
   

 

 

i

v 

 

 

Development of a Vertically  Deployed Surface-Acoustic-Wave (VD-SAW) Transducer  

Platform for Activating Piezo Mechanosensitive Channels 

 

by 

Defei Liao 

Department of Mechanical Engineering and Materials Science 

Duke University   

 

Date: _______________________ 

Approved:  

 

___________________________ 

Pei Zhong, Advisor  

 

___________________________ 

Tony Jun Huang 

 

___________________________ 

Brenton D. Hoffman  

 

___________________________ 

Donald B. Bliss 

 

 

Dissertation submitted in partial fulfillment of  the requirements for  

the degree of Doctor of Philosophy  in the Department of  

Mechanical Engineering and Materials Science  

in the Graduate School of  

Duke University  

 

2021 

 



   

 

 

i

v 

 

ABSTRACT 

Development of a Vertically  Deployed Surface-Acoustic-Wave (VD-SAW) Transducer  

Platform for Activating Piezo  Mechanosensitive Channels 

 

by 

Defei Liao 

Department of Mechanical Engineering and Materials Science 

Duke University   

 

Date: _______________________ 

Approved:  

 

___________________________ 

Pei Zhong, Advisor  

 

___________________________ 

Tony Jun Huang 

 

___________________________ 

Brenton D. Hoffman  

 

___________________________ 

Donald B. Bliss 

 

 

 

Dissertation submitted in partial fulfillment of the requirements for  

the degree of Doctor of Philosophy in the Department of  

Mechanical Engineering and Materials Science  

in the Graduate School of  

Duke Univ ersity 

 

2021 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by  

Defei Liao 

2021



 

 

iv  

Abstract 

Ultrasound (US) neuromodulation has the unique advantage to noninvasively 

manipulate neural activity in deep brain with high spatial resolution and flexibility in 

beam steering. In recent years, there is a growing interest in producing accurat e and cell-

type specific US neuromodulation using sonogenetics, in which the targeted cells/neurons 

are genetically modified via overexpre ssion of mechanosensitive (MS) ion channels that 

can be activated by US. This emerging technique has spurred extensive research activities 

with the hope for potential clinical treatment of neurological disorders, such as 

/ÈÙÒÐÕÚÖÕɀÚɯËÐÚÌÈÚÌȮɯÌ×ÐÓÌ×ÚàɯÈÕËɯËepression. It has been proposed by mainstream 

journals that the neuromodulating effects of US  are associated with changes in membrane 

potential due to US-induced cell/neuron membrane deformation and the activation of MS 

ion channels, in which the latter mechanism is given greater prominence in sonogenetics. 

In this process, US exerts its mechanical effects in different forms including acoustic 

radiation force (ARF, associated with momentum transfer from the US wave field to the 

medium), acoustic streaming (displacement of fluid), and cavitation (generation of 

bubbles within the tissue). Despite much efforts in the field , the physical mechanism by 

which US is converted into an effective energy form to elicit neuromodulation remains 

poorly understood, and there is little consensus about optimal US parameters required to 

evoke a sonogenetic response with minimal adverse effect. Understanding how US 



 

 

v 

interacts with cell membrane with specific US parameters/configurations will be 

important to optimize this technology. A significant barrier to advancing the sonogenetics 

is the lack of technologies and experimental systems to capture and dissect the dynamic 

interaction of ultrasound with target cells and the resultant cell membrane deformation 

(or strain)  and its correlation to MS channel dynamics at the single cell level. To resolve 

these technical challenges, we have developed a novel vertically  deployed surface 

acoustic wave (VD-SAW) transducer platform that can be readily integrated with a 

fluorescence microscope for simultaneous observation and monitoring of the interaction 

of US waves with target cells, the mechanical strain and stress in cell membrane, and the 

resultant bioeffects at the single cell level. In Chapter 1, we introduced the background of 

US neuromodulation  and sonogenetics, followed by a description of the major challenges 

in this field and  ÛÏÌɯÒÌàɯØÜÌÚÛÐÖÕÚɯÞÌɀÙÌɯÎÖÐÕÎɯÛÖɯaddress in this dissertation. In Chapter 

2, we investigated the activation of Piezo1, one of the few eukaryotic channels known to 

be responsible to US, by monitoring the intracellular calcium response ( ὅὥ ). We 

observed that Piezo1 activation is highly determined by shear stress amplitude and pulse 

length (PL) of the stimulation. Under the same acoustic energy, we identified an optimal 

PL that leads to maximum cell deformation, and Piezo1 activation rate with minimal  

injury. Our results suggested the optimal PL is related to the viscoelastic response of cell 

membrane and the gating dynamics of Piezo1 which has not been considered in previous 

sonogenetics studies. In Chapter 3, we further constructed a 3D cell culture model in 
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collagen hydrogel to better mimic the realistic cell culture condition. The hydrogel ruled 

out the involvement of acoustic streaming and thus facilitated the investigation of the role 

of ARF in sonogenetics which is a more practical form of US energy in vivo.  The VD-SAW 

array integrated with 3D cell culture model was translated to a confocal fluorescence 

microscope for acquiring the initiation of intracellular calcium response and the cell 

membrane deformation in 3D. With the system upgrade, we found ARF is more efficient 

than acoustic streaming for activating Piezo1 channel. We also observed that the Piezo2, 

a homolog to Piezo1, requires higher power of US than Piezo1 for activation. Interestingly, 

we found Piezo2 is sensitive to membrane compression, while Piezo1 is sensitive to 

membrane tension. The observed differences of mechanical sensitivities and activating 

schemes between Piezo1 and Piezo2 were consistent with previous evidence in cell 

mechanotransduction studies using patch clamp. We furth er combined numerical 

modeling and 3D confocal imaging with digital volume correlation to analyze cell 

membrane stress under insonification. We established the relationship between US-

induced mechanical effect and cellular bioeffects (Ca2+ signaling via MS channel activation) 

by a key parameter: the total strain energy, which take accounts of magnitude of stress, 

volume of cell under stress, and sonification time. Our results suggested that the stress 

distribution and total strain energy induced by US were strongly correlated to the 

directions of ARF. 6ÌɀÝÌɯÚÏÖÞÕɯÛÏÈÛɯÛÏÌɯÛÖÛÈÓɯÚÛÙÈÐÕɯÌÕÌÙÎàɯÊÖÜÓËɯÙÌÊÈ×ÐÛÜÓÈÛÌɯÛÏÌɯ

effectiveness of ARF on Piezo1 activation. Overall, we have developed a miniatured, 
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highly compatible and controllable VD -SAW transducer for studying sonogenetics at the 

single cell level. Our preliminary results provide  new insights into the mechanisms of 

ultrasonic activation of Piezo  channels. By virtue of its dimensions, compatibility , and 

targetability, the VD-SAW transducer can be readily applied for studying the mechanisms 

and key parameters underlying the activation of other MS channels by US in various types 

of cell/neuron s. We also expect that VD-SAW can be translated to ex vivo (e.g. brain slice) 

or in vivo application with the advancement of fabrication and proper compensation of 

the skull -induced US attenuation.  
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1. Introduction  

