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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 accurate and celltype specific US neuromodulation using sonogenetics, in which the targeted cells/neurons
are genetically modified via overexpression 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
Parkinson’s disease, epilepsy and depression. 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
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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 the key questions we’re going to address 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 ( [𝐶𝑎 2+ ]𝑖 ). 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
v

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 further combined numerical
modeling and 3D confocal imaging with digital volume correlation to analyze cell
membrane stress under insonification. We established the relationship between USinduced 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. We’ve shown that the total strain energy could recapitulate the
effectiveness of ARF on Piezo1 activation. Overall, we have developed a miniatured,
vi

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/neurons. 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 applications 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 promising form of energy for neurostimulation, which may 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 cell1

type and shows low specificity at the molecular level. Recently, an inspiring technique
called “sonogenetics” (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, the 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 the 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 modulating 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 efflux (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.

3

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 lipid 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 including: Piezo1 (Pan et al. 2018, Prieto et al. 2018, Qiu et al. 2019), MEC4 (Kubanek et al. 2018), TRP-4 (Ibsen et al. 2015, Li et al. 2018), MscL (Ye et al. 2018), the
4

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
limitations, a novel technology called “sonogenetics” was first proposed and
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, improving the specificity of US neuromodulation while lowering the risk of
overdose or injury (Qiu et al. 2020). Besides the inherent advantages of US, sonogenetics
5

could provide a deeper penetration than optogenetics (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 stresssensitive ion channels (Cox, Bavi and Martinac 2017). In this dissertation, we are
specifically interested in Piezo proteins, including Piezo1 and Piezo2 channels (Coste et
al. 2010), which were first identified in mammalian cells 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 while 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 longitudinal (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):
(𝜆 + 2𝜇)∇(∇ ∙ 𝒖) − 𝜌∇ × ∇ × 𝒖 = 𝜌

𝜕 2𝒖
𝜕𝑡 2

(1.1)

where u is the particle displacement vector, 𝜆, 𝜇, and 𝜌 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 (Φ) and a vector potential (Ψ) as
𝒗 = ∇∙Φ+∇×Ψ

(1.2)

Through rearrangements, Eq. (1.2) could be decomposed into two uncoupled wave
equations in the form of
1 𝜕2Φ
2
𝑃 𝜕𝑡

∇2 Φ − 𝐶 2

∇2 Ψ −

𝜆+2𝜇
𝜌

= 0, 𝐶𝑃 = √

1 𝜕2Ψ
𝐶𝑆2 𝜕𝑡 2

= 0, 𝐶𝑠 = √

𝜇
𝜌

(1.3)

(1.4)

Solutions of Eq. (1.3) and (1.4) represent P and S waves, respectively. 𝐶𝑃 and 𝐶𝑠 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 interface
(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:
𝑈 = 𝐴𝑘(𝑒 −𝑞𝑧 −

2𝑞𝑠
𝑘 2+𝑠2

𝜋

𝑒 −𝑠𝑧 )𝑒 𝑖(𝑘𝑥−𝜔𝑡+2 )

2𝑘 2

𝑊 = −𝐴𝑞(𝑒 −𝑞𝑧 − 𝑘 2 +𝑠2 𝑒 −𝑠𝑧 )𝑒 𝑖(𝑘𝑥−𝜔𝑡)

(1.5)
(1.6)

where ω is the angular frequency of the harmonic loading on the boundary, A is a constant
related to the amplitude of potentials, 𝑘, 𝑘𝑙 , 𝑘𝑠 are the component of the Rayleigh wave
9

number in the propagation (or x) direction, longitudinal wave number, and shear wave
number, respectively. 𝑈, 𝑊 are the components of the displacement along the x and z
direction in the solid, 𝑞 = √𝑘 2 − 𝑘𝑙2 , 𝑠 = √𝑘 2 − 𝑘𝑠2 . A characteristic equation determines
the values of wave numbers (or wave speed) of LRW:
4𝑘 2 𝑞𝑠 − (𝑘 2 + 𝑠 2 )2 = 𝑖

𝜌𝐿

𝑞𝑘𝑠2

𝜌

√𝑘𝐿2−𝑘 2

(1.7)

where 𝜌𝐿 and 𝜌 are the density of the fluid and solid, 𝑘𝐿 is the wave number in the fluid.
The LRW has a complex wave number 𝑘𝐿𝑅𝑊 = 𝑐

𝜔

𝐿𝑅𝑊

, 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
(𝑐𝐿𝑅𝑊 > 𝑐𝑅𝑊 ), and attenuate more intensively with distance due to continuous energy
radiation into the fluid at the Rayleigh angle given by 𝜃𝑅 = sin−1 𝐶

𝐶𝑓

𝐿𝑅𝑊

(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 Neuroscience 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°-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
11

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 𝜃𝑅 =
sin−1 𝐶

𝐶𝑓

𝐿𝑅𝑊

≈ 23°, where 𝐶𝑓 is the speed of sound in the liquid (1498 m/s for water) and

𝑐𝐿𝑅𝑊 = 3990 m/s (Figure 1.4(b)).
The attenuation coefficients along , fluid/substrate interface (𝛼𝑓/𝑠 ) and in the fluid
(β) are given by (Dentry, Yeo and Friend 2014):
𝜌𝑓 𝑐𝑓

𝛼𝑓/𝑠 = 𝜌

(1.8)

𝑠 𝑐𝑠 𝜆𝑆𝐴𝑊

𝑏𝜔 2
3
𝑓 𝑐𝑓

β=𝜌

(1.9)

where 𝜆𝑆𝐴𝑊 is the SAW wavelength in the substrate, 𝜔 is the angular frequency, 𝜌𝑓,𝑠 and
𝑐𝑓,𝑠 are the density and sound speed in the fluid and substrate, respectively (𝜌𝑠 = 4628
4

𝑘𝑔⁄𝑚3 and 𝑐𝑠 = 3931𝑚⁄𝑠 for 128°-Y cut lithium niobate), and b = 3 𝜇 + 𝜇𝐵 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/vaporfilled cavities (or microbubbles) resident in fluids (Tyler 2011). There are two primary
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–
Stokes equations (Morse and Ingard 1986), respectively:
𝜕𝜌
𝜕𝑡

+ ∇ ∙ (𝜌𝑣) = 0

(1.10a)

𝜕𝑣

1

𝜌 𝜕𝑡 = −∇𝑝 − 𝜌(𝑣 ∙ ∇)𝑣 + 𝜇∇2 𝑣 + (3 𝜇 + 𝜇𝐵 )∇(∇ ∙ 𝑣)

(1.10b)

where v, 𝜌, 𝑝, 𝜇 and 𝜇𝐵 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
𝜕𝜌1
𝜕𝑡

𝜌0

𝜕𝑣1
𝜕𝑡

+ 𝜌0 ∇ ∙ (𝑣1 ) = 0

(1.11a)
1

= −𝑐02 ∇𝜌1 + 𝜇∇2 𝑣1 + (3 𝜇 + 𝜇𝐵 )∇(∇ ∙ 𝑣1 )

(1.11b)

The subscript 1 denotes the first-order terms, whereas the subscript 0 indicates constant
properties of a quiescent fluid. 𝑐0 is the speed of sound in the fluid and is related to the
first-order pressure 𝑝1 with density 𝜌1 through the equation of state 𝑝1 = 𝑐02 𝜌1.
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The second-order time-averaged equations are given as:
𝜌0 ∇ ∙ (𝑣2 ) = −∇ ∙ 〈𝜌1 𝑣1 〉
1

𝜕𝑣

−∇𝑝2 + 𝜇∇2 〈𝑣2 〉 + (3 𝜇 + 𝜇𝐵 ) ∇(∇ ∙ 𝑣2 ) = 𝜌0 〈 𝜕𝑡1 〉 + 𝜌0 〈(𝑣1 ∙ ∇)𝑣1 〉

(1.12a)
(1.12b)

The subscript 2 denotes the second-order terms. The brackets 〈 〉 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–Stokes equations with source terms, which drive the flow fields
of 𝑣2 and 𝑝2. The source terms, such as the mass source term −∇ ∙ 〈𝜌1 𝑣1 〉 in Eq. (1.12a) and
𝜕𝑣

the force source term 𝜌0 〈 𝜕𝑡1 〉 + 𝜌0 〈(𝑣1 ∙ ∇)𝑣1 〉 in Eq. (1.12b), are products of first-order
terms. 〈𝑣2 〉 is physically referred to acoustic streaming velocity. Considering sound waves
which vary sinusoidally in time with frequency at ω. 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):
𝐹 = 𝜌0 〈𝑣1 ∇ ∙ 𝑣1 + 𝑣1 ∇𝑣1 〉

(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:
𝐹 = 2𝜌0 〈𝑣1
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𝜕𝑣1
〉
𝜕𝑥

(1.14)

The direction of this radiation force 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, |𝐹| is:
|𝐹| =

2𝛼𝐼
𝑐0

(1.15)

where α is the absorption coefficient of the medium, and 𝐼 is the temporal average
intensity at that spatial location defined by:
1

𝐼 = 2 𝑅𝑒[𝑝1∗ 𝑣1 ]

(1.16)

where 𝑝1∗ is the conjugate of 𝑝1. 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 cellspecific 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-ofprinciple 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
16

