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Abstract 

 

  The primary goal of this dissertation research is to develop an experimental system and 

associated techniques that can be used to investigate the bioeffects produced by cavitation 

bubbles at the single cell level. Such information has been lacking due to the randomness 

and complexity in cavitation inception and subsequent bubble-bubble interaction 

generated by an acoustic field typically used in therapeutic ultrasound applications. 

Connection between cavitation activities and bioeffects produced in cells nearby presents 

another challenge that has not been resolved satisfactorily. In this work, we developed a 

laser-based system for generating tandem bubbles with a maximum diameter about 50 

µm (i.e., on the scale of a single cell) in a microfluidic channel of 25 µm in height and 

800 µm in width. We further developed techniques for micropatterning of individual gold 

dots (15 nm thick and 6 µm in diameter) used for bubble generation, which are precisely 

aligned at various stand-off distances (SD) from individual islands (32 x32 µm2) coated 

with fibronectin used for cell adhesion. The dynamics of tandem bubble interaction with 

resultant jet formation, microstreaming and vortex flow in the microfluidic channel were 

captured by high-speed imaging and particle image velocimetry (PIV). The deformation 

of the target cell was recorded by high-speed imaging as well (using a second camera) 

immediately after the tandem bubble interaction and assessment of membrane strain was 

aided with 2 µm sized polystyrene beads attached to the cell membrane. Membrane 

poration was characterized by uptake of fluorescent propodium iodide (PI) into the target 
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cell, from which the normalized maximum pore size was estimated. Using this 

experimental system, we have observed the complete process of bubble-bubble 

interaction with resultant jetting flow, cell deformation, and localized pinpoint membrane 

rupture with progressive diffusion of macromolecules into the target cell. Furthermore, 

we observed a clear SD dependence in the treatment outcome produced by the tandem 

bubbles. At short SD of 10 µm, all treated cells underwent necrosis with high yet 

unsaturated level of PI uptake, indicating that the cell could not reseal the poration site. 

At intermediate SD of 20 ~ 30 µm, 58% to 80% of the cells were observed to have 

repairable membrane poration with low to medium but saturated level of PI uptake. At 

long SD of 40 µm, no detectable PI uptake was observed, corresponding to no membrane 

compromise. Within the repairable membrane poration group, the sub-population of cells 

that eventually survived without apoptosis increased from about 9% at SD of 20 µm with 

strong adhesion to about 70% at SD of 30 µm with no adhesion at the leading edge facing 

the jetting flow. The maximum PI uptake, pore size, and membrane strain estimated could 

vary by more than an order of magnitude, which is similar to the magnitude of variations 

in pore size (0.2 ~ 2 µm) produced by tandem bubbles observed by SEM. The large 

principal strain (> 500%) with associated high strain-rate (> 106·s-1) produced by the 

tandem bubbles provide a unique tool to examine the bioeffects of cavitation at the single 

cell level with potentially a diverse range of applications to be explored. 



vi 

Contents 
Abstract .............................................................................................................................. iv 

List of tables....................................................................................................................... ix 

List of figures...................................................................................................................... x 

Acknowledgements.......................................................................................................... xiii 

1. Introduction..................................................................................................................... 1 

1.1 Cavitation and its biomedical implications............................................................. 1 

1.2 Interaction of cavitation bubbles with cells ............................................................ 3 

1.3 Bubble dynamics and cell rheology........................................................................ 6 

1.4 Cell mechanics and cell mechanotransduction ..................................................... 11 

1.5 Cell micropatterning in microfluidics................................................................... 13 

1.6 Objectives ............................................................................................................. 15 

2. Pulsating tandem bubbles for localized and directional single cell membrane poration
........................................................................................................................................... 17 

2.1 Introduction........................................................................................................... 17 

2.2 Experimental setup................................................................................................ 18 

2.3 High-speed image and µPIV................................................................................. 19 

2.4 Cell culture and experimental design.................................................................... 20 

2.5 Bubble-bubble and microjet-cell interaction ........................................................ 21 

2.6 Flow field around the pulsating microbubble(s)................................................... 23 

2.7 Cell membrane poration.........................................................................................25 

2.8 Localized and directional membrane poration...................................................... 28 

2.9 Discussion and summary ...................................................................................... 30 



vii 

3. Micropatterning for controlling the generation of cavitation bubbles and precise culture 
of individual cells in microfluidics devices ...................................................................... 32 

3.1 Intorduction........................................................................................................... 32 

3.2 Materials and methods .......................................................................................... 35 

3.2.1 Design of hybrid patterns in a microfluidic channel........................................ 35 

3.2.2 Patterning of micron-sized gold dots in microfluidic channels ....................... 36 

3.2.3 Fabrication of hybrid patterns in microfluidic channels .................................. 38 

3.2.4 Cell seeding into the patterned microfluidic channel ...................................... 41 

3.3 Results and discussion .......................................................................................... 42 

3.3.1 Single bubble from gold dot ............................................................................ 42 

3.3.2 Single cell patterning in microchannels ........................................................... 43 

3.4 Summary ............................................................................................................... 46 

4. Dynamics of tandem bubble interaction in a microfluidic channel .............................. 47 

4.1 Introduction........................................................................................................... 47 

4.2 Theoretical background ........................................................................................ 49 

4.3 Materials and methods .......................................................................................... 50 

4.3.1 Laser-induced microbubble(s) in the microfluidic channel ............................. 50 

4.3.2 High speed imaging and flow visulization....................................................... 52 

4.4 Results and discussion .......................................................................................... 53 

4.4.1 Dynamics of tandem bubble – the effects of phase delay................................ 53 

4.4.1.1 General features of tandem bubble oscillation...........................................53 

4.4.1..2 Effects of phase delay on tandem bubble interaction ...............................57 

4.4.1.3 Temporal development of the tandem bubble oscillation..........................59 

4.4.1.4 Jet velocity .................................................................................................61 



viii 

4.4.2 Characterization of tandem bubble interaction and jet formation in the preserce 
of single cells nearby ................................................................................................ 62 

4.5 Summary ............................................................................................................... 64 

5. Biological and mechanical responses of single cells to cavitation bubbles – effects of 
standoff distance and adhesion pattern ............................................................................. 65 

5.1 Intorduction........................................................................................................... 65 

5.2 Materials and methods .......................................................................................... 66 

5.2.1 Experimental system and sample preparation.................................................. 66 

5.2.2 Cell treatment and image acquisition............................................................... 68 

5.2.3 Analysis of PI uptake and pore size estimation ............................................... 70 

5.2.4 Analysis of cell membrane deforamtion, strain and strech ratio estimation.... 72 

5.2.5 Data analysis and statistics............................................................................... 74 

5.3 Results and discussion .......................................................................................... 74 

5.3.1 PI uptake .......................................................................................................... 74 

5.3.1.1 Kinematics and general features of PI uptake in the target cell................ 74 

5.3.1.2 Assessment of pore size variation, apoptosis and phenotype ................... 78 

5.3.4 Cell membrane deformation, strech ratio and strain calculations.................... 82 

5.4 Summary ............................................................................................................... 93 

6. Future work................................................................................................................... 95 

References......................................................................................................................... 98 

Biography........................................................................................................................ 109 

 

 



ix 

List of Tables 
 
Table 5.1: Three different outcomes in membrane poration and PI uptake following 
tandem bubble-cell interaction at various standoff distances (SD) in group “H” and group 
“I”………………………………………………...............................................................77 
 
Table 5.2: The fate of treated cells with PI uptake ……….……………………………...81 
 
Table 5.3: Summary of strain calculation results from 6 cases with different SDs and 
adhesion patterns………………………………………………………………………....93  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



x 

List of Figures 
 
Figure 1.1 A spherical bubble in an infinite field of liquid .………………………………6 
 
Figure 1.2 Decomposition of flow field…………………………………………………...9 
 
Figure 1.3 Cell deformation due to extensional flow……………………………………10 
 
Figure 2.1 Experimental setup – tandem bubble………………………………………...19 
 
Figure 2.2 Dynamics of tandem bubble and bubble-cell interaction……………….........22 
 
Figure 2.3 Modeling results of the oscillation of tandem bubble (bottom row) compared 
with the experimental results from high speed imaging (top row).......………………….23 
 
Figure 2.4 Fluid motion..........…………………………………………………………...24 
 
Figure 2.5 Deformation of the imaginary material lines in the flow field around tandem 
bubble.................................................................................................................................25 
 
Figure 2.6 Treatment of two individual Rat mammary carcinoma cells at SD = 20 mm by 
the tandem bubble…………………………………………………………......................26 
 
Figure 2.7 Trypan blue uptake…………………………………………………………...27 
 
Figure 2.8 Membrane poration…………………………………………………………..29 
 
Figure 3.1 A schematic diagrams of the microfluidic chip design layout..........................35 
 
Figure 3.2 Schematic diagrams showing the protocol for fabrication of microfluidic chip 
with gold dot patterns ........................................................................................................36 
 
Figure 3.3 A schematic diagram of the fabrication procedures used for micropatterning on 
the surface of glass substrate.................………………………………………………….39 
 
Figure 3.4 A schematic diagram of the procedures involved in microchannel construction 
and cell seeding……………………………………..........................................................40 
 
Figure 3.5 Dynamics of single bubble oscillation produced by laser absorption from a 
single gold dot patterned on the glass bottom of a microfluidic channel….......………...42 



xi 

 
Figure 3.6 Single cell patterning in proximity to a pair of gold dots.................................44 
 
Figure 3.7 Cell seeding in the microchannel with patterned adhesive regions.....……….45 
 
Figure 4.1 A schematic diagram of the experimental setup for laser-generated tandem 
bubble in a microfluidic channel........................................................................................51 
 
Figure 4.2 Laser generated tandem bubble oscillation and jet formation produced inside 
the PDMS-glass microchannel.................................................................………………..54 
 
Figure 4.3 Dynamics of laser generated tandem bubble oscillation and jet formation 
produced inside PDMS-glass microchannel................................................................…..58 
 
Figure 4.4 Temporal development of the top and bottom poles of the tandem bubble….60 
 
Figure 4.5 Relation between jet velocity and time delay between generation of the first 
and second bubbles………………………………………………………………………61 
 
Figure 4.6 Dynamics of tandem bubble interaction at different SDs in two adhesion 
groups “H” and “I”............................................................................................................62 
 
Figure 4.7 Jet speed produced by tandem bubble interactions with the presence of a single 
cell at different SDs from B1 in two adhesion groups “H” and “I”...................................63 
 
Figure 5.1 Timeline of imaging acquisition before and after tandem bubble-cell 
interaction........................………………………………………………………………..69 
 
Figure 5.2 General observation of cell morphology change and PI uptake after 
bubble-cell interaction ...................................................................……………………...75 
 
Figure 5.3 Time course of PI uptake in the target cell after tandem bubble interaction at 
different standoff distances (SD)….......................................……………………………76 
 
Figure 5.4 Intracellular PI amount at saturation level ...............................……………....78 
 
Figure 5.5 Normalized maximum pore size of individual cells .............................……...79 
 
Figure 5.6 Time course of phenotype changes of survival and apoptotic cells after tandem 
bubble treatment ................................................................................................................80 
 



xii 

Figure 5.7 Schematic diagrams illustrating tandem bubble-cell interaction and associated 
flow field produced in a microfluidic channel...................................................................83 
 
Figure 5.8 Deformation of a HeLa cell grown on a “I” pattern with beads attached on the 
membrane at a SD of 30 µm..............................................................................................84 
 
Figure 5.9 Regional difference in membrane displacement of a HeLa cell on “H” pattern 
and SD = 30 µm.................................................................................................................84 
 
Figure 5.10 The stretch ratio of 4 line segments defined between adjacent two beads 
attached on the cell membrane (see Fig. 5.9).....................................................................85 
 
Figure 5.11 Deformation of the leading edge of a HeLa cell on “I” pattern and SD of 20 
µm......................................................................................................................................86 
 
Figure 5.12 Time history of the displacement trajectories of 5 beads near the leading edge 
of a target cell in Fig. 5.11 along the jet direction.............................................................87 
 
Figure 5.13 Deformation of two HeLa cells on “I” pattern in response to the jetting flow 
produced by the tandem bubbles at SD = 20 µm (top row) and SD = 40 µm (bottom 
row)....................................................................................................................................88 
 
Figure 5.14 Comparison of membrane deformation of individual cells grown on “H” vs. 
“I” adhesive patterns..........................................................................................................89 
 
Figure 5.15 Characteristic time course of the principal strains and projected normal strain 
along (x) or perpendicular (y) to the jet direction near the leading edge of the target cell 
(see Fig. 5.14)....................................................................................................................90 
 
Figure 5.16 Illustration of different bi-axial strain configurations produced the jetting 
flow from tandem bubbles in the proximal region of a cell...............................................91 
 
Figure 5.17 Examples of deformation of cells grown on “H” and “I” patterns produced by 
tandem bubbles at different standard off distances............................................................92 
 

 

 

 



xiii 

Acknowledgements 

 

  I am truly indebted to many people for their help and support during my time as a Ph.D. 

student. Foremost, I would like to thank my advisor, Dr. Pei Zhong, for providing 

incredible help through my graduate studies (experiments, presentations, and publications) 

and especially during this dissertation work. I am very grateful for the opportunity to 

work in his group so I have learned to become a better researcher. I am also grateful to 

my dissertation committee members, Drs. Chuan-Hua Chen, F. Hadley Cocks, Fan Yuan 

and Stefan Zauscher for their insightful critiques and valuable advice on my project. 

   I would like to thank Dr. Georgy Sankin who has worked with me in the lab for most 

of my Ph.D. program. His innovative ideas and enthusiasm for scientific research have 

been extremely motivating to me. I am also grateful to Xiaoyi Huang, Jaclyn Lautz, 

Dianna Liu, Chen Yang, Ying Zhang and Joseph Kleinhenz, who have spent time and 

helped me on the tandem bubble project. I also want to thank Drs. Neal Simmons and 

Nathan Smith. It was a great pleasure working with you in the same group. 

  I would also like to thank several staff members at Duke and outside for giving me 

tremendous technical support during my research. They are Jay Dalton from SMIF, 

Yasheng Gao from LMCF, and Bill Faught from Zeiss. 

  I would especially like to thank my parents, Aisheng Yuan and Jiayun Li, far away in 

China for their patience and love through the past eight years.   



- 1 - 

1. Introduction 
 

1.1 Cavitation and its biomedical implications 

  Cavitation is the formation and subsequent dynamics of gas or vapor bubbles in a 

liquid, induced either by acoustically or hydrodynamically produced tension, or by local 

energy deposition from laser or high-energy particles [1]. Acoustic and hydrodynamic 

cavitations are efficient in producing physical changes in a bulk solution, while optic and 

particle cavitations are typically related to localized individual bubble dynamics [2].  

  Hydrodynamic cavitation has been exploited in the past decade, as a new technique for 

large-scale microbial cell disruption and extraction of intracellular components. 

Compared to conventional cell disintegrators, such as high-speed agitator bead mills and 

high-pressure homogenizers, the disruption efficiency per unit energy can be increased 

by 10-20 folds using hydrodynamic-driven cavitation reactors [3]. Enzyme and protein 

can be selectively released [4], depending on their location in the cell, periplasm or 

cytoplasm [5]. 

  Ultrafast (picosecond and femtosecond) laser has been applied to remove organelles 

(mitochondria and lysosomes) or to cut sub-cellular structures (actin filaments, 

microtubules and mitotic spindles) in living cells [6]. Laser-assisted photoporation has 

been developed for contact-free, non-disruptive, and targeted transfection of individual 

cells using CW [7] or pulsed [8] lasers. With pulse repetition frequency (PRF) in the kHz 

range, cavitation bubbles are thermoelastically generated to enable nano-dissection or 
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even membrane perforation. In comparison, at a PRF in the MHz range, nano-dissection 

is mainly produced by the accumulative effects of chemicals breaking integrity of 

macro-biomolecules. Because the mechanical disruption induced by inertial cavitation 

bubbles can be highly violent, the energy required for nanosurgery with kHz pulse is 

normally only 10 percent of that with MHz pulses [9].  

  Acoustic cavitation generated by ultrasound (US) provides a unique non-invasive tool 

in a diverse range of therapeutic applications, including shock wave lithotripsy [10], 

high-intensity focused ultrasound (HIFU) [11], and ultrasound-mediated drug, gene and 

siRNA delivery [12]. Ultrasound can be used for acoustic detection, and also for 

producing desirable changes in biological structures and processes [13]. Shock wave 

induced cavitation can damage cells but may also alter cell membrane integrity without 

causing cell death. The latter phenomenon has been used to deliver plasmid DNA into 

cells, leading to transgene expression and augment chemotherapeutic effects when 

applied concomitantly with a suitable drug [14]. Ultrasound has evolved rapidly from a 

diagnostic modality into a promising tool for non-invasive therapy and drug delivery [15]. 