1.1 Overview of therapeutic US 

Ultrasound (US) is a special type of sound waves with  frequency higher than 20 

kHz  beyond the reception range of human hearing (Dalecki 2004). Different from light, 

magnetic, and electrical fields, US can be focused across solid structure and transmitted 

through long distance with minimal energy loss in soft biological tissues which have 

similar acoustic properties to water. Because of the non-invasiveness, non-ionization, 

versatility in beam manipulation  of US, its application s in medicine are wide -ranging and 

continue to expand (Miller et al. 2012, ter Haar 2015). US is not only a powerful tool for 

diagnostic imaging of human body but also a well -established modality  for noninvasive 

therapy (Figure 1.1). For example, lithotripsy employs high -amplitude shock waves to 

treat kidney stone disease (Sackmann et al. 1988, Zhu et al. 2002).Emerging therapeutic 

applications utilize high -intensity focused ultrasound (HIFU) for noninvasive treatment 

of tumors  (Zhou 2011, ter Haar 2001) , targeted drug delivery  (Grull and Langereis 2012), 

and thrombolysis  (Wright, Hynynen and Goertz 2012) . Furthermore, US has been 

demonstrated as a promis ing form of energy  for  neurostimulation, which m ay replace 

currently used invasive deep brain stimulation (DBS) strategies (Mihran, Barnes and 

Wachtel 1990, Tyler, Lani and Hwang 2018). While the targetability and spatial resolution 

of US in neuromodulation are considerable, US is relatively non -specific to tissue or cell-
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type and shows low specificity at the molecular level. Recently, an inspiring technique 

ÊÈÓÓÌËɯɁÚÖÕÖÎÌÕÌÛÐÊÚɂ (Ibsen et al. 2015), in which the target cells were genetically 

modified via overexpression of mechanosensitive (MS) ion channels, paved a new avenue 

for improving the accuracy and specificity of US neurostimulation.  While  the 

development of therapeutic US has continuously benefitted human health, t he application 

of US for therapeutic purposes could carry the risk of unintentional bioeffects which can 

lead to significant injury  (Miller et al. 2012). Therefore, a better understanding of the 

mechanisms by which US interacts with tissues/cells at cellular level will be required to 

optimize th e treatment and minimize the potential  side-effects for patients. 

 

Figure 1. 1: Wide range of therapeutic ultrasound applications and different 

physical mechanisms. Images from Focused Ultrasound Foundation and (Meng et al. 

2015). 
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1.2 US neuromodulation 

The idea of using US to modulate biological activity can be dated back to the 1920s 

(Harvey 1929) in which US was used to influence the activity of frog and turtle 

neuromuscular activity. After nearly 30 years, F. Fry first demonstrated the application of 

focused US in reversibly modul ating the visual evoked potentials in cats  (Fry, Ades and 

Fry 1958). Follow -up studies demonstrated that US can induce reversible uptake in the  

internal Ca2+ concentrations of fibroblasts (Mortimer and Dyson 1988) and in rat 

thymocytes, US can modulate K+ influx and e fflux (Chapman, MacNally and Tucker 1980). 

With the advancement of technology in US transducer fabrication and computational 

modeling, studies showed that focused US could penetrate through  skull and manipulate 

the activity of mammalian brain in vitro and in vivo  (Tyler et al. 2018, Mueller et al. 2014). 

Recent studies reported the use of US to modulate the activity of the human primary 

somatosensory cortex (Legon et al. 2014, Mueller et al. 2014). Compared to conventional 

deep brain stimulation (DBS) methods, US has unique advantages such as high spatial 

resolution, targeting accuracy and non-invasiveness (Table 1). US is therefore regarded as 

a promising  DBS modality which holds great potential to treat neurological disorders.   
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Table 1.1 Comparison of US neuromodulation and conventional DBS 

methods . Pictures from parkinsonsnsw.org.au, neuromodec.com and  (Rosa and 

Lisanby 2012, Lee et al. 2015). 

 

The primary  mechanisms for US neuromodulation  implied by previous studies  

are considered to be associated with changes in membrane potential due to US-induced 

neuronal membrane deformation and the activation of MS channels (Blackmore, 2019), 

yet the discussion remains open. A previous study demonstrated US  can induce 

capacitive currents in pure lipi d membrane (Prieto et al. 2013), which can be explained on 

the basis of conformational changes. Moreover, there is growing evidence suggesting the 

important role of MS ion channels in US neuromodulation. There are numerous different 

ion channels that are MS and many of them have been shown to be sensitive to US of 

varying degrees includ ing: Piezo1 (Pan et al. 2018, Prieto et al. 2018, Qiu et al. 2019), MEC-

4 (Kubanek et al. 2018), TRP-4 (Ibsen et al. 2015, Li et al. 2018), MscL (Ye et al. 2018), the 
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K2p family (Kubanek et al. 2016) and voltage-gated channels (VGCs) (Kubanek et al. 2016, 

Lin et al. 2019).  

1.3 Sonogenetics  

Despite the continued effort and growing interest in exploring the potential of  US 

neuromodulation, several limitations hinder the development of this technology in clinic 

applications. For example, the lack of cell-specific selectivity of US stimulation remains a 

major problem for targeted neuromodulation  (Qiu et al. 2020, Wang et al. 2020). Also, the 

parameter space of US (e.g. pressure level, pulse length, total treatment time, etc.) to elicit 

specific neural response is poorly understood. Overdose of US exposure could lead to 

unwanted heating and potential cell injury  (Miller et al. 2012). To overcome these 

ÓÐÔÐÛÈÛÐÖÕÚȮɯ Èɯ ÕÖÝÌÓɯ ÛÌÊÏÕÖÓÖÎàɯ ÊÈÓÓÌËɯ ɁÚÖÕÖÎÌÕÌÛÐÊÚɂɯ ÞÈÚɯ ÍÐÙÚÛɯ ×ÙÖ×ÖÚÌËɯ ÈÕËɯ

demonstrated in C. elegans in 2015 (Ibsen et al. 2015). In particular, it was  shown that US 

amplified by microbubbles could activate specific cells which were overexpressed with 

mechanosensitive ion channel (TRP-4) in a controllable manner. Similar to optogenetics, 

sonogenetics intends to use US to precisely and efficiently activate the targeted 

cell/neurons that have been genetically modified to express mechanosensitive ion 

channels. This approach could potentially sensitize the targeted cells/neurons to US 

stimulus, improv ing the specificity of US neuromodulation while lower ing the risk of 

overdose or injury  (Qiu et al. 2020). Besides the inherent advantages of US, sonogenetics 
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could provide a deeper penetration than opt ogenetics (Kalanithi and Henderson 2012) 

and better temporal resolution than magnetogenetics (Long et al. 2015). 