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 the experimental setup was significantly disturbed by 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 neurostimulation 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 US 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 spiking 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 lead 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 schemes,
could also be activated by US stimulation and compare the different characteristics of Ca2+
signaling mediated by Piezo1 and Piezo2. In addition, we 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 observations. 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 allows 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 probability and intracellular calcium
([𝐶𝑎 2+ ]𝑖 ) response than its counterpart at 1 ms PL (or 200 Hz PRF). This preliminary
observation suggests that an optimal US condition may exist, leading to the highest Piezo1
activation probability and [𝐶𝑎 2+ ]𝑖 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 dyne/cm2 . Under the 50 dyne/cm2 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 [𝐶𝑎 2+ ]𝑖

response observed

experimentally. Altogether, our 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% heatinactivated 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
Piezo1 (3 μg) in the presence of 10 μM ruthenium red using Fugene6 (Promega, 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),
which was coated with 50 μg/mL Fibronectin (ThermoFisher Scientific). Cells were then
incubated in DMEM complete medium at 37 °C for 3 hours before US treatment.
Measurement of intracellular calcium response. Intracellular calcium response ([𝐶𝑎 2+ ]𝑖 )
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% CO 2 in
OptiMEM (ThermoFisher Scientific) containing 6 μM fura-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 fura2 AM before insonification. 100 μg/mL propidium iodide (PI) was added to monitor
membrane permeability change and cell necrosis(Li et al. 2018). A monochromator
(DELTARAM X; PTI) was used for calcium and PI imaging. [𝐶𝑎 2+ ]𝑖 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 [(𝐹 − 𝐹0 )⁄𝐹0 ], where F0 is the
average resting value of the cell before US treatment, was further analyzed using
MATLAB (MathWorks) to obtain the characteristics of [𝐶𝑎 2+ ]𝑖 (peak amplitude and
response time)(Liao et al. 2019).The response time is defined as the full-width at half
maximum of the [𝐶𝑎 2+ ]𝑖 response. At high input voltage (or shear stress), cells might
move along the acoustic streaming direction during insonification, leading to some
fluorescence intensity fluctuations, up to 10% of the resting value. Thus, only the cells with
the peak normalized ratio change greater than 10% were considered as “responsive”
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 μm in diameter), with region 1 located at the area where [𝐶𝑎 2+ ]𝑖
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 [𝐶𝑎 2+ ]𝑖 response at these two
regions were used as the [𝐶𝑎 2+ ]𝑖 propagating time. The peak [𝐶𝑎 2+ ]𝑖 change at region 1
was further used as a measure of the 𝐶𝑎 2+ 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 utilized 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 intracellular 𝐶𝑎 2+ 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 (Vin), 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: glassbottom 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 (|𝑝1 |) and streaming velocity amplitude (|𝑣2 |) produced by the VD-SAW
transducer under continuous wave (CW) mode (Figure 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 free-field at z = 3 mm plane. The 27

6-dB beam size is around 3.2 mm x 2.1 mm (see Appendix Figure A.2). The shear stress (τ)
at the bottom of the Petri dish near the cell surface was calculated by τ = μ

𝑑𝑣2
𝑑𝑧

(μ is the

dynamic viscosity of water. At 20 ℃, μ = 1 × 10−3 𝑁 ∙ 𝑠 ∙ 𝑚−2 ). The range of shear stress
produced in the target area varies from 18 to 74 dyne/cm 2 (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 10 4 N/m3 (Liao et al. 2019), which is
an order of magnitude less than the threshold value (1.5 x 105 N/m3) reported to activate
Piezo1 by US (Prieto et al. 2018). Therefore, we hypothesize that acoustic streaminginduced 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 μm and semi-minor axis b = 5 μm 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 (Figure 2.2(b)). In
particular, we observed inhomogeneous distribution of the von Mises 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 𝛕 = 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 (|𝒑𝟏 |) associated with
acoustic radiation force. Bottom: the amplitude of the second-order velocity (|𝒗𝟐 |)
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 direction 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. Thereafter,
we examined the effects of shear stress on Piezo1 activation, [𝐶𝑎 2+ ]𝑖 response, membrane
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poration and cell detachment, with the [𝐶𝑎 2+ ]𝑖 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 (F 0) were considered as “responsive”; other cells that fell
below this threshold were defined as “non-responsive”.
Figure 2.3 shows the typical [𝐶𝑎 2+ ]𝑖 response elicited in individual P1TF cells
without significant morphological change, detachment or PI uptake under four different
levels of τ = 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 [𝐶𝑎 2+ ]𝑖
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 𝐶𝑎 2+ 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 𝐶𝑎 2+ response was elicited by higher
shear stress (Figure 2.4(a)), reaching a plateau after 50 dyne/cm2.

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 𝐶𝑎 2+
wave speed (CICW) propagating from the initiation site (region ➀) to the center of the cell
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(region ➁) using small-region analysis(Li et al. 2018). The CICW initially increased with τ
before flattening out at ~3 m/s beyond 50 dyne/cm2 (Figure 2.4(b)).

Also, the

[𝐶𝑎 2+ ]𝑖 response duration, measured by the full-width at half maximum (FWHM),
initially increased with τ and then plateaued at ~95 s beyond 50 dyne/cm 2 (Figure 2.4(c)).
These results suggest that 𝐶𝑎 2+ influx through Piezo1 ion channels might reach saturation
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) 𝛕 = 18 dyne/cm2. (b) 𝛕 = 28
dyne/cm2. (c) 𝛕 = 50 dyne/cm2. (d) 𝛕 = 74 dyne/cm2. US was on from 20 to 80 s. Circles
with numbers represents the regions used for calculating CICW. Scale bar: 10 m.
White 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 𝐶𝑎 2+
response (with [𝐶𝑎 2+ ]𝑖 change exceeding 10% of the baseline value) was elicited at τ = 18
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dyne/cm2 in either cell type (Figure 2.4(d)). At τ  28 dyne/cm2, the P1TF cells were found
to have a 𝐶𝑎 2+ response rate at least 3-fold higher (Figure 2.4(d)) and a peak [𝐶𝑎 2+ ]𝑖 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 τ from 50 to 74 dyne/cm2, only the P1KO
cells showed further increase in the 𝐶𝑎 2+ response rate and peak [𝐶𝑎 2+ ]𝑖 value, while the
response in the P1TF cells saturated. However, under such high τ, 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 τ
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 levels (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 (total number of cells analyzed
at each shear stress level in the experiment: N ~ 80). Two-tailed t test in (b), (c) and (e),
Fisher’s exact test in (d) and (f). *p<0.05, **p<0.01, ***p<0.001, and ‘ns’ denotes not
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 [𝐶𝑎 2+ ]𝑖 response at τ
= 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 (Blackmore, 2019). Under such
insonification conditions, negligible temperature rise (< 1 ℃, 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 𝐶𝑎 2+ response in the P1TF cells was found to be
highly sensitive to PL with the strongest [𝐶𝑎 2+ ]𝑖 change observed between 10 and 100 ms
(Figure 2.5). Outside this range at either shorter or longer PL, the elicited [𝐶𝑎 2+ ]𝑖 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 τ levels (Figure 2.3), the initiation of [𝐶𝑎 2+ ]𝑖
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 𝐶𝑎 2+ influx from the highly stretched plasma membrane region
triggers the 𝐶𝑎 2+ release from neighboring endoplasmic 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 to 80 s. Scale bar
length = 10 m. 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 profiles of [𝐶𝑎 2+ ]𝑖
change in the PITF cells elicited at different PLs. The strongest [𝐶𝑎 2+ ]𝑖 ratio change, up to
nearly 90% above the baseline value, was produced by PL = 20 ms. Interestingly, the C ICW
and [𝐶𝑎 2+ ]𝑖 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 [𝐶𝑎 2+ ]𝑖 (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 [𝐶𝑎 2+ ]𝑖 (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 (Figure 2.6(f)),
presumably due to breakage of adhesive receptor–ligand 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 result in
higher risk of cell detachment and membrane poration without enhancing the 𝐶𝑎 2+
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 (𝝉 = 50 dyne/cm2). (a) The average temporal intracellular
calcium ratio profile of P1TF cells in response to insonification at 𝝉 = 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-tailed t test in (b), (c) and (e), Fisher’s exact test in (d) and
(f). *p<0.05, **p<0.01, ***p<0.001, and ‘ns’ denotes not significant.
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2.3.4 Effects of US parameters on cell displacement
The activation of Piezo1 is known to be directly linked with the cell membrane
deformation produced under tension (Lewis et al. 2017). Yet, the individual and
accumulated membrane deformation produced by different US pulsating protocols have
not been thoroughly investigated. To ascertain the effects of US parameters on cell
membrane deformation, we analyzed the displacement of the maximum fluorescent
intensity (380 nm) point over the entire cytosol during insonification as a surrogate marker
related to cell deformation using a previously developed protocol (Liao et al. 2019).

Figure 2. 7: The time course of cell displacement (CD) shows distinct features
at different PL, when 𝝉 = 50 dyne/cm2, DC = 20%, TT = 60 s. (a) PL = 1000 ms. (b) PL =
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100 ms. (c) PL = 20 ms. (d) PL = 10 ms. (e) PL = 1 ms. (f) PL = 0.1 ms. Gray rectangular
indicate the time-window of insonification (20 s to 80 s).
Figures 2.7 shows representative results of cell displacement in response to
different PLs produced at τ = 50 dyne/cm2. Overall, the cell displacement (CD) vs. time
curves showed a creep-recovery response characteristic of biological tissue and cells (i.e.,
viscoelastic soft materials) subjected to impulses of mechanical stress of constant
amplitude (Eastwood et al. 2015, Kubanek et al. 2018). Much pronounced response was
observed at PL  10 ms (Figure 2.7(a)-(d)), which consisted of a rapid elastic deformation
initiated at the onset of insonification (20 s), followed by a graduate viscoelastic response
to reach the maximum cell displacement (CDmax) during the insonification period. After
the cessation of insonification (80 s), the cell displayed instantaneously a small elastic
recovery, followed by a gradual yet significant viscoelastic recovery with an exponential
decay time constant on the order of 40 s. Even after 200 s, substantial residual (creep)
displacement of the cell could still be observed. In contrast, at PL  1 ms, weak and
negligible response was observed (Figure 2.7(e), (f)). These results clearly demonstrate a
PL dependent mechanical deformation of the cells during insonification. At the longest
PL of 1000 ms, which corresponds to an PRP = PL/DC (or interpulse time) of 5 s, the creeprecovery response after each individual pulse could be resolved at the 10-fps frame rate
used for fluorescent imaging (see inset of Figure 2.7(a)). As PL and thus interpulse time
decreased, the viscoelastic response and recovery times would diminish significantly,
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leading to a much more rapid accumulation of the overall response, largely associated
with the elastic deformation and recovery produced by individual pulses (see inset of
Figure 2.7(b)). At PL = 10 ~ 20 ms, the accumulated CD during insonification reached the
maximum with small oscillations between pulses associated with viscoelastic recovery.
At further shortened PL  1 ms, however, much weaker response with slow
accumulations were produced despite the higher number of pulses generated under such
insonification conditions.