High intensity focused ultrasound has been used for tissue destruction (ablation) [16, 17], 

blood clot dissolution (thrombolysis) [18]) and vascular occlusion (acoustic hemostasis) 

[19], as well as non-invasive opening of blood-brain-barrier (BBB) [20]. Further 

development of HIFU therapy entails shortening treatment time, minimizing undesirable 

prefocal damage [11, 21] and real-time monitoring tissue damage [22]. At moderate 

intensity, ultrasound assisted by ultrasound contrast agents (UCAs) has been shown to 
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temporarily permeabilize the cell membrane and drive the uptake of DNA, proteins, and 

drugs from extracellular environment [23, 24]. Therapeutic agents can be concentrated in 

high-capacity drug carriers made of liposomes and polymers. Ultrasound can be used to 

activate lipid- or protein-based vesicles that encapsulate both gas and drug inside at the 

site of interest [25, 26]. With therapeutic agents directly delivered to a specific region of 

cells or tissue, systemic toxicity can be minimized. Acoustic cavitation can also facilitate, 

via mechanical or thermal means, drug transport across impermeable interfaces to reach 

the target tissue, across blood-brain-barrier, and in solid tumors and blood clots [18, 27]. 

 

1.2 Interaction of cavitation bubbles with cells 

  Acoustic cavitation can be categorized into non-inertial or inertial cavitation, 

depending on the amplitude and frequency of the ultrasound exposure.  In non-inertial 

cavitation, a bubble is driven into oscillation with relatively small change in size. The 

membrane permeability of a cell in close proximity can be altered by shear stresses 

associated with microstreaming produced by oscillating bubbles [28]. In contrast, an 

inertial cavitation bubble expands more than 3 times of its initial size and then implodes 

violently [29]. The presence of a rigid boundary nearby can cause the inertial bubble to 

collapse asymmetrically, leading to the formation of a high-speed liquid jet directed 

towards the boundary. Jet formation from asymmetric bubble collapse can concentrate 

momentum and energy into a small area, often strong enough to lyse the target cell. 

Moreover, when an inertial bubble collapses symmetrically at a large distant from a 
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boundary, extremely high temperature and pressure can be produced during the final 

stage of the bubble collapse, rendering the formation of sonochemically induced free 

radicals which are cytotoxic [30]. In vitro studies have demonstrated that cavitation can 

produce, in addition to cell lysis, multiple sublethal cellular effects, including changes in 

i) cell morphology; ii) membrane permeability; iii) cell proliferation; iv) genetic DNA 

damage or mutation. 

  Although acoustic cavitation is known to be strongly associated with cellular 

bioeffects [31], the exact mechanism by which cavitation bubbles perturb the cell 

membrane and induce subsequent cellular responses remains illusive. Despite that 

cavitation-induced shear stresses and microstreaming have been suggested as a primary 

mechanism for cell membrane permeabilization [32, 33], how cells respond to the high 

strain-rate loading produced by cavitation bubbles is largely unknown. The complexity of 

cavitation-induced flow field, non-uniform bubble size, and bubble-bubble interaction 

and jet formation in acoustic cavitation make it difficult to achieve controllable 

sonoporation outcome [34]. 

  The capability to investigate cavitation-induced bioeffects at the single-cell level may 

help improve the efficacy and safety in modern biomedical applications of therapeutic 

ultrasound. Two critical processes involved in designing a cell-bubble interaction model 

are: i) to bring bubble(s) and cell(s) close to each other for interaction; ii) to control the 

characteristics of the bubble oscillation and therefore the resultant bioeffects on the 

cell(s). For example, individual xenopus oocytes, as a single cell model, have been used 
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to assess the variation of transmembrane ion flow via voltage-clamp technique during US 

exposure [35]. More sophisticated experimental systems are required to achieve a similar 

spatiotemporal specificity on the cellular events if only individual micron-sized 

biological cells are targeted by cavitation activities [36]. Individual UCA was 

manipulated by buoyancy or optical tweezers to place on the surface of a target cell, and 

bubble oscillation was activated by an incident ultrasound wave. Depending on the 

cavitation intensity, the target cell membrane could either be permanently ruptured by a 

strong liquid jet [37] from inertial collapse of the cavitation bubble or reversibly 

perforated by microstreaming associated with non-inertial cavitation [38]. However, the 

response of UCAs to ultrasound exposure showed significant variations due to shell 

non-uniformity and mechanical rigidity, which could also be influenced by the chemical 

composition of the shell [39].  Therefore, a statistically significant correlation between 

bubble dynamics and resultant biological effects is often difficult to establish.  

  In contrast to acoustic cavitation, optical cavitation produced by a focused laser pulse 

is highly reproducible with the resultant bubble dynamics much more predictable. Laser 

induced cavitation has been produced in microfluidic devices to generate single bubble 

events in a confined quasi-2D space [40]. The microfluidic channel, constructed using 

glass or PDMS, allows light transmission for optical imaging and manipulation. 

Microfluidic systems also enable cell confinement and monitoring of cell deformation 

and growth over time [41]. For example, microfluidic devices have been used to monitor 

cell culture [42] and to analyze gene expression activities [43]. Overall, microfluidics 
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technique provides an attractive platform for investigating bubble-cell interaction and the 

resultant bioeffects produced by cavitation bubbles at the single cell level. 

 

1.3 Bubble dynamics and cell rheology 

  Generation of cavitation bubbles typically involves a phase change from liquid state to 

vapor/ gas state, fostered either by underpressure or superheating. Sir Lord Rayleigh first 

analyzed an isolated spherical bubble of radius R(t) (t is time) in an incompressible liquid 

of density 
L  under driven pressure  tp 

. Assuming spherical symmetry throughout the 

bubble oscillation, dynamics of a single bubble in 3-D without nearby boundaries can be 

described by the Rayleigh-Plesset (R-P) equation [44]: 

   
R

S

dt
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Rdt
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Fig. 1.1 A spherical bubble in an infinite field of liquid 
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Here,  tpB  is the gas pressure inside the bubble, L  viscosity of the surrounding fluid, 

and S surface tension. The L.H.S. of (1.1) presents the pressure difference across the 

bubble wall. On the R.H.S of (1.1), the first two terms are related to inertial force, and 

the third and fourth terms account for the effects of viscous stress and surface tension, 

respectively. 

  Several different types of cavitation-based applications in microfluidic systems have 

been explored, including mixing [45], micropump [46], switching [47], and cell lysis 

[48]. Among all these applications, one unique feature worth noting is that inertial bubble 

oscillation can carry surrounding flow to the regime of high Reynolds number within a 

several hundred µs, which is usually difficult to acquire in conventional microfluidic 

devices. Dynamics of single cylindrical bubble in this quasi-2D geometry can be 

described by the 2-D R-P equation [49]: 

L

p

dt

dR

R

R

dt

dR

dt

Rd
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where R∞ is the distance at which fluid velocity drops to zero. Accounting for only fluid 

inertia, viscous term and surface tension term are ruled out compared to 3-D governing 

equation [50]. Justification of this change is made by examining Reynolds number (Re, 

Eq. 1.3) and characteristic diffusion time of the viscous boundary (τvisc, Eq. 1.4): 

Lct

R
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L
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             (1.4)  
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Here, νL is liquid kinematic viscosity, Rmax the maximum bubble radius, tc bubble 

collapse time, and H channel height. Stokes flow can be ruled out if Re >> 1; cylindrical 

bubble shape and 2-D potential flow hold true if τvisc (e.g., ~ 53 µs for H = 25 µm) is 

longer than tc (e.g., ~ 10 µs for Rmax = 25 µm). 

Two bubbles oscillating in-phase in a quasi-2D configuration has been studied recently 

[51], assuming 2-D potential flow and cylindrical bubble shape. By adapting Lagrangian 
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(1.5) 

formalism [52], Laplace equation was derived similar to the 2-D R-P equation but with 

two additional terms on the R.H.S. of (1.5). On the R.H.S of (1.5), the second term 

represents dynamic pressure reduction from bubble translation, and the third term 

accounts for the effect of the imposed pressure from a neighboring oscillating bubble. 

Because of the simplification in spherical bubble geometry and the neglection of thermal 

and mass transfer across the bubble wall, this model is limited to later stage of bubble 

expansion (cylindrical shape already developed) and the earlier stage of the 1st bubble 

collapse (without strong elongation or jet formation). 

  Bubble oscillation can be modeled using boundary element method (BEM) [90, 97].  

Based on the assumption for an irrotational and incompressible flow, a velocity potential 

  can be introduced that satisfies the Laplace’s equation: 

02            (1.6)    

Eq. 1.6 can be solved with a boundary integral method using Green’s function G , which 
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can be assumed to be harmonic as in the form:  

yx
G




1
        (1.7)   

Where x  is a point in the integration domain, and y  is a point on the boundary 

surface S . With this simplification, the velocity potential can be expressed by: 

dSyyxGyxGynx
s

y  )](),(),()([)(      (1.8) 

where   is the solid angle at x , and yn  is the local normal unit vector of an 

elementary surface dS . Eq. 1.8 indicates that if the velocity potential   and its normal 

derivatives are known on the boundary surface S  of a domain V , where   satisfies 

the Laplace equation, then   can be determined anywhere in V  by integration over 

the boundary surface. This BEM has been widely used to simulate bubble-bubble 

interaction due to its computational efficiency [90, 97, 99]. 

  Following the Cauchy–Stokes decomposition theorem, an arbitrary instantaneous state 

of flow motion may be resolved at each point into a uniform translation, a dilatation 

along three mutually perpendicular axes, and a rigid rotation of these axes. The flow field 

 

Rigid body rotation                Extensional flow                        Translational flow 

 

Figure 1.2 Decomposition of flow field [48] 
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around an oscillating bubbles can therefore be decomposed into 3 components (Fig. 1.2), 

i.e. translational flow, extensional flow and rotational flow [53]. Only extensional flow 

can deform a suspended cell [54], which can even be ruptured if the areal strain on the 

cell membrane exceeds 2-3% [55]. An adherent cell may deform when exposed to 

extensional, translational or rotational flow because of the anchorage of cell onto 

supporting substrate. Cell poration may be triggered because of the stretch along the flow 

direction or the velocity gradient across the flow direction. 

  Cell deformation induced by flow can be inertial-/viscous- dominant (Fig. 1.3) 

determined by the relative magnitude of fluid inertial and cell membrane tension [53]. If 

cell membrane is very weak compared to fluid inertial, cell deformation can be described 

directly by flow kinematics (jet impact); otherwise cell deformation is mainly caused by 

tangential viscous stresses exerted by fluid on non-slip cell wall boundary 

(microstreaming). Cell deformation from hydrodynamic flow induced by bubble 

oscillation may involve both mechanisms considering dissipation of fluid inertial with 

time, and entire cell is initially deformed by fluid inertial followed by only viscous stress 

on cell membrane. 

 

                                a) Inertial mode                        b) Viscous mode 

 

Figure 1.3 Cell deformation due to extensional flow 
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  Previous studies have been shown improved efficiency in cell lysis by modifying the 

shock wave front from a typical lithotripter pulse [56]. Cell lysis was increased one fold 

by re-focusing the shock wave front. Analogous to this idea, the energy from a single 

bubble collapse can also be focused by a second bubble oscillating anti-phase with 

respect to the first bubble. By increasing the velocity gradient along the cell membrane, 

cell deformation may be enhanced by two pulsating bubbles with comparable size to a 

cell.  

 

1.4 Cell mechanics and cell mechanotransduction 

  Cells are highly complex multiscale systems composed by components with distinct 

mechanical, chemical and biological properties [57]. The primary cell mass comes from 

membrane and cytoskeleton, which together maintain cell integrity and cell shape. Cells 

can respond and adapt to external mechanical stimuli, accompanied by changes in 

morphology and signaling pathways that ultimately direct the function and fate of the cell. 

In this process, the cytoskeleton plays a central role transferring the stimuli-related 

structural deformation across the entire cell body, through actin microfilaments, 

microtubules and intermediate filaments [58]. Cell response to external mechanical 

stimuli starts with the in situ physical membrane deformation, and thereafter the strain is 

transmitted through the cytoskeleton elements to distal sites. The stimuli at different sites 

may then simultaneously convert to chemical activities followed by the downstream 

activation of transcription factors and upregulation of protein expression [59, 60].  
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  Original efforts on theoretically modeling cell mechanics were based on the continuity 

assumption at a cellular length scale, so a constitutive model can be used to describe 

phenomenologically the cell properties. With this assumption, the cytoskeleton can be 

modeled as a simple viscoelastic continuum, porous gel and softy glassy material. A 

classical example is the application of linear viscoelastic constitutive model to estimate 

the Young’s modulus based on micropipette aspiration of leukocytes. In general, these 

models can work properly as long as the scale of the interested region is significantly 

larger than its microstructural characteristics by several orders of magnitude.  The 

subcellular structures, however, are spatially heterogeneous with different micro- to 

nano-compartments. For example, the fibrous and other discrete cytoskeleton elements 

contribute differently in cell mechanotransduction, and the external stimuli is likely to be 

redistributed or integrated at the subcellular level. This type of decentralization nature is 

normally included in discrete micromechanics models [61].  

  The mechanical property of cytoskeleton has been characterized previously under 

quasi-static loading conditions, but the results often vary significantly depending on the 

experimental conditions. Without the intervention of an external force, the cytoskeleton 

structures can be studied by monitoring the Brownian motion of inherent or introduced 

particles, in which fluorescence correlation spectroscopy and dynamic light scattering are 

often employed. The cell rheology can also be probed by applying external forces, such 

as micropipette aspiration, microplates, optical traps, magnetic traps and atomic force 

microscope [62]. All these methods, however, cannot mimic the high strain-rate loading 
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produced by cavitation bubbles. We therefore need to develop new tools that can be used 

to study cavitation bubble(s)–cell interaction and the associated cell mechanics relevant 

to therapeutic ultrasound applications. 

 

1.5 Cell micropatterning in microfluidics 

Cell micropatterning allows precise spatial control of the location and geometry of 

single cells on a patterned substrate surface [63]. Previous studies have shown that cell 

morphogenesis and functions depend on the in situ characteristics of the cell occupied 

region, such as topography [64], chemistry [65], wettability [66], roughness [67] and 

surface charge [68]. All these microenvironmental cues contribute to the localized cell 

adhesion machinery, which can further influence cell architecture and polarity, and 

regulate cell growth and differentiation [69]. Cell micropatterning on a surface can be 

achieved by either chemical or physical means. Chemically, cells can be selectively 

attached to bio-adhesive regions surrounded by non-adhesive background [70]. 

Physically, cells can be confined within topographically or structurally distinguishable 

spaces [64]. By manipulating the localized surface property, cell micropatterning 

techniques can be used to investigate how cells sense changes and function in a diverse 

range of microenvironments [71]. The engineered substrate can be extremely valuable in 

mimicking the in vivo tissue structure that cannot be easily implemented in a 

conventional in vitro cell culture system. Besides the fundamental cell biology studies 



- 14 - 

[72], cell micropatterning has also been exploited in the field of cell-based sensing [73], 

tissue engineering [74], and drug screening [75]. 

  Chemical micropatterning defines region-specific cell adhesiveness, preparing surface 

for cell adhesion with exclusive spatial resolution at single protein/receptor molecular 

level [76]. Cell–substrate adhesion can be enhanced by coating the surface with 

poly-lysine, extracellular matrix proteins (e.g. fibronectin, laminin, and collagen), or 

RGD (Arginine-Glycine-Aspartic amino acid) containing synthetic polymers. To prevent 

cells from growing beyond adhesive regions, non-fouling (non-adhesive) molecular 

systems have been widely used, such as bovine serum albumin, phospholipids, ethylene 

glycol derived polymers, and hydrogels (e.g. agarose, PVA, PAA).  A variety of 

methods have been developed to successfully produce micropatterns: photo-(e-beam, 

x-ray) lithography [77], micro-contact printing [78], stencil-assisted pattering [79], 

laser/UV etching [80], microfluidic patterning [81], UV-induced photochemical 

patterning [82]. Recent efforts on surface micropatterning have been made to fabricate 

physico-chemically dynamic/switchable surfaces [83], whose bio-adhesiveness in situ 

can be changed under stimulus of temperature [84], electric potential [85] or light [86]. 

These kinds of surfaces have been applied for co-culturing multiple types of cells [87] 

and exploring dynamic cell behaviors [88].   

  Integration of micropatterned substrate surfaces into microfluidic-based cell culture 

systems has opened up new opportunities to perform single cell analysis because of 
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easier handling of individual cells, precise control of microenvironments for cell cultures, 

and faster detection of cell behavior with smaller reagent volume. Although 

two-dimensional (2-D) cell cultures on patterned substrate surfaces enclosed in 

microfluidic systems do not mimic in vivo 3-D physiological environments, they remain 

to be widely used research approaches because of its simplicity and low operation cost. 

All patterned cells sitting on the same focal plane can be monitored in real-time using 

conventional microscopy; transport of fluids and soluble factors can be regulated in 

precisely defined spatiotemporal patterns; targeted cells can be easily presented with 

controllable and reproducible external stimulus. These advantages facilitate high speed 

manipulation and detection of a number of cells for highthroughput screening. 

Integration and automation are two ultimate goals for the development of cell-base 

microsystem under the framework of so-called ‘micro-total-analysis-system’ (µTAS), 

where all typical operation units (e.g. growth, treatment, selection, lysis, separation and 

analysis) are incorporated into a single robust microdevice [89]. 

