denatured cells
exhibited more deformation (mean: 1.627, standard deviation: 0.0930, N=5) than living cells. In
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protein-denatured cells, cytoskeleton proteins fail to maintain the cell’s mechanical integrity;
while the living cells labeled with calcium AM (mean: 1.515, standard deviation: 0.1997, N=7)
and the un-labelled living cells (mean: 1.513, standard deviation: 0.1881, N=6) demonstrated
similar deformability properties, indicating similar mechanical properties. The number of cells
which may be traced in a single experiment is determined by the area of the microscopic field of
view. In this case, a 50× objective was used and about 20 individual cells were traced and
identified simultaneously. With the combination of chemical and mechanical biomarkers, this
technique measures the deformability of each sub-population of cells. This capability,
accompanied with high-throughput measurement, has real-world applications such as finding
variation among subpopulations in a cell mixture from a cancer patient.

Figure 5-6: (a) Stacked images of the cell mixture with different dyed colors; (b) The deformability of each
sub-population in the cell mixtures is measured by tracing each stained cell.
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5.5 Conclusion
In this section, the optoacoustic tweezers technique was applied to probe the
deformability of suspended cells in a microfluidic chamber. An optothermal effect generated a
bubble which was positioned near cells of interest. Acoustic streaming around the oscillating
bubble deformed the cells, and cell deformability was measured. First, using this technique, the
deformability from multiple HeLa, HEK, and HUVEC cells was measured, and statistically
relevant data was obtained. The technique probes the mechanical properties of multiple cells at
once. Second, in situ measurement of the deformability of cells after treating with the
Cytochalasin D was demonstrated, which proves that our technique can be integrated with drugscreening platforms. Third, the characterization of deformability variance in denatured and
healthy HeLa cell confirms that our technique can combine both fluorescent biomarkers and
mechanical biomarkers in the same platform. With these unique properties, our technique will
serve as a useful tool for biological studies as well as biophysical diagnoses and prognoses.
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Chapter 6

Conclusions and prospects

6.1 Achievements
In this dissertation, we presented an optoacoustic tweezers technique. After a review of
the principle and biomedical application of acoustic actuated microbubbles in Chapter 1, we
presented the milestones we have achieved in the development and application of optoacoustic
tweezers in Chapters 2-5.
In Chapter 2, the optothermal effect was explored. We also utilized energy from this
effect to drive an in situ nanostructure synthesis reaction. As an application, a 3D Ag@ZnO
nanostructure was fabricated as SERS substrates. The Ag@ZnO nanostructures grow exclusively
at the laser spot area, allowing for rational location control within the channel. Due to the dense
Ag nanoparticles on the ZnO nanorods, substantial SERS hot-spots are integrated in the 3D
Ag@ZnO nanorods, making them excellent candidates as SERS substrates. The SERS
enhancement factor of the Ag@ZnO nanorods is estimated to be about 2´106 using 4-ATP as a
testmolecule. Furthermore, single-cell trapping and in situ SERS analysis are achieved through
design of a horseshoe cell-trapping device and precisely growing Ag@ZnO nanorods within the
horseshoe structure. Using our technique, cell surface biomarkers are visualized in real-time,
without intake of any external SERS tags, minimizing potential damage on cell integrity. Overall,
optothermal effect provides a unique energy source to catalyze local chemical reactions.
In chapter 3, the optothermal effect was utilized, as the energy source, to generate and
guide the motion of a microbubble. As an application of optothermally generated bubbles, we
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demonstrated particle trapping and manipulation functions. Microparticles were attracted to the
bubble's surface from relatively long distances due to the convective flow. Once entrained by the
flow, the particles were trapped on the bubble surface and were carried along with the
hemispherical bubble to desired locations, as the result of a balance between surface tension and
pressure forces. This approach to particle manipulation was demonstrated with two examples: by
collecting randomly distributed microparticles and by moving single particles along a prescribed
trajectory. Due to the effectiveness and simplicity of this particle-manipulation technique, it could
be valuable in many applications where high precision particle manipulation is needed.
In Chapter 4, we developed an optoacoustic tweezers technique, by integrating the
microbubble generated by the optothermal effect with acoustic actuation, to achieve a
biocompatible cell trapping, concentrating and patterning functionalities. This device features
several unique advantages: (1) The size and location of opto-thermally-generated surface bubbles
can be dynamically controlled by changing the power and position of a laser focused on a gold
film. Strong acoustic radiation forces (larger than 100 pN) can be exerted on nearby cells by
applying acoustic waves to the surface bubble array. By combining these two effects, this method
can effectively collect cells at any prescribed position in the chamber. (2) This device has great
biocompatibility. HeLa cells were trapped effectively in a region extending no further than 100
mm from the center of the bubble. The cells were successfully attached to a culturing slide and
were kept alive after the trapping process.
In Chapter 5, we applied the optoacoustic tweezers technique to investigate the
deformability of cells suspended in microfluidic devices. The acoustic streaming from one
oscillating bubble, formed by optothermal effect near a targeting cell, generates shear stress on
cells. In turn, the cells are deformed in situ. The deformability of the cells is indicative of their
mechanical properties. Using optoacoustic tweezers technique can measure mechanical
biomarkers from multiple cells in a single experiment, and it can be conveniently integrated with
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other bioanalysis and drug-screening platforms. Here, we measured the mean deformability of
tens of HeLa, HEK, and HUVEC cells to distinguish their mechanical properties. The technique
also revealed the deformability of each sub-population in a mixed, heterogeneous cell sample, by
the use of both fluorescent markers and mechanical biomarkers.

6.2 Prospects
Beyond the current achievements, we believe that additional research is required to
deepen and broaden the use of the optoaocustic tweezers technique.
First, several aspects must be improved on the current optoacoustic tweezers platform to
satisfy the need for cell or particle manipulation in labs. For example, spatial light modulators can
be used to modulate the diode laser. In this manner, more complicated surface bubble patterns can
be achieved simultaneously, thus expanding the functionalities of the device. Moreover,
miniaturization is needed to bring our platform to more non-optical specific labs. For example, a
blue-ray DVD laser head, including the laser source and focusing lens can be integrated with a
microfluidic channel to replace the bulky optical microscopy unit.
Second, while we have established that our technique can be used to control cellular
patterns and deformation, this capability must be improved to be applicable to systems of many
cells. For example, the organization of cells in a tissue can adapt to the shear stress exerted on it.
Optoacoustic tweezer can become a preferred method to achieve this function, the latter begin
crucial in tissue engineering operation. Also, generation of a tiny bubble inside the cell will be a
valuable way to study the subcellular architecture via acoustic stimulation. Both sides require
further develop of the optoacoustic technique.
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