Figure 2. 8: The time integral of cell displacement square (CDS TI) is a better
predictor of the Piezo1 responsive rate and [Ca2+]i uptake, compared to CDmax. (a)
Maximum cell displacement (CDmax) during the insonification at different PL and 𝝉.
n = 6 for each condition. (b) Time integral of cell displacement square (CDSTI) during
the insonification at different PL and 𝝉. n = 6 for each condition. (c) Responsive rate of
P1TF cells at different PL and 𝝉. (d) Peak normalized intracellular calcium ratio at
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different PL from 0.01 ms to 1000 ms and under various 𝝉 levels: 18 dyne/cm2 (blue
square), 28 dyne/cm2 (green upward triangle), 50 dyne/cm2 (red circles) and 74
dyne/cm2 (black downward triangle). n = 6 for each condition.
Figure 2.8(a) illustrates the relationships between CDmax and PL produced under τ
= 50 dyne/cm2. As PL increases, the average CDmax will rise from 0.2 μm to 3.1 μm, reaching
a peak at PL = 20 ms before decaying slightly thereafter. Since cell deformation and
resultant Ca2+ response to high strain-rate shear loading depend on both the amplitude
and duration of the stimulation (Li et al. 2018, Yuan et al. 2015), we further calculated the
time integral of cell displacement square (CDS TI) produced by insonification, which is
presumably proportional to the strain energy density produced on the cell membrane
(Yuan et al. 2015).

As shown in Figure 2.8(b), CDSTI appears to reveal a biphasic

dependence on PL with a distinct peak achieved at 20 ms. At shorter PL, CDS TI increases
progressively with PL. After reaching the maximum at PL = 20 ms and at longer PL, CDS TI
will decrease at a different rate. In comparison to CDmax, the profile of CDSTI appears to
better resemble the profiles in the responsive rate and peak [Ca2+ ]i ratio change of the
P1TF cells at different PLs (Figure 2.8(c), (d)). Furthermore, among all the tests, the highest
response rate with associated strongest [Ca2+ ]i increase was produced at PL = 20 ms under
τ = 50 dyne/cm2, which is consistent with the peak in CDS TI. In contrast, although the
maximum CDmax were produced at PL = 100 ms under τ = 74 dyne/cm2, lower than peak
response rate and [Ca2+ ]i increase were observed, indicating that CDmax alone is not
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reliable for predicting the [Ca2+ ]i response. Finally, it is important to note that CDSTI (125.4
μm2 ∙s) at PL = 0.1 ms is significantly higher than the value (35.4 μm2 ∙s) at PL = 0.01 ms
under τ = 50 dyne/cm2, and also higher than the corresponding value (36.4 μm2 ∙s) at PL =
100 ms under 18 dyne/cm2. These results suggest that a threshold in CDS TI (36.4 μm2 ∙s <
CDSTI < 125.4 μm2 ∙s) is likely required to activate Piezo1. Overall, our results confirm the
important role of cell deformation in Piezo1 activation, and more importantly, suggesting
that fine-tuning PL to match with the intrinsic viscoelastic properties of the cell may
significantly improve the efficiency in ultrasonic activation of Piezo1.

2.3.5 Numerical modeling of US-induced Piezo1 gating dynamics
To facilitate data interpretation from the experiments, we have adapted a fourstate model for channel gating of Piezo1 constructed based on electrophysiology
measurements (Lewis et al. 2017). Especially, the model can be used to reveal the intricate
dynamic interactions between the open (O), closed (C) and two inactivation (I 1 and I2)
states of the Piezo1 channel under dynamic loading that determines its overall frequency
response (Figure 2.9(a)). Most importantly, previous studies (Lewis et al. 2017) have
uncovered two kinetically distinct inactivation (i.e., non-conducting despite continued
presence of membrane tension) states of Piezo1 with drastically different current recovery
time constants (24 ms for I1 and 10 s for I2). As a result, Piezo1-mediated current influx
may rise rapidly (~ ms) in response to membrane tension and then decay exponentially
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over a much longer timescale due to inactivation (Coste et al. 2010). Because of
inactivation, Piezo1 will respond strongly to the first (or onset of the) stimulus when
subjected to repetitive membrane tension, and gradually become desensitized in a
frequency filtering process highly modulated by the waveform and PRF of the stimulus
(Lewis et al. 2017). Since Piezo1 exhibits cationic nonselective permeability (Coste et al.
2010), we hypothesize that the inactivation of Piezo1 may affect the 𝐶𝑎 2+ influx induced
by US pulses in a PL-dependent manner.
In the original four-state gating model, the transition rates 𝑎 (τ) and e(τ) were
assumed to be modulated by the amplitude of the micropipette pressure applied to the
plasma membrane (or equivalently shear stress in this study). Other transition rates in the
model were constants, which were determined by numerical fitting of the experimental
data in response to 2 – 20 Hz stimuli. However, we found that the original four-state
model is insufficient for capturing the trend in the time-integral of the evoked current
(Appendix Figure A.5(c)). To overcome this limitation, we further assume that the
transition rates between O and I2 (g and h) are PL dependent (see equations A1 and A2 in
Appendix A) while keeping all the other parameters unchanged. This modified four-state
model has been shown to capture well both the transient and integrated features of Piezo1
kinetics (Appendix Figure A.5(b), (c)).
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Figure 2. 9: Simulation of Piezo1 channel kinetics by the modified four-state
gating model. (a) A schematic of the modified four-state gating mechanism for Piezo1,
with arrows indicating transitions between open (O), closed (C) and two inactivated
states (I1 and I2). In the original model,𝒂(𝝉) and 𝐞(𝝉) are coupling coefficients between
C, O and I1 states, respectively, which are modulated by the pressure (or equivalently
𝝉 in this study) applied to the plasma membrane, leading to membrane tension.
Moreover, g and h are the coupling coefficients between O and I2 states, which are
constants. In the modified model, g (PL) and h (PL) are assumed to be PL-dependent
while the rest of the coefficients are the same as in the original model. (b) The peak
probability of the O, I1 and I2 evoked by the 1st pulse at various PL. (c) The peak
44

probability of the O, I1 and I2 evoked by the last pulse at various PL. (d) - (f) The
normalized shear stress (red), simulated Piezo1 open (blue), closed (magenta),
inactivation 1 (black) and inactivation 2 (green) probabilities change in response to 60
s insonification for PL = 1, 20 and 1000 ms, respectively. (d1) - (f1) The magnified plot
at the beginning of the insonification for PL = 1, 20 and 1000 ms, respectively. (d2) (f2) The magnified plot toward the end of the insonification for PL = 1, 20 and 1000
ms, respectively.
The general features of Piezo1 have been recapitulated under the insonification
conditions evaluated in this study. Figure 2.9 shows the time course of the response
probability of the four states (O, C, I1 and I2) of the Piezo1 channels on the cell membrane
during insonification for PL = 1, 20 and 1000 ms. Assuming constant τ (or membrane
tension) during each pulse, the model simulation suggests that the Piezo1 channel open
probability will increase rapidly to the maximum during the “on time” of the first pulse,
and then decay exponentially in the “off time” of the US. Such a process is repeated
following each of the subsequent pulses, leading to a progressively decayed response
during the entire insonification process. The change in the Piezo1 channel “open”
probability is accompanied by an inversely varied “closed” probability, and further
modulated concomitantly by the two “inactivation” states. In particular, the time profiles
of the four states were found to be highly sensitive to PL. At short PL (= 1 ms), the
probability of O increases quickly to the maximum peak (98%) near the end of the first
pulse while the probability of I1 only elevates incrementally, reaching the maximum (16%)
after about ten pulses before decaying slowly to the ground level toward the end of
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insonification.

More interestingly, the probability of I 2 increases progressively and

accumulates significantly during the 12000 pulses, reaching the maximum (90%) near the
end of the insonification to desensitize most of the Piezo1 channels. Therefore, the
significant and predominant rise in I 2 limits the 𝐶𝑎 2+ response elicited by short PL. In
contrast, at long PL (= 1000 ms), the probability of O increases instantaneously at the
beginning of the first pulse to the maximum peak (98%) and then decays quickly to near
ground level (< 3%) before the cessation of the pulse. During this period, both I 1 and I2 are
evoked fully to reach their corresponding peaks of 82% and 16%, respectively. In the
ensuing long inter-pulse time (4000 ms), the levels of I1 and I2 will decrease yet still
maintaining between 5% to 25%.

As a result, the probability of O evoked by the

subsequent pulses will drop below 65% and reminds fairly constant during the
insonification process. The inefficient opening during each pulse, combined with the
limited total number of pulses (12) during insonification lead to low 𝐶𝑎 2+ response
produced by long PL. At the optimal PL = 20 ms, the probability of O expands the full
pulse length while the levels of I 1 and I2 are kept below 50% during the insonification
process. The combination of efficient opening during each pulse with a modest decay of
the peak opening rate and sufficiently large number of pulses (600) during the
insonification produces a strong 𝐶𝑎 2+ response.
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To compare with the [𝐶𝑎 2+ ]𝑖 change observed in the experiment, we plot the
current integral on the cell membrane under tension during insonification calculated by
the modified four-state model for different PLs. To match with the model simulation with
minimal influence of CICR in the cytosol, we analyzed the [𝐶𝑎 2+ ]𝑖 ratio change in region
➀ of each cell where the calcium response was initiated (Figure 2.3, and 2.5). As shown in
Figure 2.10, the simulation results demonstrate a similar biphasic dependency on PL with
a peak achieved at PL = 20 ms, as observed from the experiments. This reasonably good
agreement between modeling prediction and experimental measurement further
supports the notion that inactivation states of Piezo1 play an important role in shaping its
optimal response condition to US simulation.