 

1.6 Objectives 

  Recent mechanistic studies on the bioeffects of cavitation bubble have shown the 

ability to establish or isolate an observation window, preferably at single cell level, to 

monitor the response of individual target cells with high spatiotemporal precision [36, 

37]. Membrane poration is recognized as one of the major processes responsible for 
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majority of the biological consequences. However, the complete process starting from the 

bubble oscillation, followed by bubble-cell interaction, cell deformation, pore formation, 

molecules uptake, pore resealing, and finally phenotype development has not been 

successfully investigated in sequence. In this dissertation study, we will establish a new 

experimental system to monitor and reproduce all the events ever happened in order to 

make a close connection between them. In chapter 2, we demonstrate the tandem bubble 

technique for localized and directional cell membrane poration which provides a unique 

approach to apply precisely mechanical stresses on individual biological cells. In chapter 

3, we introduce a method for fabricating paired gold dots in a microfluidic channel where 

tandem bubbles can be initiated in a biocompatible microenvironment that is also used 

for patterned cell culture, treatment and analysis. In chapter 4, we evaluate the dynamics 

of tandem bubble interaction in the microfluidic channel under different phases without 

the presence of a cell nearby. We also examine tandem bubble interaction with anti-phase 

in the presence of a cell nearby. In chapter 5, we investigate the bioeffects produced by 

the tandem bubbles on single cells grown on different adhesion patterns and at various 

stand-off distances. The characteristics of membrane poration, membrane deformation 

and phenotype of the cell after the treatment are evaluated and compared.  Finally in 

chapter 6, future work is recommended.  
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2. Pulsating Tandem Bubbles for Localized and Directional 
Single Cell Membrane Poration  
 

2.1 Introduction 

  Cavitation, the formation and dynamics of vapor/gas bubbles in aqueous medium, 

plays a pivotal role in a diverse range of biomedical and engineering applications [12, 

90]. An oscillating bubble can release energy upon symmetric collapse in the form of 

heat, light and shockwave [91] or high-speed liquid jet due to asymmetric collapse either 

near a boundary [90] or under the influence of an impinging shock wave [92]. In contrast 

to damaging ship propellers and hydraulic structures [93], the power of cavitation has 

often been harnessed in biomedical applications for the treatment of cancers by 

high-intensity focused ultrasound, non-invasive disintegration of kidney stones by shock 

wave lithotripsy, and ultrasound-mediated drug and gene delivery [12].  However, 

understanding the dynamic bubble-cell interaction and its causal relation with the 

biological consequences still remains to be a significant challenge.  Only a few studies 

have been performed to investigate bubble-cell interaction under well-controlled 

experimental conditions, using either a small air bubble [32, 94] or ultrasound contrast 

agents as stabilized cavitation nuclei [37] in an acoustic field, or a laser-generated 

millimeter-size bubble to interact with adherent or suspension cells [41]. Overall, these 

previous studies are limited in resolving the transient bubble-cell interaction, associated 

fluid dynamics, and membrane poration by the cavitating bubble, as well as subsequent 

transport of macromolecule into the cell.  
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 In this chapter, we introduce a method for generating individual pairs of tandem 

bubbles in close proximity that leads to alternating formation of microjets in opposite 

directions. The transient bubble-bubble and microjet-cell interaction, as well as the 

resultant microstreaming and vortex formation are characterized by high-speed imaging 

and micro-Particle Image Velocimetry (μPIV). Using this method, localized and 

directional membrane poration in single biological cells can be produced in an 

orientation and proximity dependent manner.  

 

2.2 Experimental setup 

  A Zeiss Axio Observer inverted microscope was configured to incorporate two laser 

beams for tandem bubble generation and high-speed cameras for imaging of bubble 

dynamics, bubble-cell interaction, and μPIV of fluid motion (Fig. 2.1a). Two Q-switched 

Nd:YAG lasers of 5 ns pulse duration (MiniLase I (LASER1) and Solo PIV (LASER2), 

New Wave Research) with wavelength of 1064 nm and 532 nm, respectively, were 

transmitted through a 63X long working distance objective.  The incident angle of 

LASER1 was slightly tilted so that the foci of the two laser beams in the image plane of 

the objective were separated by a distance of ∆ = 40 m. Each laser beam was 

preferentially absorbed by the fluid medium containing 0.4% Trypan blue in a 

microfluidic channel (25 m in height, Fig. 2.1b), generating a single bubble via optical 

breakdown [41, 91, 95]. By controlling the release of individual laser pulses using a 
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digital delay generator (BNC 555, Berkeley Nucleonics Corporation), tandem bubbles 

with different oscillation phases can be produced.  

 

2.3 High-speed imaging and μPIV 

  Two 45-dichroic mirrors (900dcsp and z532dcrb, Chroma Technology Corp.) were 

used for reflection of the laser beams and simultaneous transmission of illumination light 

for high-speed imaging. A fiber-optic coupled Xenon flash lamp (ML-1000, Dyna-Lite) 

was used to provide backlight illumination, petitioned into an 80/20 intensity ratio 

between two high-speed cameras (Imacon 200, DRS Hadland and Phantom v7.3, Vision 

 

Figure 2.1 Experimental setup. (a) tandem bubbles are generated by two pulsed Nd: 

YAG lasers, which are separated by Δ = 40 μm in the focal plane of a 63× objective. 

(b) Microfluidic  exposure  chamber  with  25  μm  in  height,  10 mm  ×  25 mm  in 

channel width and length. 
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Research). The Imacon 200 was operated at 1 million frames /second, 50 ns exposure 

time, and 14 frames per sequence to capture the dynamics of bubble-bubble-cell 

interaction. The Phantom camera was used to record the subsequent uptake and 

progressive diffusion of the Trypan blue into the targeted cell within 1 minute.  

Moreover, a Shimadzu HPV-1 camera operated at 1 million frames/second, 250 ns 

exposure time, and 100 frames per sequence was used for µPIV. For flow visualization, 

polystyrene beads of 2 m in diameter (R0200, Duke Scientific Corp) were added in the 

medium as tracers at 1x109 beads/ml concentration. The acquired images were processed 

using DaVis 7 software (LaVision, GmbH) for determining the velocity field around 

pulsating bubble(s).  

 

2.4 Cell culture and experimental design  

  Rat mammary carcinoma (R3230Ac) cells maintained routinely in cell culture (370C) 

were trypsinized and re-seeded in a 60-mm diameter Petri dish at 105 cells/ml 

concentration one day before the experiment.  When cell growth reached about 10% 

confluence, the culture medium was replaced by saline solution containing 0.4% Trypan 

blue (T8154, Sigma-Aldrich) at room temperature (~ 200C). Subsequently, two 25-m 

platinum wires (A-M Systems, Inc.) were placed in parallel in the Petri dish to form a 

channel of ~10 mm wide and 25 mm long.  A 1.0-mm thick glass plate was then placed 

on top of the platinum wires to form a microfluidic exposure chamber (see Fig. 2.1b).  
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Trypan blue enhances laser absorption to facilitate optical breakdown while providing 

concomitantly a biomarker for membrane poration.   

 Adherent cells of spindle shape were selected and randomly assigned to one of the 

seven groups.  Cells in groups G1 to G3 were treated at different orientations (00 and 900) 

with respect to tandem microbubble axis while maintaining the same stand-off distance 

(SD) of 10 m.  Cells in groups G4 to G6 were treated at SD = 20, 30, and 40 m, 

respectively, while maintaining the same orientation (00, as used in case G1).  In group 

G0 (control), cells were treated by a single bubble (i.e., B1) produced at SD = 10 m. 

 

2.5 Bubble-bubble and microjet-cell interaction 

  Similar to shockwave-bubble interaction [95, 96], the most effective energy transfer is 

produced when the collapse time of the bubble matches with the duration of external 

driving force.  By releasing the two laser pulses in tandem with a 4 s interpulse delay, 

a first bubble (B1) can be generated (at time = 0 s) that expands to a maximum size of 

about 50 m before a second bubble (B2) of similar size is produced (Fig. 2.2a, 4 s).  

Consequently, the collapse of B1 is coupled with the simultaneous expansion of B2, 

leading to asymmetric deformation of the bubbles with microjets formation (Fig. 2.2a, 6 

s) under the influence of secondary Bjerknes forces [97]. Thereafter, B2 begins to 

collapse with its elongated portion in contact with B1 contracting rapidly, producing a 

second microjet moving away from B1 (Fig. 2.2a, 8 ~ 12 s).  This alternating 
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formation of microjets moving in opposite directions along the axis of the tandem bubble 

is not observed during the symmetric expansion and collapse of a single bubble of 

comparable size produced by one laser (Fig. 2.2b).  Similar bubble dynamics have been 

observed in an unconstrained fluid medium using spark-generated vapor bubbles of 

millimeter size [98]. 

    The dynamics of tandem bubble interaction in the experiment have been simulated 

using the BEM module of 3DYNAFS© [99] and the results are shown in Fig. 2.3. It is 

observed from the pressure contours that the first bubble acts virtually like a free surface 

locally when grown close to its maximum size. The first bubble is forced to collapse due 

to the local high pressure generated by the rapid expansion of the second bubble. At this 

moment, a fast reentrant jet is developed, which draws in liquid and elongates the second 

bubble. The reentrant jet eventually touches down the opposite side of the bubble. The 

collapse of the second bubble then triggers the formation of a re-entrant jet in the second 

 

Figure 2.2 Dynamics of  tandem bubble and bubble‐cell  interaction.  (a) Dynamics 

of tandem bubble (generated by both lasers with a 4 s interpulse delay) and their 
interaction with an adherent cell  (pointed  to by arrow) near  the first bubble  (B1). 

(b) Dynamics of single bubble (generated by LASER1) and its interaction with an 

adherent  cell  (pointed  to by  arrow). The  asymmetric deformation with  resultant 

formation of alternating microjets in opposite directions along the tandem bubble 

axis  is  not  observed  during  the  symmetric  expansion  and  collapse  of  the 

laser‐generated single bubble of comparable size 

a) 

b) 
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bubble in the opposite direction to the first jet [99]. 

 

2.6 Flow field around the pulsating single or tandem bubble(s) 

Following the 1st optical breakdown, the fluid is initially pushed outward from the 

center of B1 before reversing the direction of flow motion during subsequent collapse 

after the maximum bubble expansion. In contrast, following the 2nd optical breakdown, 

the initial symmetric expansion of B2 is quickly distorted with its proximal end being 

sucked in by the collapsing B1, leading to the formation of the first microjet (J1 in Fig. 

2.4a, 6 µs). The acceleration of J1 produces a microstreaming impulse with a maximum 

flow velocity about 10 m/s near the jet tip (5 to 6 µs). Upon maximum expansion, the 

 
Figure  2.3 Modeling  results  of  the  oscillation  of  tandem  bubble  (bottom  row) 

compared with  the experimental  results  from high speed  imaging  (top  row). Top 

row: bubble‐bubble‐cell  interaction extracted  from Fig. 2.2a  (4‐9 s); Bottom  row: 
simulated tandem bubble with color scheme for pressure field mapping (the color 

in blue to red is corresponding to pressure from ‐2x104 Pa to 9x104Pa).       
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elongated B2 collapses asymmetrically and generates the 2nd microjet (J2) that moves 

away from B1 (7 to 11 µs). As a consequence of the alternating microjet formation, two 

pairs of vortices are generated around B1 and B2, one rotating clockwise and the other 

counter-clockwise (Fig. 2.4b), reaching a maximum vorticity of 350,000 s-1 at 6 µs. 

Based on the PIV results, the flow field around the tandem bubble can be 

reconstructed. Figure 2.5 shows four imaginary material lines originally located at a SD 

 

Figure 2.4 Fluid motion.  (a) High‐speed  imaging of bubble dynamics and micro‐ 

particle  image velocimetry  (μPIV) using 10 × 10  μm  interrogation windows with 

25%  overlap  indicating  the  flow  direction  around  individual  oscillating 

microbubbles. Flow  tracers  (i.e.,  2  μm polystyrene beads) were used  to  facilitate 

visualization  of  the  velocity  field.  (b) Streamline display  of  three  μPIV  images, 

demonstrating vortex formation in the flow field, with one pair of vortices rotating 

clockwise and the other counterclockwise within 22 μs following the generation of 

the tandem bubble. 
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of 10, 20, 30 and 40 m (from left to right) in parallel from B1 and their deformation 30 

s thereafter It can be seen that at short SD of 10 and 20 m, the central portion of the 

material lines along the axis of the tandem bubble has been pushed forward faster than its 

counterpart at long SD of 30 and 40 m. Off-axis, the material lines move backwards 

presumbly by the vortex flow. This directional and proximity dependent displacement of 

the fluid particles around the tandem bubble suggests that the deformation of a target cell 

nearby could also depend on SD and orientation.   

 

2.7 Cell membrane poration  

  Because of the unique flow pattern produced by the pulsating tandem bubble, we have 

examined its influence on the morphology and membrane permeability of individual 

adherent cells (Rat mammary carcinoma) placed nearby. Following initial pilot tests, we 

Δ

B1B2

SD = 10 20 30 40 m

ΔΔ

B1B2

SD = 10 20 30 40 m
 

Figure  2.5 Deformation of  the  imaginary material  lines  in  the  flow  field  around 

tandem bubble. Four material lines are located 10, 20, 30, and 40 mm away from B1. 
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soon realized that the heterogeneity in cell shape or morphology may significantly 

influence the outcome of membrane poration. In particular, we observed that cells grown 

in spindle-like shape with their membrane stretched primarily in one direction are more 

vulnerable to the impact of the tandem bubbles with resultant membrane poration and 

Trypan blue uptake than cells that stretch out in all possible directions (Fig. 2.6). In 

subsequent experiments, we determined to focus on the spindle-like shape cells only.  

 

Figure 2.6 Treatment of two individual Rat mammary carcinoma cells at SD = 20 m 
by the tandem bubble, resulting in different levels of trypan blue uptake.   
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  As shown in Fig. 2.7a, a cell placed on the axis of B1 and B2 with a SD of 10 µm from 

the proximal surface of B2 (case G2) can be deformed significantly (see Fig. 2.7a for an 

example of case G1) while its counterpart in the symmetric flow field of a single bubble 

is only strained mildly (case G0). The microjet-flow-cell interactions along the tandem 

bubble axis causes a micron-scale bending and shear deformation of the cell (65 µs in Fig. 

2.7a for case G2) that leads to localized membrane disruption and uptake of Trypan blue 

within 1 minute. In comparison, when a cell is placed at the same SD but rotated by 900 

 

Figure 2.7 Trypan blue uptake. (a) Cell deformation produced by the microjet and 

vortex flow initiated from the pulsating tandem bubbles. Representative images of 

individual  cells  (circled) before,  at  10  and  65  μs,  and  1 min  after  the  interaction 

with  either  single  (case G0) or  tandem  (case G2 or G3) bubble.  (b) Probability of 

Trypan blue uptake in 1 min after bubble‐cell interaction: effect of orientation (G1, 

impacted by  J1; G2,  impacted by  J2; and G3, parallel  to  J1). The  stand‐off distance 

between  the proximal  cell  surface and bubble  center  is 10 μm.  (c) Probability of 

Trypan  blue  uptake  in  1  min  after  bubble‐cell  interaction:  effect  of  stand‐off 

distance.  Individual  cells  are  located  on  the  axis  of  the  tandem  bubble, with  a 

bubble‐cell  stand‐off  distance  varying  from  10  μm  to  40  μm,  at  an  interbubble 

separation distance Δ = 40 μm. Error bars indicate intervals  N/1   , where N (= 15 

to 27) is the number of cells treated in each group. Two‐tailed test of proportions 

was used for statistical analysis for comparing results between different groups. 
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from the axis of B1 and B2 (Fig. 2.7a, case G3) or subjected to the symmetric expansion 

and collapse of a single bubble (case G0), much milder strain with no concomitant 

Trypan blue uptake is observed. Also, no appreciable membrane poration is produced 

when the cell is located either off the tandem bubble axis with a SD greater than 10 µm 

or on the axis with a SD greater than 40 µm. Quantitatively, the membrane poration 

produced by the tandem bubble shows a clear dependence on orientation (Fig. 2.7b) and 

stand-off distance (Fig. 2.7c). Statistically significant (p<0.05) increase in Trypan blue 

uptake is observed in G1 and G4 compared to G0 with maximum probability for Trypan 

blue uptake produced at SD = 20 µm along the tandem bubble axis.  

 

2.8 Localized and directional membrane poration  

  The membrane disruption is highly localized. Using time-lapse imaging (Fig. 2.8a), we 

can observe a pinpoint entrance of the Trypan blue from the cell surface proximal to the 

incident jet in 6 s. The dye gradually diffuses and spreads out in the cytosol towards the 

distal end in 24 s, with subsequent directional entrance and staining of the cell nuclei by 

42 s. Using our setup, the cell can be quickly fixed by a perfusion flow of 2.5% 

glutaraldehyde, started in about 10 seconds after the tandem bubble-cell interaction.  