Mechanosensitive ion channels act as the mechanosensor in sonogenetics to 

mediate the biochemical and bioelectrical signaling elicited by US. MS ion channels are 

currently categorized by stretch-sensitive, displacement-sensitive, and shear stress-

sensitive ion channels (Cox, Bavi and Martinac 2017). In this dissertation, we are 

specifically interested in Piezo proteins, including Pie zo1 and Piezo2 channels (Coste et 

al. 2010), which were first identified in mammalian cell s to induce mechanical activated 

currents. Genetic studies established that Piezo channels are expressed in a diverse set of 

organs and tissues within the human body : Piezo1 is primarily found  in non-sensory 

tissues exposed to flow and shear stress (e.g., kidneys, endothelium and  vascular smooth 

muscle cells, red blood cells), whereas Piezo2 is predominantly expressed in sensory 

tissues (e.g., dorsal root ganglia  sensory neurons and Merkel cells) that respond to 

compression and touch (Figure 1.2(b)) (Lewis and Grandl 2015). Piezo channels have high 

sensitivity to mechanical force compared with other MS channels (Figure 1.2(a)) (Prieto et 

al. 2018, Lewis and Grandl 2015) and high specificity for activation purely by mechanical 

stimulation w hile other MS channels (e.g. TRPV1/4, TREK-1) are also sensitive to 

temperature change (Yang et al. 2020, Chemin et al. 2005). More intriguingly,  Piezo1 

exhibits frequency dependent-filtering effect in response to repetitive forces  (Lewis et al. 
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2017). The combination  of these unique features makes Piezo channel as a strong 

candidate for the ideal molecular target of sonogenetics. Previous studies revealed that 

Piezo1 is a polymodal sensor for diverse mechanical forces including stretch, indentation, 

shear stress and US stimulation (Coste et al. 2010, Lewis and Grandl 2015), while Piezo2 

can only be activated by positive pressure induced by membrane indentation  (Lewis et al. 

2017, Shin et al. 2019) in vivo  and has not been tested by US stimulation.  

 

Figure 1. 2: (a) Ion channel mechanical continuum (Bavi et al. 2017). (b) 

Expression and physiological roles of Piezo channels (Wu, Lewis and Grandl 2017).  

1.4 Fundamentals of US 

1.4.1 Physics of US 

Bulk and surface acoustic wave (SAW) are the typical models of US wave 

propagating in various materials. Bulk waves including l ongitudinal (P) and shear (S) 

waves are generally present in solid materials. The particle displacement of the medium 

in a P wave is parallel to the propagation  direction of the wave; the particle displacement 
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of the medium in a S wave is perpendicular to the propagation direction of the wave. SAW 

is a type of US wave that travels parallel to the surface of an elastic materials, with their 

displacement amplitude decaying into the material so that they are confined to within 

roughly one wavelength of the  surface (Matthews 1977).  

In an isotropic and homogeneous solid medium, the wave equation takes the form 

of (Auld 1990):  

‗ ς‘ᶯ Ͻɳ◊ ”ɳ ᶯ ◊ ”
◊
                             (1.1) 

where u is the particle displacement vector, ‗ȟ‘ȟ and ” are the Lame parameters, and 

density of the medium, respectively. In an infinite domain, P and S waves can be 

decoupled and expressed in terms of a scalar potential (ɮ  and a vector potential (ɰ  as 

○ Ͻɳɮ ᶯ ɰ                                         (1.2) 

Through rearrangements, Eq. (1.2) could be decomposed into two uncoupled wave 

equations in the form of  

ᶯɮ πȟὅ                                                     (1.3) 

ᶯɰ πȟὅ                                                      (1.4) 

Solutions of Eq. (1.3) and (1.4) represent P and S waves, respectively. ὅ and ὅ are the 

wave speed of P and S waves.  
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At  the free boundary of a semi-infinite domain between vacuum and solid (Figure. 

1.3), the longitudinal and shear waves are re-coupled by the free boundary conditions to 

form a surface acoustic wave (SAW), also known as Rayleigh wave (Viktorov 1967).  

Different from homogeneous P and S waves in an infinite domain, a Rayleigh wave is 

composed of two inhomogeneous modes which attenuates in the z direction . 

 
Figure 1. 3: Propagation of Rayleigh wave along the solid -vacuum in terface 

(Cheng and Takiguchi 2019).  

At a fluid -solid boundary, another type of SAW, known as leaky SAW or leaky 

Rayleigh wave (LRW) exists. The LRW attenuates along the z-axis defined by its 

propagation direction along the substrate surface. The mathematical expression of LRW 

is shown below :  

                       Ὗ ὃὯὩ Ὡ Ὡ                                               (1.5) 

                                   ὡ ὃήὩ Ὡ Ὡ                                       (1.6) 

where ʖ is the angular frequency of the harmonic loading on the boundary, A is a constant 

related to the amplitude of potentials, ὯȟὯȟὯ are the component of the Rayleigh wave 
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number in the propagation (or x) direction, longitudinal wave number, and shear wave 

number, respectively. Ὗȟὡ are the components of the displacement along the x and z 

direction in the solid,  ή Ὧ Ὧ, ί Ὧ Ὧ.  A characteristic equation determines 

the values of wave numbers (or wave speed) of LRW:   

  τὯήί Ὧ ί Ὥ                                       (1.7)                                                                                                                                                                                

where ” and ” are the density of the fluid and solid, Ὧ is the wave number in the fluid.   

The LRW has a complex wave number Ὧ , which indicates 

mathematically that it will attenuate while propagating along the interface. Leaky 

Rayleigh waves propagate with a velocity slightly higher than the ordinary Rayleigh wave  

(ὧ ὧ , and attenuate more intensively with distance due to continuous energy 

radiation into the fluid  at the Rayleigh angle given by  — ÓÉÎ   (Viktorov 1967).   

1.4.2 Generation of US 

The bulk waves (P and S wave) have been widely used in non-destructive 

inspection and clinic application as shown in Figure 1.4(a). The physical concept 

underlying the ultrasound transducer is the piezoelectric effect. This is the property  of 

piezoelectric materials that causes them to change in shape when an electric current is 

applied to them.   
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Figure 1. 4: Common ways for generating (a) bulk US waves (Images from 

Bright Hub Engineering and Seattle Neuroscien ce Institute) and (b) surface acoustic 

wave (Jo and Guldiken 2014, Shi et al. 2009). 

SAW-based microfluidic technologies have recently received much attention for a 

variety of applications including focusing and separation  of particles/cells as well as 

pumping  and mixing  of fluids in the microfluidic channel  (Figure 1.4(b)) (Ding et al. 2013, 

Li et al. 2015). In general, SAWs are generated by inputting electric signals from a function 

generator through an amplifier to interdigital transducers (IDTs) patterned on a 128 Ј-Y 

cut lithium niobate (LN) wafer. The IDT is usually made of thin Au or Al layer with 

protective layer, both deposited using e-beam evaporator. Once in contact with the fluid, 

the SAWs are converted to leaky SAWs and attenuate along the substrate surface. The 
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acoustic energy leaks into the liquid in the form of longitudinal pressure waves emitted 

with a wave vector parallel to the Rayleigh angle at the water -LN boundary  —

ÓÉÎ ςσЈ, where ὅ is the speed of sound in the liquid (1498 m/s for water) and 

ὧ  = 3990 m/s (Figure 1.4(b)).  

The attenuation coefficients along , fluid/substrate interface (Ⱦ) and in the fluid 

(ɼ) are given by (Dentry, Yeo and Friend 2014):   

Ⱦ
                                                           (1.8) 

  ɼ                                                               (1.9)                                                                                                                                                                                                                          

where ‗  is the SAW wavelength in the substrate, is the angular frequency, ”ȟ and  

ὧȟ are the density and sound speed in the fluid and substrate, respectively  (” = 4628 

ὯὫάϳ  and ὧ = 3931ά ίϳ for 128Ј-Y cut lithium niobate), and Â ‘ ‘  is a function of 

the dynamic and bulk viscosity.  