Figure 2. 10: Correlation of the simulated current integral with the
experimentally measured [Ca2+]i at the initiation site. Red open circles: peak
normalized [Ca2+]i peak change near the cell boundary at region ➀ in experiment (n~6
at each PL). Blue closed circles: simulated time-integral of current obtained by the
modified four-state model.
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2.4 Discussion
Sonogenetics represents a promising approach for non-invasive and selective
activation of target cells in the body that are genetically modified to overexpress a specific
MS ion channel (Ibsen et al. 2015). A critical step in successful sonogenetics applications
is to determine the appropriate insonification conditions that are most effective for
activating the target MS ion channel while minimizing adverse effects. In this study, we
utilized a novel VD-SAW platform to investigate the optimal insonification parameters
for Piezo1 activation and [𝐶𝑎 2+ ]𝑖 response in HEK293T cells transfected with Piezo1.
Under the same insonification DC, total energy and treatment time (60 s), we have
discovered that Piezo1 activation depends critically on PL, with a distinct peak produced
at PL = 20 ms under a constant shear stress of 50 dyne/cm 2 (i.e., the highest Piezo1
activation probability with associated strongest [𝐶𝑎 2+ ]𝑖 response at < 10% cell detachment
or membrane injury).
In general, multiple factors at three different levels may contribute to the PLdependency in Piezo1 activation by US. First, the transmission and penetration depth of
US in the body are frequency dependent and the resultant tissue deformation (produced
either by radiation force or shear) will be influenced by the acoustic and viscoelastic
properties of the interposing tissues between the US transducer and the target
organ(Szabo and Wu 2000, Miller et al. 2012, O'Brien 2007). Even at the superficial skin
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level, the mechanical filtering effects of the tissue to insonification have been
demonstrated, for example, in the touch receptor neurons in C. elegans (Eastwood et al.
2015). Second, in the target tissue, the response to insonification at the cellular level will
be influenced by the viscoelastic properties of the cytoskeleton and plasma membrane.
Actin filaments, microtubules, and intermediate filaments in the cytoskeleton form an
adaptive network that can resist stress-induced deformation in order to protect the
intracellular compartments (Fletcher and Mullins 2010). Similarly, the lipid bilayer of the
plasma membrane is also known to have its own distinct viscoelasticity properties
(Harland, Bradley and Parthasarathy 2010), which influence lipid-protein or proteinprotein interaction-induced cell signaling across the membrane surface (Groves and
Kuriyan 2010). Altogether, the convolution of the viscoelastic properties of the tissues and
target cells will impose a time-dependent filtering effect on the mechanical forces
delivered by the US pulses. As a result, only a narrow range of the PL (determined by the
combination of DC and PRF) around the peak region of the viscoelastic response spectrum
of the tissue-cell complex may be used to produce effective deformation and thus eliciting
a robust calcium response in the target cell during insonification without causing
significant adverse effects (e.g., over-heating of the interposed tissues or injuring the
target cells). In this study, such a PL-dependency in cell deformation is exemplified by the
time-integral of cell displacement (CDTI), which shows a biphasic relationship with PL,
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and correlating with the Piezo1 activation probability and [𝐶𝑎 2+ ]𝑖 response (see Figure
2.8).
Beyond the filtering effects of tissues and cells, a third level of factors that can
critically influence the calcium (and thus neural) response of the target cell to
insonification is the kinetics of the MS ion channels on the plasma membrane under
mechanical deformation. Such a factor was not examined in previous sonogenetics
studies (Ibsen et al. 2015, Pan et al. 2018). In comparison, recent patch-clamp
electrophysiology studies have demonstrated the importance of inactivation of Piezo1
and other MS ion channels in modulating cellular physiology (Lewis et al. 2017, Coste et
al. 2010). In the previous electrophysiology studies, however, PL was fixed at 30 ms while
the PRF was varied from 0.5 to 50 Hz, leading to different DC and total mechanical energy
applied to the cell membrane (Lewis et al. 2017). In this work, we kept the DC, TT and
thus the total acoustical energy delivered to the target cells constant to order to determine
the optimal PL for safe and effective activation of Piezo1. The experimental observations
were supported by the simulation results from the modified four-state model for Piezo1
channel gating, further reinforcing the idea that optimal US protocol could be developed
in sonogenetics based on the characteristics of the target MS channels determined by their
intrinsic structures (Cox et al. 2017).
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Moreover, our results suggest that the viscoelastic properties of the target cell are
also important factors that will influence the mechanical response (see Figure 2 7), and
consequently, the resultant membrane tension that leads to Piezo1 activation.

The

coincident overlap in the peak of CDTI (Figure 2.8(b)) and the model-predicted current
integral of Piezo1 (Figure 2.10) further accentuate the distinct maximum [𝐶𝑎 2+ ]𝑖 response
observed under PL = 20 ms. Conceptually, it is possible that the peaks for cell deformation
and MS ion channel activation are generally achieved at different PLs, which would
broaden the range of insonification conditions for neuromodulation yet with potentially
reduced specificity and sensitivity.
In summary, we have demonstrated that PL is a critical parameter in ultrasonic
activation of Piezo1 and resultant intracellular calcium response. By producing impulsive
yet sufficiently sustained cell deformation using acoustic streaming generated shear
stresses, the Piezo1 ion channels embedded in the cell membrane could be opened up.
The effectiveness of Piezo1 activation is not achieved by rapidity of the stimuli or high
number of repetitions using short PL (see also Appendix Figure A.6) or high PRF for a
fixed DC. Neither would it be achieved using long PL or low PRF without prolonging
treatment time or increasing the risk of injury. Therefore, for the same acoustic energy,
the shear stress amplitude and PL of the insonification need to be optimized to achieve
safe and efficient activation of Piezo1 based on the accumulated effects of adequate yet
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not excessive membrane deformation. The knowledge gained in this study has important
implications to sonogenetics applications, in which the PL of US should be carefully
selected based on the properties of target tissue, cell and MS channels. Altogether, our
work underscores the importance of fine-tuning the stimulus parameters to maximize the
safety and efficacy of US neuromodulation strategies for noninvasive treatment of various
neurological disorders.
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3. Comparation of acoustic radiation force- and shearinduced Piezo1 and Piezo2 activation by VD-SAW array
3.1 Introduction
In Chapter 2, we have developed a novel single-element VD-SAW transducer to
interrogate the physical mechanisms for US-activated Piezo1 MS channel overexpressed
in a 2D-culture cell model under predominantly the influence of acoustical streaming.
While the 2D cell culture provides a simple and cost-effective model for studying the
mechanisms of cellular signal transduction under shear, it has some inherent limitations.
For example, 2D cell culture doesn’t accurately mimic the 3D environment where cells
routinely reside in vivo (von der Mark et al. 1977, Petersen et al. 1992). There is growing
evidence suggesting that cells in 3D culture differ morphologically and physiologically
from cells grown in 2D culture (Figure 3.1) (Baharvand et al. 2006, Benya and Shaffer 1982,
Nelson and Bissell 2005). Furthermore, the presence of a rigid culture substrate (i.e., glass
or plastic bottom) often used in the 2D culture systems can cause significant disturbance
of the acoustic field, making it physiologically noncomparable to an in vivo model (Prieto
et al. 2018, Hensel, Mienkina and Schmitz 2011, Leskinen and Hynynen 2012). Therefore,
it is generally desirable to use a 3D rather than a 2D cell culture model when investigating
the bioeffects produced by ultrasound.
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Figure 3. 1: Comparison between 2D and 3D cell culture (Baker and Chen
2012).
Specifically, US may impose a different physical mechanism when interacting
with cells cultured in a 2D than a 3D model. For example, the effect of acoustic streaming
could be minimized in a 3D cell culture model often constructed using extracellular matrix
(ECM) hydrogels. In contrast, acoustic radiation force (ARF) may become a predominant
mechanism whereby the US waves interact with 3D-cultured cells, including MS channel
activation (Menz et al. 2019, Zhang, Cheng and Qin 2012). Although the interaction
between ARF and tissue has been investigated in elasticity imaging techniques (e.g., ARFI
imaging) (Doherty et al. 2013), the cellular-level mechanical strain and stress fields
induced by ARF and their correlation with MS channel activity and cellular signaling have
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not been elucidated. This knowledge gap is mainly caused by the lack of experimental
tools that can simultaneously and accurately measure cell deformation during
insonification with sufficiently high sensitivities. High-speed imaging (Yoo et al. 2020,
Yuan et al. 2015) has been used to visualize the dynamics of cell deformation which can
be synchronized to a fluorescence microscope for [𝐶𝑎 2+ ]𝑖 imaging. However, this method
cannot resolve 3D membrane deformation. A two-photon laser scanning microscope has
been used for 3D visualization of cell deformation (Menz et al. 2019), yet the resultant
local mechanical strain or stress at the cellular level was not analyzed. A promising new
technique that combines 3D confocal microscopy with digital volume correlation (DVC)
has been established recently for a variety of cell types exposed to different biomechanical
stimuli (Hu et al. 2003, Helmke, Rosen and Davies 2003, Delhaas et al. 2002). This method
provides a more accurate and faster way to characterize the cell membrane deformation
in 3D. We therefore employed this robust technique, for the first time, to analyze the stress
and strain of the cell membrane in response to US following careful calibrations of this
technique.
In addition, as a close homologue, Piezo2 is the other member of Piezo proteins
that shares 47% identity with Piezo1 and are expressed abundantly in a wide range of
mechanically sensitive cells (Coste et al. 2010). Previous studies indicate that Piezo1 is
sensitive to a variety of mechanical forces, including tension induced by membrane
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stretches, compression induced by indentation using either a glass probe or tip of an
atomic force microscope (AFM), and shear stress induced by flow while Piezo2 can only
be reliably activated by compression, such as using a glass probe (Wu, Lewis and Grandl
2017, Lee et al. 2014, Ikeda and Gu 2014, Moroni et al. 2018). In contrast to several recent
studies on US activation of Piezo1, activation of Piezo2 by US has not been evaluated so
far. By upgrading our single-element IDT into a VD-SAW array transducer, we are in a
unique position to utilize the various insonification features to investigate systematically
the different response characteristics of Piezo1 and Piezo2 in response to US stimulations.
Besides the difference of 2D and 3D models, there are also differences in how
external mechanical forces are sensed by cells in 2D versus 3D (Upton et al. 2008, Pathak
and Kumar 2011, Baker and Chen 2012). Specially, cell morphology and orientation with
respect to the direction of applied forces can have a profound effect on the cellular
response (Heo et al. 2011, Kurpinski et al. 2006). In the 2D culture model described in
Chapter 2, we found that the distribution of mechanical stress in the cell was highly
related to the direction of applied force (Liao et al. 2019). The directional streaming flow
incident on one side of 2D-cultured cell can only activate ~30% Piezo1 channels even
under the optimal pulse length identified (Liao et al. 2021). This observation motivates us
to deliver US stimulus (ARF in 3D culture model) from multiple directions to activate
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more completely the Piezo1 channels embedded in the cell membrane to further improve
the response rate.
In this chapter, we developed a VD-SAW array that can be integrated with 3D cell
culture model to more realistically mimic in vivo US-cell interaction. We compared the
mechanical sensitivities of HEK293t cells transfected with either Piezo1 or Piezo2 MS
channels to US stimulations. We combined 3D confocal fluorescence imaging combined
with digital volume correlation technique and numerical modeling to analyze the strain
and stress field of the cell membrane in response to US. We established the relationship
between US-induced mechanical effect and cellular biochemical response by a key
parameter: the total strain energy, which take accounts of magnitude of stress, volume of
cell under stress, and sonification time. We also performed pharmacological treatment to
illustrate the predominant mediator of [𝐶𝑎 2+ ]𝑖 influx and the examine the involvement of
actin cytoskeleton in US-cell interaction.