Subsequently, cell location and jet impact direction are registered by laser-produced 

markings at the bottom of the Petri dish (Fig. 2.8b). Scanning electron microscopy of the 

treated cell reveals highly localized membrane disruption with single or dual pore 

formation at the site of membrane surface facing the microjet impact.  The pore size 
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varies from 200 nm to 2 µm (Fig. 2.8c and 2.8d).  Because the cell is treated in Trypan 

blue solution (with no Ca2+ content), active repair of the pore is likely to be significantly 

compromised with less than 1 µm spherical vesicles observed at the disruption site (see 

Fig. 2.8d) [100, 101]. Therefore, the observed pore size may represent an upper limit in 

membrane disruption produced by the tandem bubbles under physiological conditions. 

 

 

 
Figure 2.8 Membrane poration.  (a) Time‐lapse  images showing pinpoint entrance 

of Trypan blue into the cell from the site of microjet impact (pointed to by arrow) 

with subsequent progressive diffusion in the cytosol and staining of the nuclei. (b) 

Laser‐generated  marking  dots  (circled)  on  the  bottom  surface  (~1.0  mm  thick 

polystyrene) of  the Petri dish, which are used  to register the  treated cell, site and 

direction  (distal  to  ‘‘T’’ marking)  of  the microjet  impact.  (c) SEM  images  of  the 

porated cell shown in (b), demonstrating the formation of a 200 nm pore (pointed 

by arrow) at  the site of microjet  impact.  (d) SEM  images of another porated cell, 

showing the formation of two adjacent pores (pointed to by arrow) of about 1 ~ 2 

μm  in  individual  pore  size.  Spherical  vesicles  of  less  than  1  μm  in  size were 

observed  near  the  disruption  site,  which  is  characteristic  of  cell  membrane 

resealing after mechanical damage. 
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2.9 Discussion and summary 

  A new method is developed to produce localized and directional membrane poration 

on single cells with high precision and reproducibility. The pore size can be varied from 

nano- to micro-meter range, limited only by the ability of the cell to reseal the disruption 

site [15]. Because jet diameter is usually about one-tens of the maximum bubble size, the 

potential energy accumulated by a single bubble with comparable size to a cell (i.e., ~20 

µm) is limited and insufficient to produce measurable membrane disruption when 

collapsing near a boundary [102]. By confining the bubble generation in a quasi-2D thin 

layer, and furthermore, by transferring and focusing energy through tandem bubble 

interaction, we have demonstrated the feasibility for generating pinpoint mechanical 

forces for highly localized membrane poration.   

 Microjetting induced flow shear stress and resultant bending (and stretching) of the 

cell body may contribute to the observed pore formation. The flow-induced shear stress 

() near the microfluidic channel (height = 2h = 25 µm) surface can be estimated by 

Vj where is dynamic viscosity of the medium and Vj is jet speed. In our setup, 

the maximum shear stress is estimated to be about 1 kPa, which is within the range of 

previously reported critical shear stress of 0.1 kPa for cell detachment [102] and water- 

hammer pressure of 3 kPa for jet impact induced membrane rupture [37]. 

  Individual cells placed on the axis of the tandem bubble (see Fig. 2.2a, Fig. 2.4a, and 

Fig. 2.7a) show different degrees of bending deformation produced by jet impact and 
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resultant microstreaming and vortex flow. The central portion of the cell directly under 

jet impact is detached, while one or both distal ends of the cell remain attached, leading 

to a significant stretching of the cell membrane. The stretch ratios of material lines 

located at different orientations and SDs from the tandem microbubble (data not shown), 

estimated based on µPIV images, show a good correlation with the membrane poration.  

  It is envisioned that the technique developed in this work can be easily integrated in 

microfluidics and thus possessing great potential in high-throughput biosynthesis and 

bioengineering applications, and for mechanistic investigation of cavitation-induced 

bioeffects.  
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3. Micropatterning for Controlling the Generation of 
Cavitation Bubbles and Precise Culture of Individual Cells in 
Microfluidics Devices 
 

3.1 Introduction 

  In Chapter 2, we developed a new experimental method and system for producing 

tandem bubbles by ns pulsed lasers and demonstrated the feasibility of using tandem 

bubble-produced jetting flow to create directional and controlled membrane poration at 

the single-cell level. Similarly, tandem bubble approaches have been used for 

characterizing material properties of nanotubes [103], and for cell sorting [104]. In all 

these previous studies, cavitation bubbles were produced by laser-induced rapid heating 

of fluids containing color dyes. In some cases, the dye (such as Trypan blue) was used 

both to enhance laser absorption and also served conveniently as a biomarker for cell 

membrane permeabilization [105, 106]. However, because most of the dyes are either 

cytotoxic or non-biocompatible, their presence in the fluid medium could severely limit 

the utility of these methods in biomedical and biotechnological applications. In this 

chapter, we aim to make a translation from the open experimental system (in Petri dish) 

used in Chapter 2 to a closed and high-throughput experimental system constructed in a 

microfluidic device. Specifically, we want to replace trypan blue with patterned 

micron-sized gold dots (25 nm thick) decorated on the glass substrate of a microfluidic 

channel for precise generation of tandem bubbles, and isolated individual areas (32 x 32 

µm2) covered with fibronectin on the same glass surface for cell culture to control the 
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location, shape and adhesion pattern of individual cells to be treated by tandem bubbles. 

  The random spreading of anchorage-dependent cells has been related to the variation 

of traction force that cells exert on the substrate in previous studies [78]. This variation is 

transmitted to cytoskeleton and further regulates cell phenotype along different pathways 

[107]. The uncertainty in cell phenotype caused by the variations in cell spreading pattern 

presents a significant challenge in deciphering or comparing the outcomes even after the 

same treatment. For example, we have noticed in Chapter 2 that spindle-shaped cells tend 

to be porated more easily than fully spread ones. Standardization of the cell shape has 

been shown to provide a more homogeneous microenvironment in cell cultures [69], 

which may benefit the analysis of the biological and mechanical responses of otherwise 

similar individual cells exposed to a particular cavitation event. To determine the effect 

of cell traction on treatment outcomes, we will design a square-shaped cell adhesion 

pattern with two anchorage edges connected in the middle and two free standing edges, 

namely “H” and “I” patterns (Fig. 3.1).   

  Surface patterning, based on surface chemistry and material science, has been used as 

a versatile strategy for controlling the spatial placement and spreading geometry of 

individual cells on a surface [70]. Cellular response and development, such as 

proliferation, migration, differentiation, and apoptosis of individual cells, can be guided 

by surface cues through intracellular signaling pathways [78]. Engineered surfaces with 

controlled chemistry [108], topography [109] and stiffness [110] have provided new 

insights into cell-surface interaction. Cellular patterns have been employed in cell-based 
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biosensors for diagnostics and in cell arrays for drug discovery [111]. Because of the 

advantages in precise geometry control and high-throughput potential, patterned surfaces 

can be used to create a uniform biochemical and biomechanical background or 

microenvironment for the growth and treatment of individual cells in a microfluidic 

device.  

  In the past decade, a variety of engineering approaches have been developed for cell 

patterning [112]. They all share the same design principle, i.e., to combine 

microfabrication with biochemical functionalization to produce biological cues in 

spatially controlled regions while the background is rendered non-adhesive (or 

non-fouling) by chemical modifications. In addition, a microfluidic system will further 

allow us to control precisely the microenvironment surrounding the cell, facilitated by 

the convenience in medium exchange in a microfluidic channel [113]. For example, 

individual cells can be tagged or stained before and after the tandem bubble treatment for 

downstream analysis. During the experiment, the culture medium can be adjusted to 

deliver chemical cues to the target cells. In this chapter, we will develop a microfluidic 

chip with hybrid micropatterns on the same glass substrate for both bubble generation 

and cell growth. To promote single cell attachment and spreading, individual “H” or “I” 

shaped cell adhesive areas (32 x 32 m in size, 8 m in line width) will be accurately 

produced and aligned to individual pairs of gold dots, while the remaining surface of the 

glass substrate will be passivated with Polylysine grafted Polyethylene (PLL-g-PEG). 
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3.2 Materials and methods 

3.2.1 Design of hybrid patterns in a microfluidic channel  

  Design of the microfluidic chip with specific pattern layouts inside each channel were 

carried out using AutoCAD (Autodesk Inc., San Rafael). As shown in Fig. 3.1, three 

channels of 25 mm in nominal length were constructed in parallel with inlet and outlet 

ports connected to both ends of the channels to facilitate injection and exchange of 

different fluid media (e.g., for cell culture and bioassays) during the experiment. Each 

channel has a dimension of 800 µm by 25 µm in width and height, and contains 10 units 

with varied standoff distance (SD), ranging from 10 to 40 µm, between the tandem 

bubble and the leading edge of the target cell. Inside each unit, 30 sets with either “H” or 

Ch. 1:

Ch. 2:

Ch. 3:

Inlet Outlet

Unit
SD ∆

Cell Tandem Bubbles

Ch. 1:

Ch. 2:

Ch. 3:

Inlet Outlet

Unit
SD ∆

Cell Tandem Bubbles

 
 

Figure  3.1  A  schematic  diagram  of  the  microfluidic  chip  design  layout.  Each 

channel  is made of PDMS with  a glass bottom. Channel dimension  is  25  μm  in 

height and 800 μm in width. Individual cells are cultured in either the “H” or “I” 

patterned  area, which  is  separated  from  a  pair  of  gold  dots  at  various  standoff 

distances (SD) from 10 to 40 μm. The interbubble distance (Δ) is 40 μm.
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“I” shaped regions are designed for cell adhesion. A pair of gold dots with a fixed 

interbubble distance (Δ = 40 µm) will be placed nearby for tandem bubble generation. 

Numerical markers are integrated into the channel design, so that the location of 

individual cells can be registered, and also easily tracked during and after the experiment. 

In total, 800 sets are assembled in one chip so that multiple test sites can be created 

within each channel. Such a chip device provides a high-throughput platform for 

assessing tandem bubble-cell interaction under a wide variety of experimental conditions. 

3.2.2 Patterning of micron-sized gold dots in microfluidic channels 

    It has been shown previously that vapor microbubbles can be generated via 

laser-induced localized heating of metal surfaces immersed in water [114] or 

nano-particle dispersed tissue mimicking materials [115]. To produce tandem bubbles 

 

 

Figure  3.2  Schematic  diagrams  showing  the  protocols  for  (a)  patterning  of 

micron‐sized  gold dots  on  a  glass  surface using metal  lift‐off  technique  and  (b) 

fabrication of PDMS–glass microfluidic chips.  (c) A photograph of  the  integrated 

microfluidic  chip  with  individual  channels  filled  with  a  blue  solution.  Blunt 

needles are connected to the ports punctured on the PDMS. 
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with precision in nucleation sites and desirable spatial distribution, a glass surface was 

treated by coating it with an array of paired gold dots having a separation distance of 40 

µm using metal lift-off technique [116, 117]. Briefly, as shown in Fig. 3.2a, a thin layer 

of photoresist (NFR 015, JSA Micro.) was first spin-coated on a 1-mm thick microscopic 

glass slide (#48300, VWR International). A chrome master photomask (Photo Sciences) 

with designed patterns was then used to perform photolithography on the coated layer of 

photoresist using a lithography mask aligner (MA6/BA6, Karl Suss). An array of paired 

gold dots of 6 µm in diameter and 15 nm thick was deposited on the glass surface using 

an electron beam evaporator (PVD 75, Kurt Lesker) preceded by a 2-nm thick chrome 

underlayer deposition in order to enhance the adhesion between the glass surface and the 

gold dots. The 6-µm diameter gold dots were selected to ensure sufficient area for laser 

absorption while providing a small enough target (< the focal spot of the laser beam) for 

easy alignment and consistency in bubble generation.  

    Based on the Drude free-electron theory [118], the attenuation coefficient (a) of an 

incident laser pulse at near-infrared wavelengths by a metal nanolayer can be estimated 

by: 

                          ln(1  )  n e a3
               (3.1) 

where ne is the electron density in the metal, λ is the laser wavelength, and a is the metal 

thickness. This leads to an estimated maximum absorption about 70% by the gold 

nanolayer at 1064 nm wavelength. It is worth noting that while a thicker layer of gold 

deposition on the glass surface will increases laser absorption, it will also generate more 
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insoluble gas and metal debris during plasma formation, making the resultant bubble 

dynamics less reproducible. 

  The glass substrate patterned with gold dots was bound with a polydimethyl-siloxane 

(PDMS, which has an elastic modulus of 1.8 MPa [119]) block containing several 

microchannels (Fig. 3.2b). The PDMS (Sylgard 184, Dow Corning) microchannels were 

produced from a silicon master mold (Stanford Microfluidic Foundry) using soft 

lithography technique [120]. Fluid access ports (~ 1 mm in diameter) were punctured at 

both ends of the PDMS microchannel. The surfaces of the glass substrate and the PDMS 

slab (~ 2 mm thick) were hydrophilized in an oxygen plasma asher (K-1050X, Emitech), 

aligned using position pins, and brought into conformal contact.  The integrated chip 

was then baked on a hot plate to strengthen the bonding at the glass-PDMS interface. For 

visualization, the channels in the microfluidic chip were filled with dye containing water 

(Fig. 3.2c).  

3.2.3 Fabrication of hybrid patterns in microfluidic channels 

  For cell adhesion, separate sets of “H” or “I” patterns of 32 × 32 µm in size, which 

define the individual adhesive regions, were produced by molecular assembly pattern lift- 

off (MAPL) method [121]. Started from the glass substrate with patterns of gold dots, a 

2-µm thick layer of positive photoresist (S1813, positive, Shipley, MA) was spin-coated 

on the glass surface. A chrome master photomask (with alignment marks) was aligned to 

the gold patterns using a lithography mask aligner (MJB3, Suss MicroTec). After UV 

illumination and subsequent development, “H” (or “I”) shaped photoresist patterns were 
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produced next to each pair of gold dots (Fig. 3.3). PLL-g-PEG (0.5 mg/ml) solution was 

prepared in HEPES buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 

pH adjusted to 7.4 with 0.1M NaOH solution), and a 200 µl solution drop was placed on 

a paraffin film. Glass slide with patterned gold dots on the surface facing down was 

plated onto the liquid drop, leading to an anti-biofouling layer formed electrostatically on 

the surface in 45 min [112]. The sample was then soaked in N-Methyl-2-pyrrolidone 

(NMP) with ultrasonic agitation to lift-off photoresist. Consequently, the gold patterned 

glass surface was covered with PLL-g-PEG except for the individual “H” (or “I”) areas 

next to each pair of gold dots. 

  The glass substrate covered with a PLL-g-PEG chemical monolayer is vulnerable to 

plasma exposure, so the patterned region needs to be protected during plasma assembly 

 

 

Figure  3.3  A  schematic  diagram  of  the  fabrication  procedures  used  for  micro‐ 

patterning on the surface of glass substrate 
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of the microfluidic chip. As shown in Fig. 3.4, a PDMS slab used as the protective cover 

during plasma etching and a PDMS housing for microchannel construction were 

prepared from a silicon mold. Using gold patterns as a reference, the PDMS slab (800 

µm wide groove structure) was placed in conformal contact with the glass slide to protect 

the patterning regions. Reactive oxygen plasma (100 W, 500 mTorr, 60 s) was applied to 

remove PLL-g-PEG from the area with no PDMS protection. A second PDMS slab with 

pre-prepared fluid access ports was treated by reactive ion etching (RIE, 25 W, 500 

mTorr, 25 s), and then aligned to the patterned glass and brought in contact under a 

stereoscope. After binding, the microchannel was first primed with PBS for 30 min at 1 

µl/min, followed by 30 min perfusion treatment of fibronectin solution (25 µg/ ml in PBS, 

1 µl/min) to fill the “H” (or “I”) regions. To confirm the specific regions for fibronectin 
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Figure 3.4 A schematic diagram of the procedures involved in microchannel 

construction and cell seeding 
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deposition, fibronectin was bioconjugated with amine reactive dye (Dylight 488, Thermo 

Scientific) and the location of fibronectin can be visualized under fluorescence 

microscope. Thereafter the fibronectin solution was flushed out by PBS injection at a 

flow rate of 30 µl/ min for 10 min to remove any residual fibronectin on the glass 

substrate outside the patterned areas. After washing, the microchannel was then filled 

with PBS during storage before cell seeding.   