1.4.3 Mechanical effects of US on cell membrane 

Previous studies indicated that the physical mechanisms underlying the 

mechanical effects of US on cell membrane are associated with acoustic radiation force 

(ARF) (Prieto et al. 2013), acoustic streaming (AS) induced shear stress (Prieto et al. 2018) 

and cavitation  (Ibsen et al. 2015), as illustrated in Figure 1.5. The ARF generated by a 

propagating plane wave is  proportional to the time -average change of particle velocity in 
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the direction of wave  propagation (Palmeri et al. 2005). When US propagates through 

biological tissues, the periodic pressure variation produced by ultrasound can trigger 

streaming by momentum  transfer from a resonant particle or compressible boundary 

object to its surrounding fluid environment (Nyborg and Ziskin 1985) . Acoustic streaming 

generally elicits shear stress on cell membrane in the form of eddy currents, liquid 

microjets, and other turbulent actions in fluids, which can  modulate cellular membrane 

permeability  (Sundaram, Mellein and Mitragotri 2003) .  Cavitation occurs when 

ultrasound pressure variation leads to the creation and oscillation of small gas/vapor-

filled cavities (or microbubbles)  resident in fluids  (Tyler 2011). There are two  primar y 

types of cavitation. Inertial cavitation refers to  the nonlinear expansion and collapse of 

bubbles followed by implosion or explosion. Depending on  the size of the gas cavities 

present, the intensity and duration of US exposure, and the frequency of US transmitted, 

inertial cavitation can destroy  tissues. Stable cavitation, on the other hand, does not 

readily produce tissue damage because it does not involve violent bubble explosion or 

collapse and can safely mediate US-induced changes in cellular membrane conductance 

(Dinno, Crum and Wu 1989, Fan et al. 2012). 
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Figure 1. 5: Proposed mechanisms underlying the mechanical effects of US in 

modulating neuronal activity (Tyler 2011). 

The general governing equations for a fluid are the continuity and the Navier ɬ

Stokes equations (Morse and Ingard 1986), respectively:  

Ͻɳ”ὺ π                                                    (1.10a)                                                                                                                                                                                                                          

” ὴɳ ”ὺϽɳ ὺ ‘ɳ ὺ ‘ ‘ ᶯ Ͻɳὺ                 (1.10b)                                                                                                                                                                                                                          

where v, ”, ὴ, ‘ and ‘  are the particle  velocity,  density and pressure of the fluid at rest, 

the dynamic  viscosity , and the bulky  viscosity. By linearizing the Eq. (1.10) using a 

perturbation approximation, we can obtain the first -order equations for an acoustic field 

and the time-averaged second-order equations for steady acoustic streaming 

” Ͻɳὺ π                                                    (1.11a)                                                                                                                                                                                                                          

                                   ” ὧ ”ɳ ‘ɳ ὺ ‘ ‘ ᶯ Ͻɳὺ                       (1.11b)                                                                                                                                            

The subscript 1 denotes the first -order terms, whereas the subscript 0 indicates constant 

properties of a quiescent fluid. ὧ is the speed of sound in the fluid and is related to the 

first -order pressure ὴ with density ” through the equation of state ὴ ὧ”.  
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The second-order time -averaged equations are given as: 

” Ͻɳὺ Ͻɳộ”ὺỚ                                          (1.12a)                                                                                                                                                                                                                          

ὴɳ ‘ɳ ộὺỚ ‘ ‘ ᶯ Ͻɳὺ ”ộ Ớ ”ộὺϽɳ ὺỚ            (1.12b)                                                                                                                                                                                                                          

The subscript 2 denotes the second-order terms. The brackets ộ Ớ denote a time-average 

over an oscillation period. It can be seen from Eq. (1.12) that the equations are in fact the 

continuity and the Navier ɬStokes equations with source terms, which drive the flow fields 

of ὺ and ὴ. The source terms, such as the mass source term Ͻɳộ”ὺỚ  in Eq. (1.12a) and 

the force source term ”ộ Ớ ”ộὺϽɳ ὺỚ in Eq. (1.12b), are products of first -order 

terms. ộὺỚ is physically  referred to acoustic streaming velocity. Considering sound waves 

which vary sinusoidally in time with frequency at  ʖ.  To obtain a streaming equation from 

Eq. (1.12b), we retain the terms up to second order and take the time average of force 

source term, the result is written  as (Nyborg 1965): 

Ὂ ”ộὺ Ͻɳὺ ὺ ὺɳỚ                                                (1.13) 

This force term is called acoustic radiation force (ARF). In short, ARF results from a 

transfer of momentum from the sound field to the object. For a plane wave, the expression 

for radiation  force in (1.13) can be reduced to: 

Ὂ ς”ộὺ Ớ                                                      (1.14)                                                                                                                                                                                                                          
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The direction of this radiation forc e occurs in the direction of wave propagation (i.e., the 

Poynting vector for the acoustic wave) . Therefore, at any given spatial location, the 

magnitude of acoustic radiation force , ȿὊȿ is: 

ȿὊȿ                                                              (1.15) 

ÞÏÌÙÌɯϔɯÐÚɯÛÏÌɯÈÉÚÖÙ×ÛÐÖÕ coefficient of the medium , and Ὅ is the temporal average 

intensity at that spatial location  defined by :  

Ὅ ὙὩὴzὺ                                                       (1.16) 

where ὴᶻ is the conjugate of ὴ. The magnitude of ARF depends on the characteristics of 

both the sound field and medium.  

1.5 Major challenges in fundamental studies in sonogenetics  

Sonogenetics has emerged as a promising novel non-invasive approach for cell -

specific neurol modulation. Despite the great promise, there are still significant  challenges 

that hinder the application and advancement of this technology .  

First of all, the physical mechanism by which US is converted into an effective 

energy form to elicit neuromodulation remains poorly understood . The first proof -of-

principle study of sonogenetics used US combined with microbubbles to activates target 

cells in C. elegans expressing MS channel (TRP-4) (Ibsen et al. 2015). However, the 

microbubbles were randomly distributed in culture dish and the  precise mechanisms 

underlying US/cell interaction was elusive. Another recent study suggested both ARF and 
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AS contribute to the activation of heterologously expressed Piezo1 channels but cannot 

distinguish their individual roles, respectively (Prieto et al. 2018). Also, the acoustic field 

in th e experimental setup was significantly disturbed b y the bottom of Petri dish which 

lends additional uncertainty  of the results.  The discussion on physical action of US on 

neuromodulation remains open. It is unknown  which form of US energy (e.g. ARF, AS, 

cavitation) is more important in a specific neurost imulation or whether they are more 

effective when acting concurrently. Therefore, a clean system with well-defined US 

stimulus and observable biological response is required to elucidate the roles of different 

physical actions of US.  

Second, the optimal U S exposure conditions for eliciting a sonogenetic response 

with minimal adverse effects have yet been clearly identified.  Previous studies have 

examined the effects of pulsed US on neural activity using a wide range of insonification 

schemes (Yoo et al. 2011, Bystritsky et al. 2011, Tufail et al. 2011, King et al. 2013). Various 

combinations of fundamental frequency (f 0), pressure amplitude (PA), duty cycle (DC), 

pulse length (PL), pulse-repetition frequency (PRF), and treatment time (TT) have been 

evaluated. For example, Kim et al. found that 1 to 5 ms PL produces the strongest motor 

response in rats, and further speculated that increasing PL might recruit inhibitory neural 

circuits and thus raising the stimulation threshold (Kim et al. 2012).  Jan and colleagues 

reported that pulsed ultrasound at 300 -1000 Hz PRF, 50% DC (corresponding to PL = 0.5 
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to 1.7 ms) and 200 ms TT produces the highest behavior response ratio in C. elegans, 

possibly due to the mechanical filtering effect associated with the viscoelastic properties 

of soft tissues (Kubanek et al. 2018). Although previous studies suggest the existence of 

optimal US condition for specific applications, the particular reason of a specific condition 

has not been clarified and the risk of injury during insonification has not  been evaluated.  