3.2 Materials and methods
3D cell culture and transfection. Type I rat tail collagen (ibidi, 50201) was used as collagen
hydrogel for 3D cell culture according to the manufacturer’s protocol. Type I collagen is
the major structural component of many tissues (Shoulders and Raines 2009), making it
as an attractive material for cell studies. Briefly, type I collagen solution was neutralized
by 1M NaOH and 7.5 % NaHCO3 (Sigma, S8761) on ice and diluted to 2 mg/ml to mimic
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the stiffness of brain tissue. Next, 200 μl of the neutralized collagen solution was injected
to the center of a glass-bottom petri dish and incubated at 37 ℃ for 30 min to allow
collagen solution to gel. Re-suspended WT HEK293t cells were mixed with 100 μl of the
collagen mixture in a final concentration around 1 × 106 cells/ml and gently deposited on
the top of the pre-gelled collagen, then placed in the incubator for 1-2 hours. Raising the
pH and temperature leads to self-assembly of the collagen fibrils, which results in gelation
and the encapsulation of the cells. The 3D cell culture was maintained by regularly
changing the culture medium for a duration of up to one week (Chaicharoenaudomrung,
Kunhorm and Noisa 2019, Caliari and Burdick 2016). For transfection, 3 μg Piezo1 or
Piezo2 DNA (co-expressed with GFP) was mixed with 10 μl 3D-Fect (OZ Biosciences)
transfection reagent at room temperature for 20 min. Then the transfection complexes
were added to the top of the 3D-cultured cells in the presence of 10 μM ruthenium red.
After 2 days, the cells were washed with fresh medium. Thereafter, 200 μl of the collagen
mixture was added to the dish and incubated for 1 h to form a total thickness ~ 1 mm,
followed by addition of 1 ml fresh medium.
Confocal fluorescence microscopy. On the day of experiment, the cells cultured in
collagen were washed by PBS (ThermoFisher Scientific) and loaded with 1 ml OptiMEM
(ThermoFisher Scientific) solution with the addition of 5 μM Rhod-4, AM (AAT Bioquest),
10 μl working solution of Blue Cytoplasmic Membrane Dye (BioTracker 400), and 10%
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Pluronic F-127. The fluorescence-based assays have been widely used in 3D cell culture
using collagen type I (rat tail), only with minor adjustments to exposure time or reagent
concentration (Konig and Glebe 2017). We found that these reagents were able to
penetrate the complex 3D ECM and achieve good staining with negligible background
fluorescence (Figure 3.2).

Figure 3. 2 Fluorescence labeling of the cytoplasma membrane (blue) and
intracellular calcium ion (red) of 3D-cultured HEK293t cells in a collagen type I layer.
After 1 h incubation, the staining medium was aspirated and replaced by 2 ml OptiMEM.
Confocal fluorescent images were acquired by using the Andor Drogonfly Confocal
Microscope in Duke Light Microscopy Core Facility in z-stack scanning mode for imaging
both the [𝐶𝑎 2+ ]𝑖 uptake (emission at 600 nm) and cell membrane deformation (emission
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at 478 nm) in an interlaced manner. Both channels acquired images with 50 ms exposure
time at 10 Hz frame rate in each selected imaging plane. A 40x objective lens (Leica
11506358) with oil immersion was used in all the experiments. Sequential excitation laser
lines at 405 nm and 561 nm and corresponding emission filters at 478 nm and 600 nm were
selected to record a time series of z-stack images with a scanning step of 1-μm and a total
height of 30 – 50 μm. The exposure time of each fluorescent image was 50 μs and it took
~6 s for the confocal microscope to acquire a stack of images of the embedded cells in 3D.
The total recording time of confocal imaging was 2 min, during which US was on for 60 s.
Images were saved and post-processed for data analysis using Bitplane Imaris software
(Oxford Instruments).
Force measurement. To quantify the force produced by the VD-SAW array transducer, a
digital balance (Sartorius Entris 64-1S) was used to measure the mass change in the
hydrogel sample used in the cell experiment due to the ARF imposed by the VD-SAW.
The tip of each IDT was immersed 1-mm deep in the culture medium in a petri dish. The
net vertical component of the ARF was measured at various input power levels.
Measurement of temperature changes in the collagen under US irradiation. A 0.2-mm
bare-wire thermocouple (Physitemp Inc., Clifton, NJ) was either fixed on the bottom of a
Petri dish in water or inserted into the 1-mm thick collagen at the location of the cells to
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measure the temperature rise in 2D or 3D culture model under US irradiation.
Temperature was recorded at 10 s intervals.
Characterization of the electrical impedance of IDT. To determine the optimal operating
frequency of the VD-SAW array transducer, a network analyzer (Keysight E5063A) was
used to measure the one-port return loss in each IDT with input signal frequency
sweeping from 10 to 40 MHz.
Modeling of US-induced radiation force in 3D hydrogel model. To assess the cell
membrane deformation produced by ARF, we modeled the interaction of the transmitted
leaky pressure wave with the 3D-cultured model (Figure 3.2e), which is composed of a 2mm height culture medium on top of a 1-mm thick collagen layer in which an ellipsoidal
cell with semi-axes a = 7.5 μm along the vertical direction and b = c = 5 μm on the horizonal
plane was embedded in the central plane of the collagen layer. The dimension of the 3Dcultured single cell used in the modeling was based on the typical cell geometry observed
in the confocal images. Glass-cover bottom was assumed to be an impedance acoustic
boundary at 14.2 MRayls which reflects part of the US energy. The collagen layer and
embedded cell were modeled as homogeneous and linear solids. The speed of sound and
density parameters in the collagen are obtained from the literature (Ultrasonic
propagation, SA Goss, 1980). The attenuation at 33 MHz was set at 2.40 dB/cm for water
(http://resource.npl.co.uk/) and 4.30 dB/cm for collagen at 2 mg/ml (Noninvasive KP
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Mercado, 2015). The Young’s modulus was taken as 410 Pa for HEK293t cell (Simple
display, Yuji Shimizu, 2012) and 1.5 kPa for collagen (Finite element, Nicole J Piscopo
2015). The acoustic radiation force was calculated by Eq. (1.13) using the acoustic modulus
in COMSOL. The mechanical strain and stress of the embedded cell in response to US
were simulated in the solid mechanics modulus via the Multiphysics coupling to the
acoustic field.
Digital volume correlation. The XDigitalVolumeCorrelation extension in Amira-Avizo
software (ThermoFisher Scientifc) provides digital volume correlation (DVC) for 3D
internal displacement and strain measurements. This feature was used to compute 3D
full-field cellular displacement and strain maps with high precision from volume images
of individual cells acquired by confocal microscopy during insonification. The 3D image
of cell before insonification was used as a reference and was compared to the image
captured at the peak displacement of a cell during insonification (usually the late z-stack
image during the 60-s US stimulation) in Avizo software. As illustrated in Figure 3.1, a
subset-based (local) approach is first used to divide the reference and the deformed
images into smaller interrogation subsets that are then individually correlated (Quinta,
Mummery and Withers 2005). This approach is cost-effective in capturing large
displacements and providing a good initial guess for a more robust finite-element (FE)
based approach on a finer assigned mesh (Verhulp, van Rietbergen and Huiskes 2004,
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Benoit et al. 2009). The implementation of a FE-based approach consists of solving the
equation
𝑓(𝑥) = 𝑔(𝑥 + 𝑢(𝑥))

(3.1)

for all position vectors 𝑥, where 𝑓 is the reference image, 𝑔 is the deformed image, and 𝑢
is the sought displacement field. Solving this equation is equivalent to minimizing the
correlation residual η = 𝑓 − 𝑔, which should be close to imaging noise. Assuming the
conservation of the optical flow between the images, this problem can be linearized and
expressed as a matrix inversion problem
[𝑀]{𝛿𝑢} = {𝑏}

(3.2)

where [𝑀] is the DVC matrix, {𝛿𝑢} is the sought increment of displacement at the
considered increment, and {𝑏} is the corresponding residual vector (depending on the
image gradient of 𝑓 and the correlation residual η). With the initial guess from local
approach, the problem is solved by successive update of {𝑏} after each iteration. The
algorithm converges when the displacement increment norm |𝛿𝑢| is smaller than a certain
tolerance fixed by the user (usually 0.001 voxels), which means the displacement field
𝑢(𝑥) has been correctly measured.