3.2.4 Cell seeding into the patterned microfluidic channel 

  HeLa cells were maintained in DMEM supplemented with 10% FBS and 1% 

antibiotic/ antimycotic solution. After the patterned regions were coated with fibronectin, 

cells were trypsinized from the cell culture flask (or dish), resuspended in culture 

medium (~ 5×106 / ml) and introduced into the channel through a 20 mm TYGON® 

plastic tubing with 0.02” ID. Once the channels were filled with cell suspension, the 

outlet of the channel was clamped, and the chip was placed in an incubator for 30 min to 

allow the cells to initiate adhesion onto the “H” or “I” regions. The chip was then 

perfused with cell culture medium at a flow rate of ~30 µl/min to flush out non-attached 

cells, and then placed in the incubator for 1.5 hours during which the culture medium 

was slowly perfused into the channel at a low flow rate of ~0.5 µl/min to maintain 

sufficient nutrient supply.  
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3.3 Results and Discussion 

3.3.1 Single bubble from gold dot 

  The generation of a cavitation bubble via laser-irradiation of a 6 µm gold dot on a glass 

surface is highly localized and reproducible. A representative high-speed imaging 

sequence of laser-induced single bubble oscillation in the microfluidic channel is shown 

in Figure 3.5. Based on the acquired images, bubble diameter vs. time plot was obtained 

from 12 individual measurements using different gold dots. The strong absorption of the 

 

Figure  3.5 Dynamics of  a  single bubble oscillation  (i.e.,  expansion  and  collapse) 

produced by laser absorption from a single gold dot patterned on the glass bottom 

of a microfluidic channel (the brighter interior in the collapse phase compared to 

the  expansion  phase may  suggest  a  transition  from  an  initial  3D  hemispherical 

expansion  to a  two‐dimensional cylindrical collapse of  the bubble). The  insets  in 

the upper‐left and upper‐right corners of the plot show a gold dot before and after 

a  single  cavitation  event,  respectively,  demonstrating  thermal  ablation  and 

cavitation damage to the gold layer 
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incident laser pulse by the gold dot leads to the instantaneous creation of a plasma (at t = 

0 s), which expands rapidly to form a vapor bubble of a maximum projected diameter (in 

the x-y plane) of 50 µm in 2 µs. The rapid initial increase in the projected bubble 

diameter may be related to the creation of a hemispherical bubble around the gold dot, 

which is gradually transformed, upon further expansion, into a cylindrical bubble 

constrained by the top and bottom surfaces of the microfluidic channel. Thereafter, the 

bubble starts to collapse, reaching a minimum size in about 3.7 µs, followed by a slight 

rebound. Overall, the collapse time of the bubble (Tc) in the PDMS-glass microchannel is 

5.7 µs.  In comparison, using the same experimental setup Tc of a bubble with a 50 µm 

maximum diameter in a glass-glass microchannel of 25 µm height was found to be 8.8 µs. 

The difference is likely attributed to the compliance of the PDMS boundary, which is 

known to shorten the collapse time of a bubble in close proximity [122]; in contrast, a 

rigid boundary (i.e., glass) can lengthen the collapse of a similar bubble [90, 122]. 

3.3.2 Single cell patterning in microchannels 

Figure 3.6 shows a portion of the fabricated micropatterns of gold dots (for laser bubble 

generation) aligned in regular SD with the “H” regions (for cell adhesion). The 

photoresist patterns could be initially visualized in red fluorescent imaging. After MAPL 

process, the photoresist patterns were removed and then replaced by fibronectin in the 

microchannel. The remaining part of the glass surface was electrostatically covered with 

a layer of PLL-g-PEG, which serves as a non-biofouling background. This is confirmed 

by the strong green fluorescence emitted from Dylight-488 tagged fibronectin, limited 
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only to the “H” regions. Once cells were introduced into the channel, their adhesion and 

spreading could only be supported within the area covered by the fibronectin. Similar 

patterns could be seen in other parts of the microchannel with different SDs or adhesion 

patterns (i.e. “I”). 

 

  The patterned regions were successfully protected through oxygen plasma exposure 

before its irreversible bonding with the PDMS housing. Figure 3.7 shows the completed 

microfluidic chip with tubing connected to the inlet and outlet through metal pins 

(stainless steel, 0.025” OD × 0.017” ID, 0.5” long). It was observed the suspended HeLa 

 

Figure  3.6  Single  cell  patterning  in  proximity  to  a  pair  of  gold  dots.  MAPL 

chemistry  treatment  starts  from  the photoresist patterns  in  alignment  to pairs of 

gold dots on  the glass substrate. The  individual regions  initially occupied by  the 

photoresist were finally grown with single cells
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cells injected into the microchannel quickly attached to the “H” or “I” regions within 30 

min. Following a 90-min culture in the incubator, most of the attached cells were fully 

spread out owing to the fibronectin coating.  In total, 30% of the adhesive regions (“H” 

or “I”) were typically and successfully grown with single cells, providing more than 200 

individual cells that can be selected for the tandem bubble treatment. 

 

 

 

Figure 3.7 Cell seeding in the microchannel with patterned adhesive regions. The 

microfluidic  chip was made  from  plasma‐bonded  PDMS  and  a  patterned  glass 

substrate. The microchannel was filled with blue dye for visualization. About 30% 

of the cell adhesive regions were occupied by individual HeLa cells. The numerical 

numbers in the peripheral area of the microchannel were used to track the location 

of the target cells throughout the tandem bubble‐cell interaction experiment. 
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3.4 Summary 

  In this chapter, we have developed a microfluidic chip with hybrid patterns fabricated 

on the surface of glass substrate. Cavitation bubble can be generated in the microfluidic 

channel via laser absorption by patterned micron-sized gold dots. The dynamics of single 

bubble oscillation produced in such a microchannel are highly reproducible. Single 

adherent cells with desirable shape were also successfully introduced onto the 

microfluidic chip and placed in close proximity to individual pairs of gold dots. This 

integrated microfluidic system design provides a versatile platform for singe cell 

treatment by tandem bubbles under a wide variety of test conditions, with the resultant 

cell response readily available for analysis through combination with high-speed imaging 

and sequential microscopy that have been set up in our experimental system. Therefore, 

this microfluidic system may provide a versatile and high-throughput platform for 

exploring the mechanism of cavitation bubble induced bioeffects at the single cell level, 

as well as a diverse range of biomedical and biotechnology applications.  
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4. Dynamics of Tandem Bubble Interaction in a Microfluidic 
Channel 
 

4.1 Introduction  

  The interaction of cavitation bubbles in a fluid medium or near a boundary occurs 

frequently in a wide range of engineering and biomedical applications [12, 90, 123].  

Bubble-bubble interaction with resultant violent collapse of the bubble and subsequent 

shock wave emission or high-speed liquid jet formation have been associated with 

erosion damage on solid surfaces in hydraulic machinery [93] and certain adverse effects 

on cells and tissue exposed to diagnostic and therapeutic ultrasound [124]. However, the 

power of cavitation has also been harnessed in biomedical applications to improve the 

disintegration of kidney stones in shock wave lithotripsy [125], to facilitate targeted drug 

and gene delivery [12, 95], and to enhance the efficacy of high-intensity focused 

ultrasound in cancer therapy [11].   

  Several groups have investigated the dynamics of bubble-bubble interaction using 

laser-based experimental systems with high spatial and temporal precision in bubble 

generation. Lauterborn and Hentschel showed examples of the interaction of two bubbles 

of similar size in water, demonstrating mutual attraction of the bubbles with re-entrant jet 

formation toward each other [126]. Blake and colleagues examined the interaction of two 

different-sized bubbles in water near a solid boundary [127]. Their results demonstrate 

that the mutual interaction between two bubbles in close proximity is as important as the 

presence of a rigid boundary in determining the overall behavior of the bubbles (i.e., 



- 48 - 

migration, asymmetric deformation, jet formation and bubble splitting). Sato and Tomita 

studied non-spherical motion of two laser-generated bubbles near a solid boundary [128]. 

By adjusting the time delay (and thus the phase difference) between the two bubbles, 

they were able to control the direction of jet formation either toward or away from the 

boundary. Within an optimal range of phase delay, they were able to increase the jet 

speed produced by the tandem bubble interaction compared to its counterpart from a 

single bubble of similar size near the boundary.   

  The general features of bubble-bubble interaction observed experimentally have been 

captured by model stimulations based on potential flow and boundary element method 

(BEM) [127, 128]. Similarities with a single bubble oscillation either near a rigid or soft 

boundary were noted [90]. The BEM approach has also been used to describe the 

dynamic bubble interaction in a multi-bubble cloud [97]. Moreover, Ilinskii and 

colleagues have investigated bubble-bubble interaction in an acoustic field based on 

Lagrangian and Hamiltonian mechanics, demonstrating coupled pulsation with 

translational motions [52]. Higher order surface disturbances of the bubble can also be 

introduced to model jet formation [129].  

  In recent years, there has been a growing interest in tandem bubble interaction in 

microfluidic devices [130-132], as exemplified in Chapter 2 by the demonstration of 

directional and localized membrane poration on single cells [105]. In Chapter 3, we 

further refined the experimental system using microfabrication techniques to improve the 

reproducibility in bubble generation and precision control in tandem bubble-cell 
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interaction. In this chapter, we will first summarize the theoretical background for the 

mutual interaction between two oscillating bubbles. We will then describe the 

experimental methods for high-speed imaging of bubble dynamics and flow visualization 

via particle imaging velocimetry (PIV). This will be followed by the results of 

laser-generated tandem bubbles in the microfluidic channel with particular emphasis on 

the effects of phase delay on the dynamics of tandem bubble interaction and jet formation 

without the presence of a cell nearby. Finally, we will present the results on the dynamic 

interactions of tandem bubbles with the presence of a target cell grown on “H” and “I” 

adhesion patterns and at various standoff distances. 

 

4.2 Theoretical background 

  The mutual interaction between two oscillating bubbles in water without nearby 

boundaries can be described by the secondary Bjerknes forces [133, 134]. In the simplest 

case, the pressure field (p1) produced by a spherically oscillating bubble (referred as 

bubble 1 or B1) is given by: 

)(
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11 RR
dt

d
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                           (4.1)              

Where  is the density of water, r is the radial coordinate, R1 is the time-varying radius of 

B1, and the dot denotes time derivative. A second bubble (B2) located at an inter-bubble 

distance  from B1 will experience a time-varying radiation force (F12) produced by p1 

given by: 
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1212 pVF           (4.2)            

where V2 is the volume of B2. Integrating Eq. 4.2 over a period of the volume oscillation of 

the bubble, one can determine the secondary Bjerknes force by:  
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                    (4.3) 

where denotes time average, V1 is the volume of B1, and er is the unit vector along the 

radial direction. It has been shown that the secondary Bjerknes forces of two spherically 

oscillating bubbles are symmetric: F12   F21  [134].   

  The most significant implication of Eq. 4.3 is that when two bubbles oscillate in phase, 

they attract each other. In contrast, when oscillating out of phase, they repel each other.  

 

4.3 Materials and methods 

4.3.1 Laser-induced microbubble(s) in the microfluidic channel 

  The fabricated microfluidic chip (see Chapter 3) was placed on the stage of an 

experimental system constructed from an inverted microscope (Axio Observer D1, Zeiss) 

described previously [105]. Two Q-switched Nd:YAG lasers of 1064 nm wavelength and 

5 ns pulse duration [MiniLase I (Laser 1) and Orion (Laser 2), New Wave Research] 

were focused through a 63× objective (LD Plan Neofluar, Zeiss) and projected on a pair 

of gold dots (Fig. 4.1). Alignment of the laser foci with the gold dots was facilitated by a 

rotating slide holder (H22ROTS, Prior Scientific) in combination with the x-y 

translational stage of the microscope. Bubble dynamics and the flow field around the 
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pulsating bubble(s) can be visualized through the same objective by high-speed cameras 

connected to the microscope. In this study, the output power of each laser was adjusted to 

be ~ 10 µJ so that the maximum bubble diameter produced from individual gold dots is 

50.0  0.9 µm (mean  standard deviation, n = 12).  

  The non-dimensional standoff distance (γ) between a pair of equal-sized tandem 

bubble can be defined by the ratio of the inter-bubble distance () divided by the 

maximum diameter of the individual bubbles (2Rmax) [98]: 

max2R


           (4.4) 



 

Figure  4.1  A  schematic  diagram  of  the  experimental  setup  for  laser‐generated 

tandem bubble  in  a microfluidic  channel  (inter‐bubble distance  = 40  μm). The 
mid‐point between the pair of gold dots is chosen as the origin “O” of a Cartesian 

x–y–z coordinate system, where the positive direction of the y axis is pointed from 

B2 (y = −20 μm) to B1 (y = +20 μm) and the z‐axis is from glass (z < 0) to PDMS (z > 25 

μm) 
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In this study, γ was kept constant at 0.8, corresponding to a strong mutual interaction 

between the tandem bubbles due to the secondary Bjerknes force. However, the phase 

delay between the oscillations of the two bubbles can be adjusted using a digital delay 

generator (BNC 555, Berkeley Nucleonics) that controls the timing of the trigger signals 

to the two lasers. The time delay  between individual laser pulses was monitored by a 

photodiode (DET210, Thorlabs) connected to an oscilloscope (500 MHz WaveRunner 

6050A, LeCroy).  

4.3.2 High speed imaging and flow visualization  

  The dynamics of laser-generated tandem bubble oscillation in the microfluidic channel 

were captured using a high-speed camera (Imacon 200, DRS Hadland) operated at 50 ns 

exposure time and a framing rate of 1 ~ 10 million frames/second. To examine the 

dynamics of tandem bubble with a target cell nearby, the microchannel was seeded with 

HeLa cells (see §3.2.4) before high speed imaging. Backlight illumination was provided 

by a fiber-optic coupled Xenon flash lamp with 200 µs pulse duration (ML1000, 

Dyna-Lite). To facilitate the visualization of flow motion generated by the bubble 

oscillation via PIV, 2 µm polystyrene beads (R0200, Duke Scientific) were added as 

neutral buoyancy tracers in the fluid medium at a concentration of 1 × 109 beads/ml. The 

trajectories of the tracers were recorded by a second high-speed camera (Phantom V7.3, 

Vision Research) operated at 1 µs exposure time and 20,000 frames/second. The acquired 

image sequences (at 1.5 pixel/µm resolution) were processed offline by DaVis7 software 

(LaVision, GmbH) using a 16 × 16 pixel interrogation window with 50% overlap to 
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determine the velocity and vorticity fields averaged over every 50 µs after the tandem 

bubble interaction.  

 

4.4 Results and discussion 

4.4.1 Dynamics of tandem bubble – the effects of phase delay 

4.4.1.1 General features of tandem bubble oscillation 

  In our experiment, two equal-sized laser-generated bubbles (Rmax = 25 µm) are created 

in close proximity to each other (= 40 µm or  = 0.8). Therefore, strong interaction due 

to the secondary Bjerknes force between the two bubbles is observed, leading to 

asymmetric bubble deformation and axial jet formation (Fig. 4.2). In particular, we focus 

on the effects of the time delay (, varying from 0 and Tc) between the generation of the 

two bubbles on their dynamic interaction and subsequent jet and vortex formation in the 

surrounding fluid.   

  The general features of tandem bubble oscillation are investigated by high-speed 

photography at a framing rate of 1 million frames/second. As shown in Fig. 4.2a (1st row), 

when the two bubbles are generated simultaneously (i.e., in-phase), both B1 and B2 start 

to expand concurrently after the plasma formation. The proximal walls of the two 

bubbles quickly approach each other, become stagnated and flattened along the 

mid-plane between the two bubbles, while their distal walls continue to expand outward 

for about 3 µs. Upon maximum expansion, the tandem bubble begins to collapse in 

unison toward the flattened proximal walls in the mid-plane.  Because of their larger 
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curvatures, the sections of the distal walls along the axis of the tandem bubble collapse 

much more rapidly than the rest of the bubble surface (see t = 5 ~ 7 µs), leading to the 

formation of two axial jets moving toward each other (see Fig. 4.2b).  The collision of 

the two axial jets in the mid-plane breaks up the tandem bubble into two pairs of small 

daughter tandem bubbles that move away from each other along the x-axis.  

  The dynamics of in-phase tandem bubble interaction is analogous to a single bubble 

oscillation near a rigid boundary (that serves as a mirror of the single bubble), with the 

 

Figure  4.2  (a)  Laser‐generated  tandem  bubble  oscillation  and  jet  formation 

produced inside the PDMS–glass microchannel at an inter‐bubble time delay of 0, 

1, 2, 3, 4, 5 μs (from top to bottom). High‐speed imaging sequences were taken with 

a  framing  rate of 1 × 106  frames/s;  (b)  jet  formation  from  in‐phase  tandem bubble 

oscillation;  (c)  jet  formation  from  out‐of‐phase  tandem  bubble  oscillation;  and 

vorticity field averaged over t = 100–150 μs after  (d)  in‐phase and  (e) out‐of‐phase 

tandem bubble oscillation. 
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centroids of the bubbles and/or axial jets migrating toward each other (or toward the 

boundary) [51, 90]. This observation is supported by the progressive thinning of the gap 

between the proximal walls of the tandem bubble, not only during the initial expansion 

but also in the collapse phase when the mutual attraction associated with the secondary 

Bjerknes force increases significantly with decreased inter-bubble distance and much 

more rapidly changed bubble volume (see Eq. 4.3). Furthermore, the collapse time of the 

tandem bubble is lengthened (Tc = 7.5 µs) compared to its counterpart of a single bubble 

(Tc = 5.7 µs). This observation is consistent with the findings of previous studies [51, 90, 

135]. 

  In contrast, when two equal-sized bubbles are generated at different times within a 

single oscillation period, the characteristics of the tandem bubble interaction change 

dramatically. As shown in Fig. 4.2a, the original symmetric geometry (in the projected 

x-y plane) in B1 oscillation is disrupted immediately after the generation of B2 (with a 

time delay  varying from 1 to 5 µs in the 2nd to 6th rows), whose radial oscillation, in 

turn, is also severely distorted. In general, the two bubbles are found to oscillate mostly 

out of phase and therefore, repel each other by the secondary Bjerknes force. This mutual 

interaction leads to the formation of axial jets moving away from each other (see for 

example Fig. 4.2c), and the breakdown of B1 into several smaller daughter bubbles 

drifting along the axis of the tandem bubble (or y-axis). Details of the interaction and 

characteristics of the jet formation depend on the phase delay between the two bubbles, 

which, for example, can provide a means to optimize the tandem bubble interaction for 
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maximizing the resultant jet velocity.   