Third, the interaction of US with cell membrane is unknown due to the limitation 

in experimental setup and computational methods. Previous studies have shown that the 

activation of MS ion channels is related to the mechanical deformation of cell membrane 

(Prieto et al. 2013, Lewis and Grandl 2015). In a patch-clamp electrophysiological study, 

Lewis and Grandl  applied tension to the membrane patch while simultaneously imaging 

the membrane inside the patch pipette with differential interference contrast (DIC) 

microscopy (Lewis and Grandl 2015). The DIC method can only resolve local membrane 

curvature change inside the micropipette and will be  problematic in US/cell interaction 

where a more global membrane deformation (potentiality in 3D) is expected. In the 

context of imaging US/cell interaction, specific modification of either US transducer or 

customized imaging system is required due to the bulk volume of conventional US 

transducer. Menz et al. utilized a custom two-photon laser scanning microscope to image 

the displacement of retina during insonification  and simultaneously recording the 

ganglion cell spi king activity  using electro array (Menz et al. 2019). This advanced 
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imaging method allows for 3D imaging of retina deformation.  However, the resultant 3D 

strain or stress field caused by US in the membrane of a single cell has not been further 

explored and correlated to US parameters. Also, the multielectrode  array used in their 

study interfered the US propagation, leading to an altered US field. An undisturbed  US 

field , simple functional assays for measuring bioeffects at cellular level, advanced image 

analysis for strain or stress quantification are needed for us to better understand the 

mechanisms and explore the key parameters in US neuromodulation.   

1.6 Objectives of this dissertation 

Despite much efforts in the past, the broad and more effective applications of 

sonogenetics are often hindered by the lack of a clear understanding of the underlying 

working mechanisms. Complicating the picture is essentially the complex and polymodal 

nature of the interaction between US and biological tissue (O'Brien 2007). To gain a 

fundamental understanding of the mechanisms and optimize the parameters in 

sonogenetics, a critical step is to build a clean and simple model in vitro. Clarity should 

be provided by such a system at the cellular level  for studying the behavior of the MS ion 

channels in response to US. With this in mind, this dissertation aims to address the major 

challenges in analyzing ultrasound -cell interaction and resultant bioeffects at the cellular 

level so that a better understanding of the working mechanisms of sonogenetics can be 

achieved which could further guide the optimization of this technique. In Chapter 2, we 
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will demonstrate a vertically  deployed surface-acoustic-wave (VD-SAW) transducer that 

can be easily integrated with a microscope for simultaneous observation of the biological 

and mechanical response of the targeted single cells in response to US. We show that the 

single-element VD-SAW generates a horizonal acoustical streaming flow that leads to 

shear stress acting on the adherent cells cultured on the bottom of Petri dish. We will 

experimentally and numerically examine the parameter space of US that will l ead to 

efficient activation of the targeted Piezo1 channel with minimal risk  of injury. In Chapter 

3, we intend to upgrade our VD -SAW into an array configuration to further enhance  the 

activation rate of Piezo1. We incorporate a 3D-cell culture hydrogel model to add more 

physiological relevance of our model  to in vivo applications . We further test if Piezo2 

channel, a homolog of Piezo1 but with different sensitivity and responding s chemes, 

could also be activated by US stimulation  and compare the different characteristics of Ca2+ 

signaling mediated by Piezo1 and Piezo2. In addition, w e apply 3D confocal imaging 

combined with digital image correlation to visualize the mechanical strain (deformation) 

of cell membrane during insonification. Furthermore, a numerical modeling is 

constructed to analyze the stress and strain distribution in the single cell cultured in the 

3D hydrogel model induced by US and compare with experimental observat ions. We 

hope to establish the relationship between the mechanical deformation  and biological 

response at cellular level (e.g. Ca2+ signaling via the activation of MS channel) under 
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insonification  and to gain new insights into the understanding of US/cell interaction and 

mechanisms of sonogenetics.
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2. Development of a single VD-SAW transducer for 
activating Piezo1 channel   

2.1 Introduction 

We wanted to investigate the effects of ultrasound on individual cells in culture, 

which allo ws us to correlate exclusively the mechanical with biological response of the 

cell under a broad range of insonification conditions. Specifically, we focus on Piezo1 

(Coste et al. 2010), one of the few eukaryotic mechanosensitive (MS) ion channels that 

respond to US-induced mechanical stimulations  (Pan et al. 2018, Prieto et al. 2018, Qiu et 

al. 2019). We developed a novel vertically deployed surface -acoustic-wave (VD-SAW) 

platform to deliver high frequency US stimulation and acoustic streaming induced shear 

stresses to single HEK293T cells transfected with Piezo1 while monitoring concomitantly 

the cell displacement, membrane poration, and Ca2+ signaling .  Our previous results 

suggest that under the same 20% DC and 60s TT, US treatment at 100 ms PL (or 2 Hz PRF) 

produces much higher Piezo1 activation pro bability and intracellular calcium 

( ὅὥ    response than its counterpart at 1 mÓ PL (or 200 Hz PRF). This preliminary 

observation suggests that an optimal US condition may exist, leading to the highest Piezo1 

activation probability and ὅὥ  response. 

In this chapter, we employ the VD -SAW platform and further broaden the 

parameter space to determine the safe and effective range of US exposures for Piezo1 

activation and intracellular calcium response in the HEK293T cells.  In particular, we 
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examined cell displacement, calcium response characteristics, membrane poration and 

cell detachment under shear stress produced by the VD-SAW transducer in the range of 

18 to 74 ÄÙÎÅȾÃÍ.  Under the 50 ÄÙÎÅȾÃÍ shear stress level, we further adjusted the PL 

over a broad range from 0.01 ms to 1.0 s to identify the optimal insonification condition 

for safe and effective activation of Piezo1. Moreover, we utilized a four -state model of 

channel gating for Piezo1 (Coste et al. 2010, Lewis et al. 2017) with modifications to 

facilitate the interpretation of the PL -dependency in ὅὥ   response observed 

experimentally. Altogether, ou r results highlight the importance of optimizing US 

pulsating strategy for eliciting a safe and effective calcium response in cells with 

mechanosensitive ion channels. 

2.2 Materials and methods 

Cell culture and transfection. HEK293T-P1KO cells (Piezo1 knock-out human embryonic 

kidney cells) and plasmid Mouse Piezo1-pIRES-EGFP in pcDNA3.1 were obtained from 

Dr. Jorg Grandl of Duke Neurobiology and previously described (Dubin et al. 2017). Cells 

were cultured in a 6-well plate  in DMEM (high glucose) supplemented with 10% heat -

inactivated fetal bovine serum (FBS) and penicillin/streptomycin antibiotics (DMEM 

complete medium), and grown in a cell culture incubator at 37 °C with 5% CO 2 as 

previously described (Coste et al. 2010). Cells were transiently transfected with Mouse 

/ÐÌáÖƕɯȹƗɯϟÎȺɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯƕƔɯϟ,ɯÙÜÛÏÌÕÐÜÔɯÙÌËɯÜÚÐÕÎɯ%ÜÎÌÕÌƚɯȹ/ÙÖÔÌÎÈ, Madison, 
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WI) according to manufacturer protocol. About 20% -30% of cells showed positive GFP 

expression indicating successful transfection of Piezo1 and were considered as P1TF cells. 