63

Figure 3. 3: A subset-based algorithm is used initialize a more robust FE-based
global DVC technique. X and X* refer to coordinate (in voxels) of the same point in
the reference and the deformed state and 𝒖(𝑿) is the sought displacement field; 𝒇 and
𝒈 are, respectively, the grey levels of the initial and deformed volumes. Adapted from
(Madi et al. 2013).

3.3 Results
3.3.1 Application of acoustic radiation force (ARF) to 3D-cultured
individual cells in hydrogel using VD-SAW array
To better mimic the physiological condition in US treatment, we developed a VDSAW array transducer that generates and delivers ARF to single cells cultured in 3D
hydrogel. As illustrated in Figure 3.4(a) and (b), a housing holder and four inserts were
3D-printed and used to assemble four IDTs in the form of an array with a 12 x 12 mm
central opening. Each IDT was glued on the surface of an insert made of acrylonitrile
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butadiene styrene (ABS), which was screwed to the holder. Four IDTs were partly
immersed (1 mm length) in the culture medium above the 3D culture collagen (Figure
3.4(c)). The holder can be positioned and manipulated by the manipulator mounted on a
customized stage. The electrodes of each IDT were connected to four electrical terminals
in a BNC breakout boards and can be controlled separately, as shown in Figure 3.4(a). The
3D cell culture model consist of three collagen layers and cells were cultured in the middle
layer (Figure 3.4(d)).

Figure 3. 4: Experimental setup of the VD-SAW array transducer. (a) A
customized stage for VD-SAW array with position manipulator and electrical
terminals. (b) Top view of the array housing and inserts. (c) VD-SAW array is partly
immersed in the fluid on a 3D cell culture model. (d) Illustration of the 3D collagen
culture model.
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To determine the optimal operating frequency of VD-SAW, we measured the
resonance frequency of each IDT by a network analyzer. As shown in Figure 3.5, a distinct
dip of reflection coefficient (S11) around -5.5 dB was observed at approximately 33 MHz
for all of the four IDTs, suggesting the VD-SAW array transducer can be operated
efficiently at this resonant frequency. The small variations of S11 curves in different IDT
and minor dips around 16.5 MHz could be attributed to the fabrication error and the
pattern of electrodes (Laude et al. 2008).

Figure 3. 5: Reflection coefficient (S11) of each IDT measured by a network
analyzer.
To understand the working principle of VD-SAW array, we further measured the
mechanical and thermal effects produced by VD-SAW array. The vertical component of
ARF (FZ) generated at different power levels was measured by a digital balance. The total
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2
power level (P) of four IDT in an array was determined by P = 4𝑉𝑅𝑀𝑆
/𝑅0 where VRMS is

the input root-mean-square voltage on each IDT (measured by a multimeter) and 𝑅0 (44
Ω) is the electrical impedance of each IDT measured by the network analyzer at 33 MHz.
As shown in Figure 3.6(a), the measured FZ is approximately proportional to the square of
power (√P). The maximum vertical ARF can be generated by VD-SAW array is around 10
mN. We then measured the temperature change during the insonifications. US operating
at 20% duty cycle and 20 Hz PRF was on from 20 s to 80 s. Temperature rises more in
water than in collagen, yet their peak temperature increases are both less than 1 ℃.

Figure 3. 6: (a) Measurement of ARF by a digital balance (n=3). (b) Temperature
change during insonification measured in collagen (red) and water (blue) (n=3).
To test whether the four IDTs in the array are well aligned, we further measured
the pressure field generated by each IDT and array at the focus by a hydrophone (HGL200, Onda). As shown in Figure 3.7(a), a 2- μs pulse was generated by the function
generator and used as input to the power amplifier to drive the IDTs. The arrival time of
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pressure wave produced by each IDT was consistently around 4.2 μs (denoted by a red
dashed line). The pressure focal area is in a square-shape, suggesting four IDTs are in
reasonably good alignment (Figure 3.7(b)).

Figure 3. 7: Pressure measurement. (a) Waveform of pressure produced by each
IDT. (b) Distribution of pressure amplitude at the focal plane.
We further assessed the pressure and streaming distribution in the 3D culture
model generated by a pair of IDTs using model simulations (Figure 3.8). We found that
the acoustic pressure was highly concentrated in the central layer where cells are
embedded (Figure 3.4(d)) along both horizontal and vertical directions (Figure 3.8(c) and
(d)). The streaming velocity is essentially cancelled out at the center due to the opposite
propagating flow induced by each pair of IDTs. Streaming is only present in the culture
medium above the collagen layer. Therefore, the ARF associated with the pressure in the
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collagen is the primary physical mechanism whereby US interacts with the 3D-cultured
cells in this model.

Figure 3. 8: Numerical modeling of (a) pressure and (b) streaming velocity
amplitude. (c) Pressure distribution along x-axis in the focal plane (z =0.5 mm). (d)
Pressure distribution along z-axis.

3.3.2 Effective activation of Piezo channels in 3D culture by ARF
To compare the effects of acoustic radiation force and acoustic streaming in
activating Piezo1 channel, we performed a series of experiments combining different cellculture models and configurations of VD-SAW. Figure 3.9(a) illustrates the three different
insonification schemes used in this study: 1) adherent cells cultured on a rigid glass
bottom coated with a thin collagen layer, 2) 3D-cultured cells in collagen stimulated by a
single-element IDT, and 3) 3D-cultured cells in collagen treated by VD-SAW array. The
total power is constant for all of these schemes. We utilized confocal microscopy to image
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simultaneously the dynamics of cell membrane (cyan) and changes of [𝐶𝑎 2+ ]𝑖 (red) of
P1TF cells under different US conditions, as shown in Figure 3.9(b)-(d). The z-stack images
were reconstructed and visualized from side view to reveal the mechanical response
characteristics of individual cells. In the Single-2D case, the cell maintains a semi-elliptical
shape before US stimulation. When US was applied at 20 s, the acoustical streaming flow
coming from the left side applied a shear stress to the cell in the horizontal direction. Since
the bottom of the cell was adhered to the substrate firmly, the streaming flow pushed the
cell toward the right, as indicated by the changes in the cell contour plots. The cell
deformation reached to a maximum around 35 s following the onset of US. In comparison,
3D-culcured single cell generally shows an ellipsoidal shape. When stimulated by a single
IDT, cell is deformed along the direction of the ARF from upper left to lower right corner.
In particular, the proximal edge is pushed inwards while the distal edge is stretched
outwards. In the Array-3D case, the embedded cell was pushed downwards by the
compression produced by the ARF emanated from the top.
Figure 3.9(e) and (f) summarize the response rate and peak [𝐶𝑎 2+ ]𝑖 in both P1TF
and WT cells under different US conditions. The results suggest that the Array-3D is the
most effective method for producing the highest Piezo1 activation and [𝐶𝑎 2+ ]𝑖 uptake
when power level is more than 0.5 W. We noticed that even at the maximum power (6.0
W), the Array-3D mode only activated 52% of P1TF which is much lower than the
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previously reported ~90% activation rate from micropipette experiments (Coste et al.
2015). In our experiment, US is applied globally to deform the cell membrane in which
Piezo1 distributes uniformly while in the micropipette experiment, highly localized
stimulus was applied to the area where Piezo1 was located. In comparison , the Single-2D
and Single-3D only elicited an activation rate of 34% and 28% in P1TF. Moreover, only
15% WT cells responded in Array-3D model, suggesting that [𝐶𝑎 2+ ]𝑖 is mainly mediated
by Piezo1. We noticed that the Single-2D model produces higher response rate and
[𝐶𝑎 2+ ]𝑖 uptake than the Single-3D model with a lower power threshold for Piezo1
activation (2.2 W for Single-2D and 3.9 W for Single-3D), presumably because the acoustic
streaming could not penetrate the collagen in the Single-3D model. We also performed
additional experiments to assess the cell injury under different US conditions, assessed by
the percent of unrecovered membrane poration or cell detachment (Figure 3.9(g)). We
found that the Single-2D model produces the highest damage percentage than the two
other methods. Structurally, 2D-cultured cells adhere to the substrate and have no support
along the vertical direction. The lateral streaming flow produced by the single IDT
imposes a strong velocity gradient near the boundary, which may attribute to the high
risk of cell detachment and membrane poration (Kurashina et al. 2019).
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Figure 3. 9: Comparison of the effects of ARF and AS on Piezo1 activation. (a)
Illustration showing three different insonification schemes used in this study. (b) –
(d): Time-series images of [Ca2+]i change (red) and cell membrane deformation (cyan)
stimulated by Single-2D, Single-3D and Array-3D modes. The images on the right
show the outline of cell membrane at three different time-points. (e) Response rate
and (f) peak normalized [Ca2+]i change of P1TF and WT cells in different US modes
versus power level. (g) damage percentage caused by different mode of US. US is on
from 20 s to 80 s.
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3.3.3 Characteristics of [Ca2+]i response in Piezo1- and Piezo2transfected cells
The discovery of Piezo1 and a related protein, Piezo2, was a breakthrough in a
decades-long search for the proteins and associated mechanisms that control the sense of
touch (Coste et al. 2010). While Piezo1 has already been demonstrated as a mechanosensor for US stimulation (Liao et al. 2019, Prieto et al. 2018, Pan et al. 2018), the possibility
of using Piezo2 as the target for US has not been explored. To address this issue, we
applied US to the WT HEK293t cells that were overexpressed with Piezo2. The 3D confocal
imaging was used to compare the different spatiotemporal characteristics of [𝐶𝑎 2+ ]𝑖
response in P1TF and P2TF cells. We used the Array-3D model as it has been shown to be
more effective in activating Piezo1 than Single-2D or Single-3D (Figure 3.9). Figure 3.10(a)(c) show the representative time-serial images of membrane deformation and [𝐶𝑎 2+ ]𝑖
uptake in P1TF, P2TF and WT HEK293t cells. Distinctly, we observed [𝐶𝑎 2+ ]𝑖 tends to
initiate at the bottom of the P1TF cells, while [𝐶𝑎 2+ ]𝑖 was always originated from the top
surface of the P2TF cells. The [𝐶𝑎 2+ ]𝑖 influx in the WT HEK293t cells was weak and
distributed uniformly. As shown in Figure 3.10(d) and (e), we found that the P1TF cell
shows higher response probability with a more robust [𝐶𝑎 2+ ]𝑖 uptake than the P2TF cell
at all the power levels, suggesting P1TF is more sensitive than P2TF when stimulated by
ARF. This finding is consistent with previous evidence that Piezo1 is generally more
sensitive than Piezo2 (Coste et al. 2015). However, the reasons for this observation are
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unclear and still under investigation. As Piezo1 and Piezo2 differ in physiological roles
and biophysical properties, the different mechanical sensitivity might be associated with
ion permeability, selectivity as well as inactivation kinetics and voltage sensitivity
determined by their similar but distinct structures (Taberner et al. 2019).