  In particular at  = 2 µs (the 3rd row in Fig. 4.2a), B1 has just reached its maximum 

expansion and is ready to collapse when B2 is produced. Therefore, the two bubbles 

oscillate completely out of phase (i.e., anti-phase), resulting in the collapse of B1 being 

greatly accelerated by the concomitant expansion of B2 with a significantly shortened Tc 

of 3.7 µs.  

  The dynamics of anti-phase tandem bubble interaction is analogous to a single bubble 

oscillation near a free surface (that serves as a deformable boundary of constant pressure), 

with the centroids of the bubbles and/or axial jets migrating away from each other (or the 

free surface) [136]. Our observation of the tandem bubble interaction in a narrow fluid 

gap (a quasi-2D configuration) is similar to the general features of tandem bubble 

interacting in free field (a 3D configuration) [128]. The primary difference is in the 

geometry of the bubble (cylindrical vs. spherical) and associated dependency of the 

strength of the Bjerknes attraction (1/d vs. 1/d2) [51, 137]. 

  The flow field around the tandem bubble during t = 100 ~ 150 µs has been 

characterized by PIV, which reveals a pattern of streamlines that is consistent with the 

deformation of the bubbles, jet formation, and subsequent displacement of the bubble 

remnants.  Furthermore, the PIV results shown in Fig. 4.2d and Fig. 4.2e demonstrate 

the formation of two pair of vortices around the center of the tandem bubble (i.e., the 

origin of the x-y-z coordinate system O). The two pairs of vortices associated with the 

tandem bubble oscillating in-phase tend to stay close to each other with the vortices 
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rotating counter-clockwise in quadrants I and III, yet clockwise in quadrants II and IV 

(Fig. 4.2d). In contrast, the two pairs of vortices generated by the anti-phase oscillating 

tandem bubble rotate in the opposite direction of their in-phase counterpart and gradually 

drift outward away from each other (Fig. 4.2e). It has been observed that these 

long-lasting vortices can sustain the movement of bubble remnants for more than 150 µs.  

During t = 100 and 150 µs, the magnitude of the maximum vorticity produced by the 

anti-phase tandem bubble oscillation is 2.8103·s-1, compared to 1.8103·s-1 produced by 

the in-phase tandem bubble oscillation.  These findings support the potential utility of 

tandem bubbles in various biological and biotechnology applications, such as single cell 

membrane poration [105] and directional displacement of micro-particles and suspended 

cells in a microfluidic channel [104]. 

4.4.1.2 Effects of phase delay on tandem bubble interaction 

  The effects of the phase delay on the dynamics of tandem bubble interaction and jet 

formation are examined in detail at a framing rate up to 10 million frames/second (Fig. 

4.3). Several interesting features can be noticed. First, the rapid expansion and 

subsequent elongation of B2 toward B1 as a result of their mutual interaction causes an 

asymmetric deformation of the proximal walls of the tandem bubble, leading to the 

formation of a first liquid jet (J1) inside the collapsing B1 (see for example, t = 1.3 to 1.6 

µs in Fig. 4.3a). The proximal walls of the two bubbles appear to be separated by a thin 

layer of liquid even when J1 is piercing through the interior of B1 (see for example, t = 

2.3 to 2.6 µs in Fig. 4.3b).  This observation is consistent with the results of potential 
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flow modeling of tandem bubble interaction in 3D, which also suggest the formation of a 

high pressure region between the asymmetrically deformed proximal bubble walls that 

drives the development of J1 [128]. Second, B1 breaks up into several small daughter 

bubbles upon collapsing into a minimum volume shortly before or after J1 pierces 

through the distal wall of B1. Subsequently, the remnants of B1 are carried away from the 

center of the tandem bubble along the y-axis by the resultant vortex flow (see also Fig. 

4.2e). Third, Tc of B1 is found to vary significantly with the phase delay between the two 

bubbles. The minimum in Tc for B1 (i.e., 3.8 µs) is produced at an inter-bubble time delay 

of  = 2 µs, which, interestingly, also correlates to the largest elongation of B2 produced 

(see t = 3.0 µs in Fig. 4.3b; the elongation is measured by the ratio of the maximum 

 

Figure  4.3  Dynamics  of  laser‐generated  tandem  bubble  oscillation  and  jet 

formation produced inside the PDMS–glass microchannel at an inter‐bubble time 

delay of  (a) 1  μs,  (b) 2  μs,  (c) 3  μs, and  (d) 4  μs. High‐speed  imaging  sequences 

were taken with a framing rate up to 10 × 106 frames/s. 
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bubble diameter along the y-axis over its counterpart along the x-axis).  Fourth, upon 

maximum expansion B2 starts to collapse with its highly elongated proximal wall 

contracting rapidly backward, forming a second jet (J2) piercing through the interior of 

B2 toward its distal wall (see for example, t = 4.3 to 6.5 µs in Fig. 4.3c).  The 

push-and-pull action of the tandem bubble (more specifically of B2, as shown in Fig 4.3) 

has been coined the ‘catapult’ effect [138]. 

4.4.1.3 Temporal development of the tandem bubble oscillation 

  The dynamics of tandem bubble oscillation can be further illustrated by the temporal 

variations of its boundaries along the y-axis. Based on the data shown in Fig. 4.3, the 

trajectories of the top and bottom locations of the bubble boundaries as well as the tip 

locations of the jets over time are plotted. For the in-phase oscillation (Fig. 4.4a), the 

proximal walls of the bubbles move toward each other and stagnate in the mid-plane 

while the distal walls expand outwards more extensively before collapsing in unison 

back toward the mid-plane (see also the 1st row in Fig. 4.2a). The oscillations of the two 

bubbles are merely mirror images of each other, as well as the two axial jets, which move 

faster than the collapse of the remaining portions of the distal walls of the bubbles.  In 

contrast, the expansion and collapse of the two bubbles in the anti-phase oscillation (Fig. 

4.4b) are significantly different from each other in terms of bubble collapse time and 

maximum axial elongation. For example, the extrusion of the proximal surface of B2 is 

clearly coupled with the advance of the tip of J1 inside the collapsing B1. However, the 

advance of the tip of J2 inside the collapsing B2 is largely de-coupled with the rebound 
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(or re-expansion) of B1 because of its rapid break up due to surface instability. 

 

Figure  4.4  Temporal  development  of  the  top  and  bottom  poles  of  the  tandem 

bubble along the y axis (see the coordinates in Fig. 2): (a) in‐phase oscillation, (b) 

anti‐phase oscillation. Solid lines: B1 top and B1 bottom; dashed lines: B2 top and B2 

bottom; dotted lines: B1 jet tip and B2 jet tip 
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Consequently, the speed of J2 in general is found to be significantly slower than J1 (Fig. 

4.5). Furthermore, the diagram illustrates clearly the lengthening or shortening in 

collapse time when the tandem bubble oscillates either in-phase or out-of-phase, 

respectively.  

4.4.1.4 Jet velocity 

  Figure 4.5 shows the dependency of jet velocity on the time delay () between the 

generations of the two bubbles. The speed of J1 was measured by averaging the tip 

displacement on the proximal wall of B1 over the first 500 ns starting from the initial 

expansion of B2. The results show that the maximal speed of J1 (95  7 m/s) is reached at 

 

 

Figure 4.5 Relation between jet velocity and time delay between the generation of 

the first and second bubbles. J1 and J2 indicate the jets from the collapse of the first 

and second bubbles, respectively. The jet speed is averaged within 500 ns after the 

initiation  of  the  collapse  of  each  bubble,  and  the  results  are  obtained  from  six 

individual measurements. 
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 = 2 µs for the anti-phase bubble oscillation, which is likely correlated with the most 

efficient energy transfer from B2 to B1 [132].  The speed of J2 was measured by 

averaging the tip displacement on the proximal wall of B2 over the first 500 ns from the 

initial collapse of B2. The speed of J2 was found to increase progressively from   = 1 to 

4 µs.  

4.4.2 Characteristics of tandem bubble interaction and jet formation in the 

presence of single cells nearby    

 

  Fig. 4.6 shows representative image sequences of the dynamic interaction of tandem 

bubbles at different SDs (10 to 40 µm) in two adhesion groups (“H” and “I”). Only 

 
Figure 4.6 Dynamics of tandem bubble interaction   

at different SDs in two adhesion groups “H” and “I”. 
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results from experiments with the maximum bubble size within the range 50 ± 1 µm were 

selected for analysis.  At SD = 10 µm (e.g., H-10 and I-10), the expansion of B1 was 

found to be disturbed slightly in the axial direction by the target cell (see top boundary of 

B1 at 3 µs). Under these experimental conditions, the radius of the bubble at its maximum 

expansion (25 µm in the projected image plane) already exceeded the SD, and therefore 

the leading edge of B1 along the axial direction of the tandem bubble could be in touch 

with the target cell. In contrast, when the SD was equal to or greater than 20 µm the 

interaction of B1 with the target cell during bubble expansion was hardly noticed. The 

first jet J1 (shown in Fig. 4.6), developed from B2 towards B1, was observed to reach the 

distal end of B1 between 3.75 and 4 µs. Because J1 is primarily responsible for creating 

the mechanical stress and resultant membrane deformation on the target cell, we 

calculated the average speed of J1 during the collapse period of B1 in different cases 

based on the acquired high-speed images. The results, shown in Fig. 4.7, reveal that the 

existence of the target cell nearby does not affect significantly the evolution of J1 during 
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Figure 4.7 Jet speed (J1) produced by tandem bubble interactions with the presence 

of a single cell at different SDs from B1 in two adhesion groups “H” and “I”. 
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the collapse of B1. An average speed of ~50 m/s was obtained in all cases. In a separate 

experiment, the “H” or “I” regions were not seeded with cells, and the bubble dynamics 

was captured in the cell culture medium with the same acquisition sequence. The jet 

speed was calculated to be 50 ± 5 m/s similar to all the cases with cells nearby.  

 

4.5 Summary 

  In this chapter, we investigated the dynamics of tandem bubble interactions in a 

microfluidic channel developed for single cell treatment under well-controlled 

experimental conditions. In close proximity ( = 0.8), the coupled oscillation of the 

tandem bubble produces asymmetric deformation of the bubble walls, leading to axial jet 

formation either toward or away from each other depending on the phase relationship 

between the two bubbles. The rotational direction and strength of the resultant vortices 

around the tandem bubble, as well as the axial jet speed can also be adjusted and 

controlled by changing the phase delay. Based on the jet speed measurement, the 

development of jetting flow was found to be consistent and minimally influenced by the 

presence of a single adherent cell nearby.  Considering that the jetting flow is 

presumably and primarily responsible for the bioeffects induced in the target cell, this 

experimental system provides a reliable source of high strain-rate loadings that can be 

applied to a localized area of a target cell to assess the mechanical and biological 

responses of a single cell to cavitation exposure.  



- 65 - 

5. Biological and Mechanical Responses of Single Cells to 
Tandem Bubbles – Effects of Standoff Distance and Adhesion 
Pattern 
 

5.1 Introduction 

  Previous studies on cavitation-induced bioeffects have been focused on specific and 

often individual processes in the bubble-cell interaction, such as bubble dynamics [37] or 

macromolecular uptake in the target cell(s) after cavitation exposure [36]. However, there 

is a disconnect between bubble dynamics and the resultant cell response produced by the 

stresses imposed by the bubble oscillation. Most importantly, the intermediate process of 

cell deformation that relates critically cavitation-induced stress and strain on the cell 

membrane to different types of cell response has not been analyzed. Although techniques 

exist for analyzing cell deformation under quasi-static loading conditions [139], they 

have not been applied to quantify the rapid deformation and recovery of cell membrane 

under the high strain-rate loadings produced by cavitation bubbles.  Furthermore, the 

lack of an appropriate constitutive model for biological cells makes it difficult to carry 

out in-depth analyses of the stresses induced and transmitted through the target cell 

during cavitation exposure. In light of this background, we will make a preliminary effort 

in this chapter to characterize the dynamic processes of cell deformation produced by 

tandem bubbles, using 2 µm sized polystyrene beads attached to the cell membrane. In 

combination with high-speed imaging of bubble dynamics and sequential microscopy of 

PI uptake, as well as extended cell culture for assessing the long-term bioeffects in the 
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targeted cell after the tandem bubble treatment, we hope to gain more insights into the 

mechanism of cavitation-induced bioeffects at the single-cell level. 

 

5.2 Materials and methods 

5.2.1 Experimental system and sample preparation 

  A microfluidic chip with patterned areas on the glass substrate for cell adhesion and 

tandem bubble generation, as described in Chapter 3, was seeded with HeLa cells at a 

concentration of 5×106 cell/ml using a flow rate of 30 L/min. The flow was then 

stopped and the chip was maintained in a cell culture incubator (NU-8500, NuAire) for 

30 min to allow the cells to initiate adhesion to the substrate. The chip was subsequently 

perfused with cell culture medium at the abovementioned flow rate to flush out 

non-attached cells, followed by incubation for 1.5 hours with a slow perfusion of the 

culture medium into the channel at a low flow rate of ~0.5 µL/min to maintain sufficient 

nutrient supply. As shown in Fig. 3.7, the two inlets of the microfluidic chip were 

connected through 0.5” long and 0.025”/0.017” in outer/inner diameter metal pins (New 

England Small Tube) and 20 mm long and 0.02” inner diameter TYGON® tubing 

(#AAQ04103, Saint-gobain Ppl) to individual 1 ml syringes (#309628, BD) mounted on 

two syringe pumps (Nanojet, Chemyx). In general, PBS buffer was maintained in syringe 

#1 and used as a flushing agent when the medium in the microchannel needed to be 

replaced. In comparison, DMEM cell culture medium was loaded initially in syringe #2 

to supply nutrients to individual cells that had spread out and adhered to the patterned 
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“H” or “I” areas in the microfluidic channels. Thereafter, the microfluidic chip assembly 

together with the two syringes was transported onto the microscope stage. The pure 

DMEM medium in syringe #2 was replaced by 100 µg/ml PI solution (in DMEM), which 

was slowly perfused into the channels at a flow rate of 0.5 ml/min so that the adherent 

cells would not be detached by flow-induced shear stresses as confirmed by microscopy.  

To avoid introducing any air bubbles into the microfluidic channels during this procedure, 

the following protocol was employed for medium exchange. First, the metal pin together 

with connected tubing was unplugged from inlet #2 of the microfluidic chip. Second, 

syringe #1 was used to pump PBS buffer into the channels at a flow rate of 5 µl/min until 

a liquid droplet was formed on top of the inlet #2. Third, syringe #2 was switched to PI 

solution and injected through the tubing to form a liquid droplet at the tip of the metal pin. 

At this moment, it was safe to plug the metal pin back into the port of inlet #2. The two 

droplets would merge together when brought into contact at the connection site, so 

entrapment of air bubbles could be prevented. After tandem bubble treatment, a similar 

procedure was performed to replace PI solution in syringe #2 with pure DMEM cell 

culture medium.  During the tandem bubble treatment, the microfluidic channels were 

perfused continuously with the PI solution at a constant flow rate of 0.5 µl/min.  Cells 

grown in the patterned areas showed no detectable signs of degradation within the 2-hour 

experiment, during which a total of 40 cells could be treated together with acquisition of 

pre- and post-treatment images. After the experiment, the PI solution in the microfluidic 

channels was replaced by a combination of FITC-Annexin V (20× dilution from stock 
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solution) and PI (100 g/ml) staining solution in PBS for assessment of apoptosis and 

cell viability. The tandem bubble treated cells were incubated in the Annexin V/PI 

staining solution for 15 min before fluorescent imaging. After all the target cells were 

imaged, the Annexin V/PI staining solution in the microfluidic channels was replaced 

with normal DMEM cell culture medium, and the microfluidic chip was placed back in 

the cell culture incubator.  Cell culture medium was maintained at a flow rate of 0.2 

µl/min with the syringe pump for overnight culture. Next day, the microfluidic chip was 

transported on the microscope stage and the cell culture medium was replaced by the PI 

staining buffer solution as previously described. The target cells were imaged again after 

15 min incubation. 

5.2.2 Cell treatment and image acquisition  

  The microfluidic chip, prepared as described above, was placed on the stage of an 

inverted microscope (Axio Observer D1, Zeiss).  Two Q-switched Nd:YAG lasers of 

1064 nm wavelength and 5 ns pulse duration [MiniLase I (Laser 1) and Orion (Laser 2), 

New Wave Research] were focused through a 63× objective (LD Plan Neofluar, Zeiss) 

and projected on a pair of gold dots with the aid of the microscope stage. Laser 1 was 

triggered first, generating bubble 1 (B1) and Laser 2 was triggered in 3 µs thereafter to 

generate bubble 2 (B2). Therefore the expansion and collapse of the two bubbles were out 

of phase, leading to the formation of a liquid jet (J1) during the collapse of B1 towards the 

target cell (see Fig. 4.6).  