After 2 days, cells were reseeded in a 35 mm glass-bottomed Petri dish (81158, ibidi ), 

ÞÏÐÊÏɯÞÈÚɯÊÖÈÛÌËɯÞÐÛÏɯƙƔɯϟÎɤÔ+ɯ%ÐÉÙÖÕÌÊÛÐÕ (ThermoFisher Scientific). Cells were then 

incubated in DMEM complete medium at 37 °C for 3 h ours before US treatment. 

Measurement of intracellular calcium response. Intracellular calcium response ( ὅὥ ) 

was measured by fluorescence imaging using the indicator dye fura -2 AM(Grynkiewicz, 

Poenie and Tsien 1985). Cells were incubated for 30 minutes at 37 °C and 5% CO2 in 

.×ÛÐ,$,ɯȹ3ÏÌÙÔÖ%ÐÚÏÌÙɯ2ÊÐÌÕÛÐÍÐÊȺɯÊÖÕÛÈÐÕÐÕÎɯƚɯϟ,ɯÍÜÙÈ-2 AM (ThermoFisher Scientific) 

dissolved in DMSO and 0.05% Pluronic F-127 (Invitrogen) (Liao et al. 2019). After 

incubation, the Petri dish was washed 3 times with OptiMEM to eliminate the excess  fura-

Ɩɯ ,ɯÉÌÍÖÙÌɯÐÕÚÖÕÐÍÐÊÈÛÐÖÕȭɯƕƔƔɯϟÎɤÔ+ propidium iodid e (PI) was added to monitor 

membrane permeability change and cell necrosis(Li et al. 2018). A monochromator 

(DELTA RAM X; PTI) was used for calcium and PI imaging.  ὅὥ  was measured by 

ratiometric imaging with fura -2 at 340 and 380 nm excitation, and the fluorescence 

emission was recorded at 510 nm by a sCMOS camera (EDGE 5.5 CL; PCO) at a frame rate 

of 10 Hz for a total recording time up to 350 s as we described previously (Liao et al. 2019).  

Thereafter, the ratio between fluorescence intensity from 340 and 380 nm excitation (F) 
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over time was obtained in the EasyRatioPro 2 imaging processing software (HORIBA 

Scientific).  

Data analysis. The normalized fluorescence ratio change [(Ὂ Ὂ Ὂϳ ], where F0 is the 

average resting value of the cell before US treatment, was further analyzed using 

MATLAB (MathWorks) to obtain the characteristics of ὅὥ  (peak amplitude and 

response time)(Liao et al. 2019).The response time is defined as the full-width at half 

maximum of the ὅὥ  response. At high input voltage (or shear stress), cells might 

move along the acoustic streaming direction during insonificat ion, leading to some 

fluorescence intensity fluctuations, up to 10% of the resting value. Thus, only the cells with 

ÛÏÌɯ×ÌÈÒɯÕÖÙÔÈÓÐáÌËɯÙÈÛÐÖɯÊÏÈÕÎÌɯÎÙÌÈÛÌÙɯÛÏÈÕɯƕƔǔɯÞÌÙÌɯÊÖÕÚÐËÌÙÌËɯÈÚɯɁÙÌÚ×ÖÕÚÐÝÌɂɯ

above the background noise level(Liao et al. 2019). The intracellular calcium wave (ICW) 

speed was calculated based on the protocol previously described(Li et al. 2018). Two 

circular regions (5 ʈÍ in diameter), with region 1 located at the area where ὅὥ  

initiated and region 2 near the center of the cell, were drawn manually by the ROI 

manager in ImageJ. The time delay of the half maximum of ὅὥ  response at these two 

regions were used as the ὅὥ  propagating time. The peak ὅὥ  change at region 1 

was further used as a measure of the ὅὥ  influx mediated by Piezo1 in P1TF cells.  
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2.3 Results 

2.3.1 Application of shear stress to single cells by VD-SAW 

We utili zed a 33-MHz  VD-SAW transducer to produce leaky pressure waves and 

apply acoustic streaming-induced shear stresses to individual HEK293T adherent cells 

grown on the glass-bottom of a Petri dish (Figure 2.1(a), see also (Liao et al. 2019)).  

Fluorescence and bright field imaging systems were incorporated in the VD -SAW 

platform to monitor the intra cellular ὅὥ  signaling and characterize the morphological 

change of the cells produced by insonification. Figure 2.1(b) illustrates the modulated 

electrical signals supplied to the VD -SAW transducer and associated parameters (input 

voltage (V in), period (T), TT, f0, pulse repetition period (PRP), PL and PRF). Figure 2.1(c) 

depicts our experimental protocol for varying PL while delivering a constant total 

insonification acoustic energy to the target cells under the same DC (20%) and TT (60 s).  
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Figure 2. 1: Piezo1 channel is activated by ultrasound with various 

insonification parameters, using our VD -SAW platform. (a) A schematic illustration 

of the combined VD -SAW transducer and fluorescent imaging system: 1: condenser, 

2: function generator, 3: power amplifier, 4: three -axis micro -manipulator, 5: glass -

bottom Petri dish, 6: 20x objective lens.  (b) An illustration of various parameters of 

the ultrasound pulses: PL: pulse length, T: period, f0: fundamental frequency, Vin: 

input voltage, DC: duty cycle, PRP: pulse repetition period, PRF: pulse repetition 

frequency. (c) Diagrams depicting different insonification protocols with varying PL 

while maintaining a constant total ultrasound exposure energy. TT: treatment time.  

We performed numerical simulations by COMSOL to calculate the pressure 

amplitude ȿὴȿ and streaming velocity amplitude ȿὺȿ produced by the VD-SAW 

transducer under continuous wave (CW) mode (Fig ure 2.2(a)). The vibration amplitude 

of the harmonic SAW measured by a custom-built optical interferometer was input as the 

boundary condition in the simulation (see Appendix  Figure A.1). The pressure amplitude 

was measured by a fiber optic probe hydrophone in a fre e-field at z = 3 mm plane. The -
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6-dB beam size is around 3.2 mm x 2.1 mm (see Appendix  Figure A.2). The shear stress (ʐ) 

at the bottom of the Petri dish near the cell surface was calculated by ʐ ʈ  (ʈ is the 

dynamic viscosity of water. At 20 ᴈ, ʈ ρ ρπὔϽίϽά ). The range of shear stress 

produced in the target area varies from 18 to 74 dyne/cm2 (Appendix  Figure A.3), 

encompassing the previously reported values for shear-induced activation of Piezo1 in 

various types of cells(Ranade et al. 2014, Maneshi et al. 2018, Lai et al. 2020, Jetta et al. 

2019). In contrast, the acoustic radiation force (per unit volume) produced by VD -SAW 

near the cell surface was estimated to be about 2.0 x 104 N/m 3 (Liao et al. 2019), which is 

an order of magnitude less than the threshold value (1.5 x 105 N/m 3) reported to activate 

Piezo1 by US (Prieto et al. 2018). Therefore, we hypothesize that acoustic streaming-

induced shear stress is the dominant factor for eliciting the calcium response in this study.  