Figure 3. 10: Comparison of Piezo1 and Piezo2 activation by ARF. (a)-(c) Timeseries images showing the dynamics of [Ca2+]i (red) and cell membrane (cyan) in P1TF,
P2TF and WT cell in response to ARF, respectively. (d) Response rate and (e) peak
normalized [Ca2+]i change of P1TF, P2TF and WT cells at various power levels of US.
To further support our observations that P1TF and P2TF have different [𝐶𝑎 2+ ]𝑖
initiation characteristics, we analyzed the [𝐶𝑎 2+ ]𝑖 uptake at three different z-planes with
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4 μm interval distance, as shown in Figure 3.11(a) and (b). The [𝐶𝑎 2+ ]𝑖 dynamics at three
planes in both cell types were plotted in Figure 3.11(c) and (d). The difference between
half-peak time ( Δt ) at z = 4 and z = -4 μm was calculated to describe the initiation
characteristic. As shown in Figure 3.11(e), the P1TF cells show an averaged Δt around 2.0
s, indicating [𝐶𝑎 2+ ]𝑖 was initiated from the bottom and propagates upwards, while the
averaged Δt of -4.3 s in the P2TF cells suggests that [𝐶𝑎 2+ ]𝑖 was initiated from the top and
spread to the bottom half of the cell. In the WT cells, the mean of Δt was nearly zero,
indicating no clear spatial dependency of the [𝐶𝑎 2+ ]𝑖 initiation site. The different [𝐶𝑎 2+ ]𝑖
initiation characteristics in Piezo1 and Piezo2 suggests that the activation of Piezo1 or
Piezo2 is highly sensitive to the local mechanical strain or stress imposed on the cell
membrane during insonification which will be examined later in model simulations.
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Figure 3. 11: Comparison of the [Ca2+]i dynamics of Piezo1 and Piezo2. (a) and
(b) Analysis of the [Ca2+]i dynamics in P1TF and P2TF cells at three different z-planes
(z = 4, 0, -4 𝛍m, where z = 0 is the center plane of the 3D-cultured cell). (c) and (d)
Quantitative analysis of [Ca2+]i dynamics at three z-planes. (e) Delay time of [Ca2+]i at
50% peak between z = 4 and z = -4 𝛍m planes.

3.3.4 Exploration of new insonification features using VD-SAW array
To explore the potential of our novel VD-SAW array transducer, we further tested
possible insonification modes by using different combinations of IDTs. Delivery of ARF
from different directions may offer new insights into clinic applications of ultrasound in
brain stimulation where the use of array transducer is trending. Figure 3.12 illustrates 5
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different insonification schemes tested in this study: (a) single IDT, (b) a pair of adjacent
IDTs, (c) a pair of opposite IDTs, (d) 4-IDT array, and (e) alternating mode with each IDT
on for 15 s. We kept the same total power (6 W), treatment time (60 s) and other US
parameters (20% duty cycle, 20 Hz PRF) to test if the arrangement of IDTs have an impact
on Piezo1 activation, [𝐶𝑎 2+ ]𝑖 uptake and cell injury probability.

Figure 3. 12: Illustration of five insonification modes used in this study. (a)
Single, (b) adjacent, (c) opposite and (d) array. (e) Alternating mode with each
transducer is on for 15 s in a counterclockwise direction.
Figure 3.13(a)-(e) shows the XZ-plane view of cell membrane deformation (cyan)
and [𝐶𝑎 2+ ]𝑖 change (red) in P1TF cells stimulated by 5 different modes. The temporal
[𝐶𝑎 2+ ]𝑖 changes were plotted in Figure 3.13(f). US was on at 20 s and lasting for 60 s. The
total power, duty cycle (20%) and PRF (20 Hz) were kept constant. We noticed that cells
were all pushed along the direction of ARF. In single and adjacent modes, cells were
pressed from upper left to lower right direction. In opposite and array modes, cells were
squeezed and pushed downwards by ARFs from upper left and upper right corners. In
alternating mode, cell was exposed to ARF from four directions and was forced to move
along the corresponding direction. Regarding the [𝐶𝑎 2+ ]𝑖 initiation characteristic, 77.5%
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(31 out of 40) of the P1TF cells tested in all the five modes showed positive Δt, indicating
[𝐶𝑎 2+ ]𝑖 tends to initiate from the bottom of cells transfected with Piezo1.

Figure 3. 13: Piezo1 activation by different insonification modes. (a) - (e)
Representative time-series confocal images of [Ca2+]i (red) and cell membrane (cyan)
in P1TF cells exposing to different insonification modes: Single, Adjacent, Opposite,
Array, and Alternating. (f) Change of [Ca2+]i over time in different US modes. Gray
rectangular indicate the application time of US.

Figure 3. 14: Summary of the Piezo1 activation rate, [Ca2+]i uptake and cell
injury rate by different insonification modes. (a) Response rate and (b) Peak
normalized [Ca2+]i change in P1TF and WT cells in different insonification modes. (c)
Damage rate produced by different US modes.
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We analyzed the global [𝐶𝑎 2+ ]𝑖 uptake in P1TF and WT cells in different
insonification modes (Figure 3.14). We observed significant higher response rate and peak
[𝐶𝑎 2+ ]𝑖 change in P1TF than WT, suggesting Piezo1 plays a predominant role in
mediating [𝐶𝑎 2+ ]𝑖 influx. The response rate and [𝐶𝑎 2+ ]𝑖 uptake increase from single,
adjacent to opposite mode, and reach to the highest in the array mode. It is also interesting
to notice that the alternating mode produces higher response rate than single mode while
not increases the peak [𝐶𝑎 2+ ]𝑖 . We thus inferred that stimulating P1TF cell at different
directions may increase the number of Piezo1 channels opened under stress. However,
each stimulation period (15 s) is not sufficiently long enough to elicit a sustained [𝐶𝑎 2+ ]𝑖
influx, resulting in a lower global [𝐶𝑎 2+ ]𝑖 . Figure 3.14(c) shows the damage rate in
different modes. The results suggest that opposite, array and alternating modes could
significantly decrease the risk of damaging the cells than single and adjacent modes.
Alternating mode causes the lowest rate of cell damage.

3.3.5 Correlation between cell membrane deformation and Piezo1
activation
Previous study revealed that Piezo1 is sensitive to membrane tension or
compression during application of negative or positive pressure (Lewis and Grandl 2015).
Our confocal images suggest that in response to ARF, cell membrane undergoes
displacement parallel to the direction of US propagation before settling down to a quasisteady-state. We thus proposed that the mechanical deformation of membrane induced
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by ARF may play a central role in activating the intrinsically mechanosensitive Piezo1
channel and eliciting [𝐶𝑎 2+ ]𝑖 transient. To understand how ARF interacts with cell
membrane in 3D culture, we quantified the displacement, deformation and strain of cell
membrane by digital volume correlation (DVC). In addition, we performed a finiteelement based numerical simulation to compute the stress distribution on the cell
membrane. The DVC approach was calibrated by single-axis translation and beadindentation test (see Appendix B and Figure B.1-4). As illustrated in Figure 3.15(a) and
(b), US wave generated by IDT was transmitted into the 3D-cultured model composed of
culture medium with 2 mm height, collagen layer with 1 mm thickness and an ellipsoid
cell embedded at the center with semi-axes: a = 7.5 μm, b = c = 5 μm. We applied digital
volume correlation (DVC) technique to experimentally measure the cellular strain by
processing the 3D confocal images. The fluorescence images of cell membrane before US
stimulation and at the peak displacement were first reconstructed in Avios software as
shown in Figure 3.16(a), respectively. An intensity threshold was applied to detect the cell
surface, shown in Figure 3.16(b). Then a mesh grid with 5 μm element size (shown in red)
was used to calculate the strain distribution on the cell membrane.

80

Figure 3. 15: Diagram of the modeling domain. (a) A collagen layer and (blue
arrows indicate the direction of ARFs generated by the VD-SAW array). (b) An
embedded cell at the center.

Figure 3. 16: Demonstration of digital volume correlation technique. (a) The reconstructed 3D images of fluorescently labeled cell membrane and (b) detected
surface of cell for DVC analysis before US stimulation (reference) and at the end of
insonification (deformed).
To assess the accuracy of the numerical modeling, we compared the simulated zaxis and x-axis strain components ezz and exx (Figure 3.17(a) and (b)) with the
measurement results (Figure 3.17(c) and (d)) visualized by DVC. We found the
distribution and the amplitude of ezz and 𝑒𝑥𝑥 in simulation were in good agreement with
the measurement (Figure 3.18(a) and (b)). The 3D-cultured cell shows negative 𝑒𝑧𝑧 on the
top which gradually increase to positive on the bottom, and negative 𝑒𝑥𝑥 on the left and
right sides. The displacement field revealed that the top half of the cell is compressed,
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meanwhile the bottom half is ballooned. The top part of cell is compressed by the
convergent ARFs generated by VD-SAW array above (red arrows in Figure 3.17(c) and
(d)) while the bottom part of cell was stretched along the z-axis.

Figure 3. 17: Normal strain components along z and x axis: (a) and (b)
numerically simulated by finite-element method, (c) and (d) visualized by DVC.