  Since PI was mixed in the culture medium, it could be used as a fluorescent marker for 
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molecular uptake if membrane poration occurred as a result of the tandem bubble 

treatment. For viability test, PI combined with Annexin V in PBS was perfused through 

the microchannels in 2 hours following the beginning of the tandem bubble treatment.   

The timeline for a typical treatment is summarized in Fig. 5.1.    

  For imaging acquisition, the original intracellular PI intensity and geometry of the cell 

before the tandem bubble treatment were recorded by the Zeiss camera using red 

fluorescence (FL) and bright field (BF) imaging, respectively. Zeiss AxioVision software 

was used to program and control the shutter on/off switch for the light source and the 

filter cube positions in the turret. A trigger signal was captured by a photodetector placed 

between light source and microscope condenser when the shutter for bright field 

luminescence was opened.  This trigger signal was received by the delay generator, and 

used as a time reference to control the release of the trigger signals to lasers and cameras 

sent out by the multichannel delay generator with programmed delays (see Fig. 5.1).  

The dynamics of tandem bubble interaction were captured by the Imacon camera with 1 
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Figure 5.1 Timeline of imaging acquisition 

before and after tandem bubble‐cell interaction. 
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µs interframe time (IFT) and 50 ns exposure time at gain 8 in a 14 µs duration following 

the trigger of the first pulsed laser.  In some experiments, the IFT was shortened to 150 

ns in order to record clearly the characteristics of jet formation and progression. 

Immediately after the tandem bubble-cell interaction, the deformation of the target cell 

was recorded for 1 ms using the phantom camera at 12 µs IFT and 1 µs exposure time. 

Thereafter, the Zeiss camera, operated at 2 to 10 s IFT, was used to capture the dynamic 

process of PI diffusion from the poration site into the target cell for the time period from 

2 to 120 s. Finally, Annexin V and PI staining performed at 2 and 24 hours after the 

tandem bubble treatment were also imaged with the Zeiss camera.     

5.2.3 Analysis of PI uptake and pore size estimation 

  For the cells in which the intracellular PI intensity reached a saturation level within 2 

minutes after the tandem bubble treatment, a quasisteady-state diffusion model [36] was 

adapted to estimate the maximum pore size initially formed on the cell membrane. It was 

assumed that the PI molecules presented in the extracellular solution would diffuse 

across the cell membrane rapidly during the transient pore opening and resealing period, 

and then bound to intracellular nucleic acids to form PI-DNA or PI-RNA complexes that 

emit fluorescence upon excitation. After the pore resealed, the PI-DNA or PI-RNA 

complexes further diffused within the cytoplasm, leading to spatiotemporal changes in 

intracellular PI intensity that could be quantified experimentally. Detailed description of 

the quasisteady-state diffusion model can be found in a recent paper published by Cheri 

Deng’s group at University of Michigan [36]. Briefly, the time dependent pore size is 
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described by an exponential function:  

                                   t
a ertr  0)(          (5.1)             

where 0r  is the maximum pore radius and  is a pore resealing time constant. With the 

assumption that the pore resealing is slower than PI diffusion across the cell membrane, 

the PI transport into the cell is considered quasisteady-state, and the overall amount of PI 

entering the cell is a time integral of the PI influx at the poration site. With these 

assumptions, the time dependent intracellular PI fluorescence intensity change ( PI ) 

can be determined by: 

  /)1()( 00
terDCtPI       (5.2) 

where  is a coefficient that relates to the amount of PI molecules with PI-RNA 

fluorescence intensity measured by the experimental imaging system, D is the diffusion 

coefficient of PI inside the cell, and 0C  is the PI concentration in the surrounding 

medium. With  , D  and 0C  all being constant, the maximum pore size (r0) is 

proportional to the product of the time constant   and the maximum PI fluorescence 

intensity change ( maxPI ).  

Because we haven’t determined the exact values for  and D in our experimental 

system, the maximum pore size cannot be calculated for individual cases. Instead, we 

calculated the normalized maximum pore size (Eq. 5.3), based on the PI measurement 

from each cell divided by the average maximum pore size estimated in the I-20 group 

where the tandem bubble-induced PI uptake (and thus the corresponding pore size) is 

minimal.  
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5.2.4 Analysis of cell membrane deformation, strain and stretch ratio 

estimation 

    Cell is a 3D object with irregular shape and complicated intracellular structures, and 

deforms non-homogeneously [62]. However, for the adherent cells that spread out on the 

“H” and “I” patterned areas in this study, the lateral dimension of the cell (i.e., 32 µm) is 

significantly larger than its height (i.e., < 8 µm). Therefore finite plane strain can be 

assumed when calculating the strain in a small portion of the cell membrane, as done 

previously in studies of analyzing neutrophils migration [140] and bi-axial stretch of 

cultured vascular smooth muscle cells on a deformable substrate membrane [141]. To 

characterize the cell membrane deformation in response to tandem bubble-induced jetting 

flow, we traced the displacements of polystyrene beads that were chemically bound to the 

cell membrane. The polystyrene beads (2 µm in diameter) with carboxyl functional group 

on the surface were conjugated with RGD peptide (Peptite-2000) first to facilitate their 

binding to the integrins on the cell membrane [142]. 

  A triangulation scheme, which defines a small but finite area of interest, was adapted 

to analyze the local membrane strain. Specifically, a triad of beads were identified from 

the high-speed image sequences captured by the Phantom camera and tracked throughout 

the tandem bubble-cell interaction for up to 1 ms. The beads coordinates over time were 

recorded from the time-lapse images, and strain calculation was carried out in a custom 

code written in Matlab (The MathWorks) following the approach originally described by 
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Fung [143] and subsequently adapted by others [140]:  

Δs2 – Δs0
2 = 2 εij Δai Δaj                   (5.3) 

where Δs0 and Δs are the distance between two beads before and after stress, εij is the 

strain tensor, Δai and Δaj are the distance between the two beads along axis i and j in a 

orthogonal coordinate system (such as the one used the original image frame). At least 

three beads are required to calculate three strain components ε11, ε12, ε22 in this orthogonal 

coordinate system.  Thereafter, two principal strain components εk (k = 1, 2) in 

orthogonal directions ν1
(k),  ν2

(k) can be computed by solving the following eigenvalue 

problem: 

              (εij – εk δij) νi
(k) = 0                      (5.4) 

where δij is the Kronecker symbol. 

  To facilitate data interpretation, the calculated principal strain 1 and 2 were also 

transformed to strains along (or in the x-axis) and perpendicular (or in the y-axis) to the 

jetting flow direction based on the Mohr’s circle analysis for plane strains as follows:  
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where x and y 
are the normal strains along the x- and y-axis, and xy  is the shear strain 

in the x-y plane, and   is the angle between 1 and x.  
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  In some cases, a pair of beads with close proximity can be identified on the cell 

membrane. The stretch ratio  of the line element between the pair of beads can be 

calculated based on the normalized length change (LL’) as follows: 

LLL /)'(             (5.8) 

5.2.5 Data analysis and statistics 

  Data collection was carried out from cells adhered to either the “H” or “I” patterns in 

the microfluidic channels. For cells in each adhesion pattern (referred to as group “H” or 

group “I” henceforth), different SDs were evaluated. Under a specific test configuration 

(i.e., fixed SD and adhesion pattern), the experiments were repeated for 14 ~ 17 times to 

facilitate statistical analysis of the results. Student t-test was used in each adhesion 

pattern when comparing the results between two different SDs. Statistical analysis of the 

results between the two adhesion pattern groups was performed using two-way ANOVA 

analysis with VassarStats online calculator. 

 

5.3 Results and discussion 

5.3.1 PI uptake 

5.3.1.1 Kinematics and general features of PI uptake in the target cell 

  Three different types of acute responses were observed from individual cells treated by 

the tandem bubbles at different SDs in group “H” (Fig. 5.2). The target cell could be 

killed instantly when the SD was small (i.e., 10 µm), which led to necrosis. As shown in 

the left column of Fig. 5.2, cell membrane clearly lost its integrity and cell nucleus was 
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heavily stained with PI. This result suggests the jet-induced mechanical stress on the cell  

 membrane had exceeded the irreparable damage threshold. When the SD was large (i.e., 

40 µm), the PI uptake in the target cell was negative (see images in the right column Fig. 

5.2), indicating that the cell membrane integrity was not compromised by the tandem 

bubble interaction. Most interestingly, when the SD was in the middle range (i.e., 20 to 

30 µm), a detectable level of PI uptake was often observed while the target cell still 

maintained its integrity after interaction with the tandem bubbles. Cells in group “I” 

 

 

Figure  5.2 General  observation  of  cell morphology  change  and  PI  uptake  after 

tandem  bubble‐cell  interaction.  Colocalization  of  PI  and  Hoechst  (blue 

fluorescence for live cell nuclear staining) at the nucleus site indicates cell death.     
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showed a similar trend with a clear SD dependency in PI uptake. 

  Depending on the SD, the time-lapse fluorescent images of PI uptake showed three 

characteristic appearances (Fig. 5.3). At SD of 10 µm, PI started to diffuse from the 

poration site at the proximal edge of the cell facing the jetting flow into the cytosol of the 

target cell, and gradually accumulated at the nucleus site. The average intensity of the PI 

inside the target cell, however, wouldn’t reach a plateau within the 2-minute observation 

window. This result indicates that the membrane poration is severe and cannot be 

 

 

Figure 5.3 Time course of PI uptake in the target cell after tandem bubble 
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repaired by the target cell, which will eventually lead to necrosis of the cell [144].  In 

comparison, at SD = 20 or 30 µm, PI started to diffuse into the cytosol of the target cell 

from the proximal edge without a clear built-up in the nucleus site. The PI intensity 

inside the target cell also increased less rapidly and reached a plateau level within 30 

seconds, indicating a reseal of the poration site [144]. Thereafter, the cell may survive.  

At SD = 40 µm, no detectable PI uptake was observed in the target cell and the 

intracellular PI intensity remained at a level comparable to the pre-treatment background 

value.  

  Based on the ΔPI vs. time plots, we therefore further divided the outcome for all 

treated cells in group “H” (or “I”) into 3 categories: necrosis, uptake and no uptake. The 

percentage of each category under different treatment conditions is summarized in Table 

5.1. It was observed that at SD = 10 µm all cells were killed instantly while no membrane 

compromise was produced at SD = 40 µm, in dependent of the adhesion patterns. In 

comparison, when SD was in the range of 20 to 30 µm, significant number of cells 

SD Necrosis Uptake No uptake

10 µm 100% 0 0

20 µm 42% 58% 0

30 µm 0 73% 27%

40 µm 0 0 100%

SD Necrosis Uptake No uptake

10 µm 100% 0 0

20 µm 42% 58% 0

30 µm 0 73% 27%

40 µm 0 0 100%

Group “H” Group “I”

SD Necrosis Uptake No uptake

10 µm 100% 0 0

20 µm 13% 80% 7%

30 µm 0 80% 20%

40 µm 0 0 100%

SD Necrosis Uptake No uptake

10 µm 100% 0 0

20 µm 13% 80% 7%

30 µm 0 80% 20%

40 µm 0 0 100%
 

 

Table 5.1 Three different outcomes in membrane poration and PI uptake following 

tandem bubble‐cell interaction at various standoff distances (SD) in group “H” and 

group “I”. 
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showed appreciable amount of PI uptake while reaching a saturation level within 2 min. 

Overall, there is shift in the percentage of cells undergoing necrosis to repairable 

membrane poration to no membrane poration after the tandem bubble treatment as the 

SD increases from 10 µm to 40 µm. Also, cells in group “I” appear to have a higher 

percentage in repairable membrane poration than their counterparts in group “H”.  

5.3.1.2 Assessment of pore size variation, apoptosis and phenotype  

 

  The repairable membrane poration observed at SD = 20 ~ 30 µm has potential utility 

in targeted gene delivery to selected individual cells, in which the porated cell must 

survive in order to allow for gene expression in several hours to one day after the 

treatment. We therefore repeated the experiments in the “uptake” regime for both “H” 

and “I” groups to determine whether there are significant differences in the amount of PI 

uptake at the saturation level among different groups and in the estimated pore size based 
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Figure 5.4 Intracellular PI amount at saturation level 
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on a quasisteady state diffusion model described in section 5.2.3 [36]. In addition, 

Annexin V staining was applied 2 hours after the tandem bubble treatment to detect early 

stage apoptosis while phenotype of the treated cells were evaluated following extended 

culture over 24 hours after the tandem bubble treatment. 

 

  The PI uptake at the saturation level is shown in Fig. 5.4. Although PI level varied 

significantly at in each group at a specific SD, the averaged PI level at SD = 20 µm in 

either group was found to be significantly higher than their counterparts at SD = 30 µm. 

Between the two adhesion patterns, cells in group “H” showed significantly higher PI 

uptake than those in group “I” orientation. Moreover, the normalized maximum pore size 
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Figure 5.5 Normalized maximum pore size of individual cells 
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for each cell was calculated, and the results are shown in logarithmic scale in Fig. 5.5. 

Overall, the calculated maximum pore size spans over a range of two orders of 

magnitude. Even within each group, the difference in maximum pore size can change by 

an order of magnitude at different SDs. This result may reflect the high degree of 

 
Figure 5.6 Time course of phenotype changes of survival and apoptotic cells 

after tandem bubble treatment
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heterogeneity in biological cells from the same population [57]. It may also be caused by 

the significant differences in the cytoskeleton structure of individual cells and therefore 

in their response to similar external mechanical stresses. The averaged maximum pore 

size, however, shows a similar trend as in the PI uptake (Fig. 5.4), and significant 

differences were observed in terms of their dependence SD and adhesion patterns. 

  Following prolonged cell culture, we observed two typical responses of the cells 

(survival and apoptotic), revealed by their phenotype and viability/apoptosis analysis. As 

shown in Fig. 5.6, an example of survival Cell #1 was found to spread out with limited 

and discrete Annexin-V staining at 2 hours after the tandem bubble treatment, and 

subsequently divided into two daughter cells within 24 hours. In contrast, apoptotic Cell 

#2 started to round up with dispersed Annexin-V staining at 2 hours after the treatment, 

and disintegrated into small pieces within 24 hours. In total, 14 ~17 cells were tracked 

for each case, and the percentage of cells in either the survival or apoptotic group are 

summarized in Table 5.2. The cell survival rate at SD = 20 µm in both “H” and “I” 

groups is lower than their counterparts at SD = 30 µm. For a given SD, less cells survived 

Group “H” Group “I”

Survival Apoptotic Survival Apoptotic

20 µm 15% 85% 47% 53%

30 µm 53% 47% 87% 13%

Group “H” Group “I”

Survival Apoptotic Survival Apoptotic

20 µm 15% 85% 47% 53%

30 µm 53% 47% 87% 13%

SD

 

 

Table 5.2 The fate of treated cells with PI uptake 
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in the “H” group than in the “I” group. Although the percentage of cells with saturated PI 

uptake is not statistically different between SD of 20 and 30 µm in the “H” and “I” 

groups (see Table 5.1), the cells in these group will presumably recover differently, 

leading to significant differences in their survival and apoptosis outcome. These 

differences in the subpopulations appear to be associated with the variations in the PI 

saturation level and the maximum pore size (see Fig. 5.4 & 5.5). In summary, cells with 

higher PI uptake are likely to be associated with larger pore size, which, although 

beneficial for macromolecular delivery, also increases the risk for apoptosis. 

5.3.4 Cell membrane deformation, stretch ratio and strain calculations 

  We hypothesize that the differences in PI uptake, maximum pore size and cell 

phenotype are related to the mechanical strains induced on the cell membrane by the 

jetting flow produced by tandem bubbles (Fig. 5.7). In principle, cell membrane strain 

can be estimated using micron-sized beads attached to the cell surface.  In this 

preliminary study, we aim to provide some evidence of support for such an approach, 

which has not been utilized in characterizing cell membrane deformation produced by the 

high strain-rate loading associated with cavitation bubbles. 

  A typical example of the cell membrane deformation in response to the jetting flow 

produced by the tandem bubbles is shown in Fig. 5.8.  Following the passage of the 

jetting flow (at about t = 0 s), the cell membrane was observed to deform significantly 

with the leading edge of the cell being shear-stretched inwards along the axis of the 

jetting flow.  The largest deformation of the cell membrane was generally observed in 
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the second or third image frame (i.e, within 14 µs), which was then followed by a longer 

period (> 500 µs) during which the deformed cell gradually recovered back to its initial 

shape. During this rapid deformation and recovery period, all the beads were found to 

remain firmly attached to the cell membrane. This general observation from numerous 

cells under a variety of treatment conditions suggests that the binding between the beads 

 
 

Figure  5.7  Schematic  diagrams  illustrating  tandem  bubble‐cell  interaction  and 

associated flow field produced in a microfluidic channel: a) Side view, b) top view, 

c) x‐y coordinate system established for membrane strain calculation 
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and cell membrane was sufficiently strong to overcome the mechanical shear force 

imposed by the jetting flow. Therefore the beads can be used reasonably as surface 

markers to assess membrane deformation and to calculate resultant strains as appropriate. 