Using a 2D viscoelastic model of a semi-elliptical shape with semi -major axis a = 

7.5 ʈÍ and semi-minor axis b = 5 ʈÍ and associated mechanical properties relevant to 

HEK293T cell (Reed et al. 2008), we simulated the response of an adherent cell to a 

constant shear flow to illustrate the salient features of their interaction (Fig ure 2.2(b)). In 

particular, we observed inhomogeneous distribution of the von M ises stress inside the 

cell, with a high stress concentration built up at the leading edge, accompanied by a 

relatively small area of stress concentration produced at the trailing edge of the cell along 

the shear flow direction.  
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Figure 2. 2: Numerical modeling reveals that the shear stress induced by 

acoustic streaming is the dominant mechanism for Piezo1 activation observed in the 

experiment. Vin = 80 mV (or  = 50 dyne/cm2) was used as an example. (a) Finite 

element  simulation of the acoustic field produced by VD -SAW operated under CW 

mode. Top: the amplitude of the first -order pressure amplitude ( ȿ▬ȿ) associated with 

acoustic radiation force. Bottom: the amplitude of the second -order velocity ( ȿ○ȿ) 

associated with acoustic streaming. (b) Finite element simulation shows the 

distribution of von Mises stress inside an adherent cell model with its center located 

at (x, z) = (6 mm, 3 mm) in response to streaming flow -induced shear. Black -arrow 

vectors indicate the d irection and amplitude of the streaming velocity.  

2.3.2 Effects of shear stress amplitude on Piezo1 activation and [Ca2+]i 
response 

To determine the effective and safe parameter range of VD-SAW to activate 

Piezo1, we utilized HEK293T cells with endogenous Piezo1 genetically knock-out(Coste 

et al. 2010), denoted by P1KO.  Two days before the experiment, we transiently transfected 

Piezo1 plasmids into the P1KO cells using Fugene6 (Promega, Madison, WI), yielding 

about 20%-30% of the cells transfected with Piezo1 (labelled by GFP), denoted by P1TF.  

Using this approach, we could co-culture P1KO and P1TF cells in the same Petri dish, 

which were then treated simultaneously by various insonification protocols. Thereaft er, 

we examined the effects of shear stress on Piezo1 activation, ὅὥ  response, membrane 
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poration and cell detachment, with the ὅὥ  response assessed by ratiometric 

fluorescence imaging using fura-2 and membrane poration by propidium iodide ( PI) 

uptake. All of the cells having a normalized fluorescence (F) ratio ((F-F0)/F0) above 10% of 

the background fluorescence (F0ȺɯÞÌÙÌɯÊÖÕÚÐËÌÙÌËɯÈÚɯɁÙÌÚ×ÖÕÚÐÝÌɂȰɯÖÛÏÌÙɯÊÌÓÓÚɯÛÏÈÛɯÍÌÓÓɯ

ÉÌÓÖÞɯÛÏÐÚɯÛÏÙÌÚÏÖÓËɯÞÌÙÌɯËÌÍÐÕÌËɯÈÚɯɁÕÖÕ-ÙÌÚ×ÖÕÚÐÝÌɂȭɯ 

Figure 2.3 shows the typical ὅὥ  response elicited in individual P1TF cells 

without significant morphological change, detachment or PI uptake under four different 

levels of ʐ = 18, 28, 50, and 74 dyne/cm2, respectively. US pulses were applied with 100 ms 

PL, 20% DC and 60 s TT, a protocol previously demonstrated to elicit a robust ὅὥ  

response with about 70% ratio change (Liao et al. 2019). In general, despite the random 

variations in the shape and orientation of the cells in the target area, the ὅὥ  response 

was mostly initiated at the leading edge of the cell (indicated by the white arrow) facing 

the acoustic streaming-induced shear stress (red arrow) and propagated toward the center 

(Appendix  Figure A.4). Quantitatively, stronger  ὅὥ response was  elicited by higher 

shear stress (Figure 2.4(a)), reaching a plateau after υπ dyne/cm 2.  This result is 

presumably correlated with the large deformation of the cell membrane and resultant 

opening of Piezo1 and other mechanosensitive (MS) ion channels in the highly stressed 

regions(Li et al. 2018, Liao et al. 2019).  Moreover, we calculated the intracellular ὅὥ  

wave speed (CICW) propagating from the initiation site (region Ằ) to the center of the cell 
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(region ằ) using small-region analysis(Li et al. 2018). The CICW initially increased with ʐ 

before flattening out at ~3 mm/s beyond 50 dyne/cm2 (Figure 2.4(b)).  Also, the 

ὅὥ  response duration, measured by the full -width  at half  maximum (FWHM), 

initially increased with ʐ and then plateaued at ~95 s beyond 50 dyne/cm2 (Figure 2.4(c)).  

These results suggest that ὅὥ  influx through Piezo1 ion channels might reach sat uration 

with increased membrane tension (Lewis et al. 2017, Cox et al. 2016, Syeda et al. 2016). 

 

Figure 2. 3: Sequential images show the temporal [Ca2+] i ratio change in 

individual P1TF cells in response to four different levels of shear stress induced by 

acoustic streaming under 100 ms PL and 20% DC.  (a)  = 18 dyne/cm2. (b)  = 28 

dyne/cm2. (c)  = 50 dyne/cm2. (d)  = 74 dyne/cm2. US was on from 20 to 80 s. Circles 

with numbers represents the regions used for calculating CICW. Scale bar: 10 mm. 

Whit e arrows indicate the [Ca2+] i response initiation site. Red arrow at the bottom 

indicates the direction of acoustic streaming.  

Comparing between the P1TF and P1KO groups, no substantially detectable ὅὥ  

response (with ὅὥ  ÃÈÁÎÇÅ ÅØÃÅÅÄÉÎÇ ρπϷ ÏÆ ÔÈÅ ÂÁÓÅÌÉÎÅ ÖÁÌÕÅ) was elicited at ʐ = 18 
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dyne/cm 2 in either cell type (Figure 2.4(d)). At ʐ ² 28 dyne/cm2, the P1TF cells were found 

to have a ὅὥ  response rate at least 3-fold higher (Fig ure 2.4(d)) and a peak ὅὥ  2-fold 

greater than the P1KO cells (Figure 2.4(e)), indicating that Piezo1 is primarily responsible 

for transducing the shear stress. At even higher ʐ from 50 to 74 dyne/cm2, only the P1KO 

cells showed further increase in the ὅὥ  response rate and peak ὅὥ  value, while the 

response in the P1TF cells saturated. However, under such high ʐ,  both the rate of cell 

detachment and membrane poration in the non -detached cells increased significantly 

(Figure 2.4(f)), leading to a higher risk of cell injury  (Stamp et al. 2016). For example, as ʐ 

increased from 50 to 74 dyne/cm2, the rate of cell detachment and membrane poration was 

elevated by 54% and 96%, respectively.   