The time in each image frame is in reference to the instance when the first bubble was 

generated.  

 

  Because the distribution of the beads on the cell membrane is random and difficult to 

control, we have selected 12 examples from a total of 72 cells treated in this series of 

experiments for further analysis using the following criteria: 

1) the beads remained clearly focused on the image plane in frames where 

coordinates were recorded;    

 

Figure 5.9 Regional difference  in membrane displacement of a HeLa cell on “H” 

pattern and SD = 30 µm (i.e., “H‐30”) along the direction of jetting flow produced 
by the tandem bubble. Five beads in a row along the jet direction, indicated by the 

yellow  arrow,  are marked  with  red  crosses  and  tracked  during  cell membrane 

deformation. The original boundary of the target cell is sketched with black lines 

on each frame.     

 
Figure 5.8 Deformation of a HeLa cell grown on a “I” pattern with beads attached 

on  the membrane  at  a SD of 30 µm  (i.e.,  “I‐30”).    The original boundary of  the 
target cell is sketched with red lines on each frame.   
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2) the beads were not constrained in their motion by other neighboring beads;  

Several interesting observations can be made based on these selected cases. In Fig. 5.9, 

five beads from a HeLa cell on “H” pattern and SD = 30 µm (i.e., “H-30”) located 

approximately in a row along the jet direction were chosen to calculate the stretch ratio 

of the line segments between them. Following the tandem bubble interaction, the line 

segment in the proximal region (between bead#1 and #2) was elongated, while the line 

segment in the central region (between bead#2 and #3) showed minimal deformation, 

 

Figure  5.10  The  stretch  ratio  of  4  line  segments  defined  between  adjacent  two 

beads attached on the cell membrane (see Fig. 5.9). Each curve (from top to bottom) 

corresponds  to  the  time‐history  of  the  stretch  ratio  of  a  line  segment  with  its 

midpoint at 11.4, 15.7, 21.2 and 26.6 μm, respectively, from the leading edge of the 

target cell.   
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and yet the line segments in the distal region of the cell were compressed (Fig. 5.10).  

These regional differences in membrane deformation are apparent in most of the cells 

analyzed, which is a reflection of the localized stress produced by the tandem bubble as 

well as the heterogeneous strain configuration across the cell membrane. The pinpoint 

rupture and directional diffusion of Trypan blue (Fig. 2.8a) and PI (Fig. 5.3) into the 

target cell, together with the SEM evidence of the membrane damage after the tandem 

bubble treatment (Fig. 2.8c&d) all suggest that high mechanical stress and strain are 

likely produced near the leading edge of the target cell. In the following, we will focus on 

the strains induced in the proximal region of the target cell and examine their dependency 

on SD and adhesion pattern (“H” vs. “I”).     

 

      A second example is a HeLa cell grown on “I” pattern with SD = 20 µm (i.e., “I-20”). 

Five beads near the leading edge, which were initially located almost in a line 

perpendicular to the jet direction, were tracked (Fig. 5.11). The displacement of the beads 

together with the leading edge showed a clear bending and stretch deformation along the 

orthogonal direction of the jetting flow. The trajectories of a material line connected 

 
Figure 5.11 Deformation of the leading edge of a HeLa cell on “I” pattern and SD 

of  20  μm  (i.e.,  “I‐20”).  The  jet  direction  is  indicated  by  the  yellow  arrow.  The 

original boundary of  the  target  cell  is  sketched with  solid black  lines while  the 

deformed leading edge of the cell boundary is sketched with dashed black curves. 

The displacement of 5 beads (marked with red crosses) near the leading edge are 

tracked during cell membrane deformation caused by the tandem bubble. 
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through the five beads at different time points after the tandem bubble interaction are 

shown in Fig. 5.12.  It can be seen clearly that the maximum deformation (bending + 

stretch) was produced at t = 12 s, followed by a slow and gradual recovery of the 

material line towards its original position at t = -12 s. Moreover, beads (#2, 3 &4) 

located closer to the x-axis were displaced more along the jet direction than beads (#1&5) 

located off-axis. The line elements between beads #2&3 and #3&4 were elongated during 

the process of cell deformation, indicating that the central portion on the leading edge of 

the cell was stretched under tension perpendicular to the jet direction.  It is also 

important to note that the beads near the jetting axis (i.e., #2, 3 and 4) show a radial 

outward displacement pattern, suggesting a locally impulse stress loading at the center of 

 

Figure  5.12  Time  history  of  the  displacement  trajectories  of  5  beads  near  the 

leading edge of a target cell in Fig. 5.11 along the jet direction.   
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the leading edge.  In contrast, beads near the peripheral edges of the cell where the 

membrane is anchored on the substrate in the “I” pattern (i.e., #1 and 5) show a 

contraction toward the central axis, indicating again the tension produced in the central 

portion of the stretch leading edge in the direction perpendicular to the jetting flow. 

    The dependency of cell deformation on SD can be observed clearly from cells grown 

on “I” pattern, based on the extent of bending and stretch of the leading edge after the 

tandem bubble interaction. As shown in Fig. 5.13, the leading edge of a cell at SD = 20 

µm was clearly stretched more significantly than a cell at SD = 40 µm. Within 500 µs, 

the cell at SD = 40 µm already recovered to its original status, while the cell at SD = 20 

µm still showed some residual strain indicated by the dotted line.  

  The differences in membrane deformation of cells grown on “H” and “I” patterns, 

especially near their leading edges can be seen in Fig. 5.14. Depending on the adhesion 

strength to the substrate, the leading edge of the target cell in response to the jetting flow 

 

Figure 5.13 Deformation of two HeLa cells on “I” pattern in response to the jetting 

flow produced by  the  tandem bubbles at SD = 20 μm  (top  row) and SD = 40 μm 

(bottom row). The dotted  lines highlight  the bending deformation of  the  leading 

edge of the target cell, which is significantly larger at SD = 20 μm. 
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may remain anchored, such as in the cell grown on “H” pattern, or significantly displaced 

and stretched, such as in the cell grown on “I” pattern. We have further identified three 

beads in the proximal region of each cell and applied the triangulation scheme described 

in §5.2.4 to calculate the principal strains and the projected normal strains in the x-y 

coordinate system (Fig. 5.7). The results are shown in Fig. 5.15. In both cases, the 

magnitude of the principal strains (Fig. 5.15a and 5.15b) were observed to increase 

rapidly following the impact of the jetting flow, reaching their respective peak values in 

12 µs. Thereafter, the magnitudes of the principal strains were reduced gradually, 

approaching the baseline levels after 500 µs. This result is consistent with the 

observations from the high-speed images (Fig. 5.14). For the cell grown on “H” pattern, 

the maximum and minimum principal strains are both positive, indicating a bi-axial 

tensile strain configuration (see top row in Fig. 5.16). In contrast, for the cell grown on 

 

Figure  5.14 Comparison  of membrane deformation  of  individual  cells  grown  on 

“H” vs. “I” adhesive patterns. The cell on the “H” pattern (top row) has its leading 

edge anchored on the substrate during cell membrane deformation. In comparison, 

the  cell  on  the  “I”  pattern  (bottom  row)  has  its  leading  edge  in  free  standing 

without  binding  to  the  substrate.    Therefore,  the  leading  edge  (as  sketched  in 

dotted line) shows significant bending deformation in response to the jetting flow 

produced by the tandem bubble. A triad of beads, marked with red crosses on the 

membrane of each cell, is identified for strain calculation. 
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“I” pattern, the maximum principal strain is positive while the minimal principal strain is 

negative, indicating a hybrid bi-axial compressive-tensile strain configuration (see 

bottom row in Fig. 5.16). The projected normal strains along (or x-axis) and 

perpendicular (or y-axis) to the jet direction (Fig. 5.15c and 5.15d) show a time course 

and sign pattern similar to the principal strains. In particular, the proximal region near the 

leading edge of the cell grown on “H” pattern was found to reach a maximal tensile strain 

of 520% and 230% in the x- and y-axis, respectively.  This finding 

 

Figure 5.15 Characteristic time course of the principal strains and projected normal 

strain along  (x) or perpendicular  (y)  to  the  jet direction near  the  leading edge of 
the target cell (see Fig. 5.14). “H” cell (Fig. 5.14 top) ‐ a) Principal strains; c) x and y. 
“I” cell (Fig. 5.14 bottom) ‐ b) Principal strains; d) x and y. 
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corresponds to a maximal strain rate of 7×106·s-1. The difference in the strain 

configuration produced at the leading edge of a cell grown on “H” vs. “I” pattern is 

presumably associated with the different propensity in membrane poration seen in the PI 

uptake (Fig. 5.4). These exceedingly high strains at such a high strain rate are most likely 

responsible for the large pore formation and unsaturated PI uptake in target cells located 

in close proximity to the tandem bubbles. 

  Finally, pairs of image frames extracted before and 12 µs after the tandem bubble-cell 

interaction from six representative cases of different SDs and adhesion patterns are 

shown in Fig. 5.17. A triad formed by three beads (highlighted with red crosses) on each 

 

 

Figure  5.16  Illustration  of  different  bi‐axial  strain  configurations  produced  the 

jetting flow from tandem bubbles in the proximal region of a cell grown on (a) “H” 

and (top row) (b) “I” patterns (bottom row). 
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cell membrane was selected and used for strain calculation.  The results summarized in 

Table 5.3 show that in both “H” and “I” groups there is a SD dependency in principal 

strains, with higher values at smaller SD. This SD dependency can be related to the 

aforementioned tandem bubble induced bioeffects on the target cell. Specifically, higher 

principal strains may presumably lead to large pore formation, high level of PI uptake, 

and increased risk of post treatment apoptosis. The differences in the bi-axial strain 

configuration and magnitude of the maximum principal strains are also noticed between 

the “H” and “I” group at a given SD. Since cell membrane rupture is more likely to be 

induced under bi-axial tensile strain than a hybrid compressive and tensile strain [143], 

cells in the “H” group would be injured more severely compared to those in the “I” group 

at the same SD. The area stretch ratio calculation also suggests that the cell membrane is 

under tensile stress in “H” group and under compressive stress in “I” group. Specifically, 

 

Figure  5.17  Examples  of  deformation  of  cells  grown  on  “H”  and  “I”  patterns 

produced by tandem bubbles at different standard off distances. A triad formed by 

three beads in the proximal region of the cell membrane facing the jetting flow is 

used to estimate the regional plane strain. 
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at SD = 20 and 30 m when transient pore is preferably produced on the cell membrane 

(see Table 5.1), the membrane is stretched over 50% for “H” group. This value is 

significantly higher than the threshold (~3%) to cause membrane rupture under 

quasi-static tension. Interestingly, up to 50% of the porated cells are capable to fully 

recover and function normally given enough time (see Table 5.2). This result indicates 

that the cells may respond themselves differently under high strain-rate loading, and the 

strain threshold for repairable or permanent cell damage could be potentially much 

higher compared to the corresponding values for the cells under quasi-static stress 

loading.  

  

5.4 Summary 

With spatially defined hybrid gold and fibronectin patterns created on the bottom 

Normal strain 
Principal 

Strain 
Adhesion 

pattern 

SD 

(μm)  Along 

jet 

Ortho 

jet 
Shear Max  Min 

Area 

stretch 

ratio 

Principal 

direction 

() 

H  20  4.64  2.87  0.3  5.19  2.31  19.5  ‐29 

H  30  0.38  0.1  0.12  0.53  ‐0.05  0.5  20 

H  40  0.27  0.12  ‐0.3  0.48  ‐0.16  0.2  35 

I  20  ‐0.31  0.26  ‐0.07 0.27  ‐0.31  ‐0.1  ‐7 

I  30  ‐0.25  ‐0.03  ‐0.13 0.03  ‐0.31  ‐0.3  ‐25 

I  40  ‐0.27  0.00  ‐0.03 0.00  ‐0.27  ‐0.3  ‐6 

 

Table 5.3 Summary of strain calculation results from 6 cases with different SDs and 

adhesion patterns. 
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surface of the microchannel, we have demonstrated the feasibility of an experimental 

system for single cell treatment with high throughput potential. We have investigated PI 

uptake, membrane strain and phenotype changes of the targeted cells at different standoff 

distances in two different adhesion patterns with either an anchorage edge (in “H”) or a 

free standing edge (in “I”) facing the jet impact direction. In short SD of 10 μm, all cells 

will be killed or undergoing necrosis while in long SD of 40 μm, all cells will survive 

with no membrane compromise, independent of the adhesion pattern.  In the medium 

SD of 20 ~ 30 μm, 58 ~ 80% of the treated cells show repairable membrane poration. 

The maximum pore size in the repairable poration range can vary up to two orders of 

magnitude, depending on SD and adhesion strength. Strong adhesion leads to bi-axial 

tensile strains on the membrane, large pore size and high uptake of PI, but increased risk 

for apoptosis.  In contrast, low adhesion leads to hybrid compressive and tensile strain 

on the cell membrane, small pore size and lower PI uptake, but higher survival rate. Cell 

may sustain more than one order of magnitude higher stress under higher strain-rate 

loading produced by tandem bubble-induced jetting flow than under quasi-static loading. 

Future work will focus on the completion of the membrane strain characterization with 

the current experimental system, and exploration of potential applications of this 

technology for the delivery of therapeutic agents to individual cells, or to guide the 

differentiation pathway of non-mature cells.  
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6. Future Work 

 

  In this dissertation, we have performed initial proof-of-principle study and follow up 

transition to a microfluidic based system that was used subsequently to assess the 

bioeffects produced by tandem bubbles of consistent dynamics and jetting formation on 

single cells grown on adhesion patterns of defined size and geometry. Beyond these 

initial efforts and the promising preliminary results, several critical issues warrant further 

investigations in the near future. 

  First, the dynamics of tandem bubble interaction need to be further investigated both 

experimentally and through numerical modeling. The characteristics of jet formation in 

the microfluidic channel, especially its orientation with respect to channel walls and 

target cell need to be determined.  The transient flow field induced by the tandem 

bubble needs to be characterized at higher framing rates using μPIV so that the 

mechanical stress field imposed by the jetting flow on the target cell membrane during 

the early stage of the tandem bubble-cell interaction (and pore formation) can be 

described.   

  Second, the transport of extracellular macromolecule through the poration site needs to 

be further analyzed through both numerical modeling and cleverly designed experiments.  

The effects of convective transport on the macromolecular delivery should be considered. 

  Third, the changes in cytoskeleton and extracellular matrix binding of the target cell 

with substrate in response to tandem bubble-induced jetting flow should be investigated.  
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This study will be critical for pinpointing the location and possibly the size of the pores 

formed on the cell membrane. 

  In terms of practical issues, we have demonstrated in Chapter 4 that small pore size is 

accompanied by low PI uptake, but it has the benefit of reduced risk for apoptosis and 

permanent cell damage. To improve the efficiency of macromolecular delivery while 

maintaining a high survival rate of the target cell by tandem bubbles, new treatment 

strategies need to be explored. Considering that tandem bubble-cell interaction is 

directional and localized (Chapter 2), it is possible that the target cell can be treated 

multiple times in sequence from several different directions.  This strategy can be 

readily implemented by a more sophisticated pattern design of the microfluidic channel 

and an upgrade in the positioning control of the experimental system. Conceptually, 

tandem bubble treatment should be performed under a condition that will lead to 

sufficient membrane poration without causing apoptosis or permanent damage in the 

target cell.  Under such a condition, multiple small pores may be created sequentially in 

different regions of the target cell by tandem bubbles, and thus improving the overall 

efficiency and quantity of macromolecular delivery. Moreover, the pore opening and 

resealing is mediated by the wound healing processes in the target cell after the tandem 

bubble treatment. The intracellular machinery for injury repair is driven largely by the 

influx of Ca2+ from the poration site. Therefore, by adjusting the Ca2+ concentration and 

other chemical cues in the medium, one may be able to modulate the dynamics of pore 

opening and closure for improved macromolecular delivery. 
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  Furthermore, this dissertation is mainly focused on mechanistic studies of tandem 

bubble-cell interaction. Therefore, only HeLa cells were used in the bioeffect studies in 

microfluidic channels with various patterns due to time constraint.  However, with the 

establishment of such a new and versatile technology, we are in a unique position to 

explore applications in a variety of cells with high translational or clinical relevance. For 

example, we may employ tandem bubbles to apply localized and precisely controlled 

shear stresses to stem cells in order to guide their differentiation and phenotype with 

potential applications in regenerative medicine. We may also use tandem bubbles to 

study the response of neurons to cavitation-induced shear stresses, which may help to 

understand the mechanisms of traumatic brain injury by blast waves at cellular level. 

  Finally, tandem bubble technique described in this dissertation is based on two inertial 

cavitation bubbles of similar size but with different phase of oscillation. The mutual 

interaction between the two bubbles is intense and the resultant directional jet is violent, 

with a strain rate induced on the membrane of a target cell in close proximity exceeding 

104·s-1. The dynamic response of biological cells under such high strain-rate loading 

needs to be further investigated in relation to cytoskeleton re-arrangement and 

extracellular matrix binding and detachment before the mechanism of tandem bubble- 

induced pore formation can be clearly elucidated.   
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