 

Figure 2. 4: Piezo1 activation probability, [Ca2+] i characteristics, and the 

percentages of cell detached and membrane porated show a shear stress-dependency 
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under PL = 100 ms. (a) The average temporal intracellular calcium ratio profile of P1TF 

cells in response to insonification at 100 ms PL, 20% DC, 60 s TT  but different shear 

stress levels. n = 6 for each data point, error bars represent std. (b) Intracellular 

calcium wave speed (CICW) in P1TF cells at different shear stress levels. n = 6. (c) 

Response duration in P1TF cells at different shear stress level s (n = 6). (d) Responsive 

rate of P1TF and P1KO cells at various shear stress levels (n ~ 20 for each bar). (e) Peak 

normalized intracellular calcium ratio changes in P1TF and P1KO cells at various 

shear stress levels (n ~ 6 for each case). Note: the data presented in (a) to (e) were 

based on cells that were neither detached nor porated following insonification. (f) 

Percentage of detached and porated cells over all the cells in the insonified region 

during the experiment at different shear stress levels (to tal number of cells analyzed 

at each shear stress level in the experiment: N ~ 80). Two-tailed t test in (b), (c) and (e), 

%ÐÚÏÌÙɀÚɯÌßÈÊÛɯÛÌÚÛɯÐÕɯȹËȺɯÈÕËɯȹÍȺȭɯɖ×ǾƔȭƔƙȮɯɖɖ×ǾƔȭƔƕȮɯɖɖɖ×ǾƔȭƔƔƕȮɯÈÕËɯȿÕÚɀɯËÌÕÖÛÌÚɯÕÖÛɯ

significant.  

2.3.3 Effects of insonification pulse length on Piezo1 activation and 
[Ca2+]i response 

Next, we assessed the effects of PL on Piezo1 activation and ὅὥ  response at ʐ 

= 50 dyne/cm2 by varying PRF in the range of 0.2 Hz to 20 kHz while keeping the other 

US exposure parameters constant (i.e., 20% DC and 60 s TT). This strategy allowed us to 

adjust PL in a broad range from 0.01 ms to 1000 ms, which covers the full spectrum of the 

PL used in US neuromodulation applications (Bla ckmore, 2019). Under such 

insonification conditions, negligible temperature rise (< 1 ᴈ, see Appendix  Figure A.5), 

cell detachment and membrane poration (< 10%) were produced (Figure 2.4(f)) while 

effective Piezo1 activation could be elicited.  

In general, the shear-elicited ὅὥ  response in the P1TF cells was found to be 

highly sensitive to PL with the strongest ὅὥ  change observed between 10 and 100 ms 

(Figure 2.5).  Outside this range at either shorter or longer PL, the elicited ὅὥ  response 
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became much weaker despite that the same total acoustic energy was delivered to the 

cells. Similar to the observations at different ʐ levels (Figure 2.3), the initiation of ὅὥ  

elevation started at the leading edge (Figure 2 5(a),(b),(d)-(f)) or from both the leading and 

trailing edges of the cell (Figure 2.5(c)) along the flow direction, and propagated toward 

the center.  Repeated experiments on P1TF cells treated by either Thapsigargin (to block 

calcium pumps in the ER) or calcium-free medium (Appendix  Figure A.6) indicated that 

this process is likely facilitated by a calcium -induced calcium release (CICR) mechanism 

whereby sufficient  ὅὥ  influx  from the highly stretched plasma membrane region 

triggers the ὅὥ  release from neighboring en doplasmic reticulums (ERs) in the cytosol, 

and such a diffusion -reaction process is repeated during insonification to propagate the 

intracellular calcium signaling  (Li et al. 2018, Jaffe 1993). 
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Figure 2. 5: Sequential images show the temporal [Ca2+] i ratio change in 

individual P1TF cells in response to various PL.  (a) PL = 1000 ms. (b) PL = 100 ms. (c) 

PL = 20 ms. (d) PL = 10 ms. (e) PL = 1 ms. (f) PL = 0.1 ms. Circles with numbers 

represents the regions used for calculating CICW. US was on from 20 t o 80 s. Scale bar 

length = 10 mm. White arrows indicate the [Ca2+] i response initiation sites. Red arrow 

at the bottom indicates the direction of VD -SAW transducer generated acoustic 

streaming.  

Quantitatively, Figure 2.6(a) shows the average temporal profi les of ὅὥ  

change in the PITF cells elicited at different PLs. The strongest ὅὥ  ratio change, up to 

nearly 90% above the baseline value, was produced by PL = 20 ms. Interestingly, the CICW 

and ὅὥ  response duration were also peaked at PL = 20 ms (Figure 2.6(b), (c)), and so 

were the response percentage and peak normalized ratio change in ὅὥ  (Figure 

2.6(d),(e)). Altogether, these findings suggest that a unified mechanism may exist 
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underlying this optimal insonification condition  to produce the strongest calcium 

response. It is also worth noting that at PL = 20 ms, the response percentage (~30%) of the 

P1TF cells is 6-fold of the value (~5%) in the P1KO cells (Figure 2.6(d)). Similarly, the 

normalized ratio change of ὅὥ  (93.5%) in the P1TF cells is about 4-fold of the value 

(24.6%) in the P1KO cells (Figure 2 6(e)), indicating the much higher specificity and 

sensitivity of Piezo1 to shear compared to any other MS ion channels exist in the HEK293T 

cell membrane. In addition,  the percentage of cell detachment and non-repairable 

membrane poration were found to increase monotonically with PL (Fig ure 2.6(f)), 

presumably due to breakage of adhesive receptorɬligand bonds between the cell 

membrane and extracellular matrix  (Decave et al. 2002) and rupture of cell membrane 

under sustained shear with long stretch durations  (Yuan, Yang and Zhong 2015). 

Therefore, prolonged increase in PL beyond 20 ms during insonification will resu lt in 

higher risk of cell detachment and membrane poration without enhancing the ὅὥ  

response in the target cells. 
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Figure 2. 6: Piezo1 activation probability, [Ca2+] i characteristics, and the 

percentages of cell detached and membrane porated show a PL dependence at a 

constant shear stress level (Ⱳ = 50 dyne/cm2). (a) The average temporal intracellular 

calcium ratio profile of P1TF cells in response to insonification at Ⱳ = 50 dyne/cm2, DC 

= 20%, TT = 60 s but different PL. n = 6 for each data point, error bars represent std. 

(b) Intracellular calcium wave speed (CICW) in P1TF cells at different PL (n = 6). (c) 

Response duration in P1TF cells at various PL (n = 6). (d) Response rate of P1TF and 

P1KO cells at various PL (n ~ 20 for each bar). (e) Peak normalized intracellular 

calcium ratio changes in P1TF and P1KO cells at various PL (n ~ 6 for each case).  

Note: the data presented in (a) to (e) were based on cells that were neither detached 

nor porated following insonification . (f) Percentage of detached and porated cells over 

all the cells in the experiment at different PL. (total number of cells analyzed under 

each condition: N~80). Two -ÛÈÐÓÌËɯÛɯÛÌÚÛɯÐÕɯȹÉȺȮɯȹÊȺɯÈÕËɯȹÌȺȮɯ%ÐÚÏÌÙɀÚɯÌßÈÊÛɯÛÌÚÛɯÐÕɯȹËȺɯÈÕËɯ

(f). *p<0.05, **p<0.01, ɖɖɖ×ǾƔȭƔƔƕȮɯÈÕËɯȿÕÚɀɯËÌÕÖÛÌÚɯÕÖÛɯÚÐÎÕÐÍÐÊÈÕÛȭ 

 

 

 

 






































































































































































