Figure 3. 18: Comparison of simulated (red) and DVC-visualized (blue) strain
components: (a) ezz along the center axis and (b) exx along x axis (n = 3).
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We further calculated the first principal invariant of strain (I 1) on the cell
membrane based on DVC measurement. Since I 1 represents the hydrostatic strain (a
change in volume), we could separate this strain measure into tensile (positive) and
compressive (negative) hydrostatic strains. Figure 3.19 shows the distribution of I 1 in
response and non-response P1TF cells in different US modes. In both groups of cells, we
observed that compressive strain is generally located at the leading surface of cell
membrane facing to the directions of ARF (red arrows), while tensile stress is always
present at the rear surface of cell membrane along the direction of ARF.

Figure 3. 19: Distribution of the first principal invariant of strain (I1) on the cell
membrane based on DVC measurement.
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Since the membrane tension is the gating mechanisms of Piezo1 activation, we
further analyzed the characteristics of tensile strain on the cell membrane, including the
peak tensile strain and the percentage of membrane area under tensile strain. As shown
in Figure 3.20(a), we found the maximum I 1 is similar in both responsive and nonresponsive groups in single, adjacent, opposite and array modes. However, the area under
tension in responsive group is higher than that in non-responsive group (Figure 3.20(b)).
Also, we found that the array mode produces the greatest area of cell membrane under
tensile strain, corresponding to the highest Piezo1 activation rate. These results suggest
that the area of cell membrane under tensile strain may play an important role in Piezo1
activation.

Figure 3. 20: Maximum I1 and the area of cell membrane under tension (n = 3-5).
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Besides the membrane strain, we wanted to explore how different insonification
modes affect the stress distribution. As shown in Figure 3.21(a)-(d), we performed
numerical simulations for single, adjacent, opposite, array and alternating modes under
the same total acoustic power. We observed distinct characteristics of first-principal stress
𝜎1 (or tensile stress 𝜎𝑇 ) distribution at different modes. The single mode produces ARF
only from one direction, leading to compression (negative 𝜎1 ) on the part of membrane
facing the incident wave (Figure 3.21(a)). The distal part of cell (lower right at XZ-plane)
is extruded and subjected to tension. Similarly, in adjacent mode (Figure 3.21(b)), ARFs
generated from two IDTs compress the surfaces of cell parallel to their propagation
directions. The resultant tension is mainly located at the distal end ((x, y, z) = (+, +, −)).
In opposite mode (Figure 3.21(c)), two beams of US from opposite directions impact the
upper left and right corner of the cell, leading to compression at the area facing to the
ARFs and resultant tension underneath. In array mode, as shown in Figure 3.21(d),
uniform distributions of compression and tension are located on the top and bottom sides
of the cell, respectively. Maximum tension around 95 Pa is observed at the lowest point of
the cell. For the alternating mode (Figure 3.21(e)), we analyzed the stress field elicited only
by the 2nd IDT for 15 s on-time for illustration. While the characteristics of stress filed
produced by the 2nd IDT is similar to that of single mode, the displacement in alternating
mode is much smaller than that in single mode due to the shorter application time of US.
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Overall, in all the US modes used in this study, we found that compression is always
present at the leading edge of the cell facing the ARF and tension is induced at the distal
end of the cell along the applied ARF direction.

Figure 3. 21: Numerical modeling results of the first principal stress (or
maximum tensile stress) distribution in a single 3D-embedded cell in collagen
elicited by (a) Single (b) Adjacent (c) Opposite (d) Array and (e) Alternating mode.
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Next, we wanted to correlate the mechanical strain with the cellular bioeffects
(Piezo1 activation) and determine the key parameter underpinning the interaction of US
with cells. Inspired by our previous observation that the cellular bioeffects (e.g. Piezo1
activation and calcium signaling) are highly associated with the strain energy density
impulse produced on the cell membrane (Liao et al. 2021, Yuan et al. 2015), we utilized
the total strain energy (E) induced by US to measure the mechanical response in 3Dcultured cell body (Agosti, Ambrosi and Turzi 2018, Koch et al. 2012). From a mechanical
point of view, during the time period of application of US on a deforming cell, the ARF
performs work that is transmitted into internal energy inside the deformed cell. To
accurately describe this stored internal energy, the instant power of those ARF (rate of
application of work) is integrated over the insonification period to determine the
increment of the deformation energy stored inside the cell body (assumed to be an elastic
̅) stored in a continuum arises
continuum). The increment in the deformation energy (𝑈
naturally from the product of the components of the stress tensor (𝜎𝑖𝑗 ) and the components
of the increments in the small strain tensor (𝜀𝑖𝑗 ):
3

̅ = ∑ 𝜎𝑖𝑗 𝑑𝜀𝑖𝑗
𝑑𝑈

(3.3)

𝑖,𝑗=1

Then, the rate of change of the internal energy per unit volume of Ω can be calculated by:

87

3

3

̅
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𝑑𝑈
1 𝜕𝑣𝑖 𝜕𝑣𝑗
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𝑈
= ∑ 𝜎𝑖𝑗
= ∑ 𝜎𝑖𝑗 (
+
)
𝑑𝑡
𝑑𝑡
2 𝜕𝑥𝑗 𝜕𝑥𝑖
𝑖,𝑗=1

(3.4)

𝑖,𝑗=1

To find the total strain energy due to insonification using the spatial configuration
expression for the energy per unit volume, the rate needs to be integrated the volume of
cell, and then integrated from the start (t0) to the end (t1) of insonification:
𝑡1

̅̇ 𝑑𝑉 𝑑𝑡
𝐸=∫ ∫ 𝑈
𝑡0

(3.5)

𝛺

For alternating mode, 𝐸 is integrated over 15 s for each IDT and multiplied by four
corresponding to the cumulative effects of four elements. For the other modes, 𝐸 is
integrated over the 60 s total treatment time. We then plot the total strain energy and
Piezo1 activation together versus different power levels and insonification modes in
Figure 3.22(a) and (b). Figure 3.22(a) shows that both Piezo1 response rate and total
energy increase with higher power. A total energy 0.66 pJ is reached at the maximum
power 6.0 W leading to the highest Piezo1 activation rate at 52%. Our simulation suggests
that the critical threshold of energy to activate Piezo1 by ARF should be around 0.15 - 0.27
pJ, corresponding to power level 0.5 – 1.0 W. Figure 3.22 (b) shows that array mode
produces the greatest total strain energy than other modes, consistent with the trend
observed in the responsive rate. Under the same total power level, varying US mode
modulates the direction of the ARF impacting on the cell membrane and results in
different stress distribution in the cell. By increasing the number of transducers, we could
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increase the volume/area of the cell that is under compression or tension. Meanwhile, the
local membrane stress is needed to be above the specific threshold to activate Piezo1. Our
results suggest a trade-off between the volume of cell under stress and the local amplitude
of stress should be made for effectively activating Piezo1 and eliciting a [𝐶𝑎 2+ ]𝑖 response.
We found that the total strain energy ( 𝐸 ) is a reasonable indicator to assess the
effectiveness of US stimulation in Piezo1 activation.

Figure 3. 22: Total strain energy (black dots) shows good correlation with
Piezo1 activation probability (red squares, reproduced from Figure 3.9(a) and 3.14(a)
for comparison) under different US conditions.

3.3.5 Mechanistic study of Piezo1 activation by VD-SAW array
To confirm that Piezo1 is the predominant factor for boosting a higher [𝐶𝑎 2+ ]𝑖
influx in HEK293t cells in response to US, we applied Yoda1, a small molecule chemical
agonist for Piezo1 (Syeda et al. 2015), to both P1TF and WT HEK293t cells. As shown in
Figure 3.23 (a) and (b), the application of 0.5 μM Yoda1 evoked [𝐶𝑎 2+ ]𝑖 response in P1TF
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cells cultured in both 2D and 3D, while it had little effect on WT cells, where endogenous
Piezo1 was expressed at a low level (Dubin et al. 2017).

Figure 3. 23: Confirmation of the expression of Piezo1 by Yoda1 (a) A
representative [Ca2+]i response of P1TF and WT HEK23t cells cultured in 2D and 3D to
0.5 μM Yoda1. (b) A summary of the peak normalized change in [Ca2+]i response of
P1TF and WT HEK293t cells to Yoda1.
We then wanted to gain a mechanistic understanding of how Piezo1 mediates
[𝐶𝑎 2+ ]𝑖 triggered by US. As shown in Figure 3.24(e), we found extracellular calcium is
essential to induce [𝐶𝑎 2+ ]𝑖 transient in P1TF cells by US stimulation. The [𝐶𝑎 2+ ]𝑖 influx
further triggers internal calcium release from endoplasmic reticulum, evidenced by
reduction of [𝐶𝑎 2+ ]𝑖 response by Thaps (thapsigargin). We also observed the disruption
of cytoskeleton by CytoD (Cytochalasin D) reduces [𝐶𝑎 2+ ]𝑖 change, suggesting
cytoskeleton is partially involved in gating Piezo1. Additionally, our results showed that
while the morphological impact of CytoD is apparent in both 2D and 3D (Figure 3.24(a)(d)), CytoD has a more pronounced effect on reducing [𝐶𝑎 2+ ]𝑖 uptake in 2D: reducing
~70% [𝐶𝑎 2+ ]𝑖 in 2D compared to ~22% in 3D. This is consistent with the observation in a
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previous study that disruption of actin cytoskeleton has a more pronounced effect on the
mechanical properties of 2D-cultured than 3D (Mak, Kamm and Zaman 2014).

Figure 3. 24: Investigation of the involvement of cytoskeleton and the source of
[Ca2+]i. (a) – (d) Fluorescence images of the [Ca2+]i and F-actin in HEK293t cells in 2D
and 3D with and without CytoD treatment. (e) A summary of the US-induced [Ca2+]i
in P1TF cells with regular medium, Thaps treatment, CytoD treatment, and Ca2+-free
medium.

3.4 Discussion
In this study, we developed a four-element VD-SAW array transducer and a 3D
cell culture model to interrogate the mechanisms and key parameters underlying the
mechanisms of ultrasonic activation of Piezo mechanosensitive ion channels.

We

characterized the performance of VD-SAW array and precluded the thermal effect under
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the stimulation protocol used in the cell experiments. Because of the high frequency (i.e.,
33 MHz) of the VD-SAW array, the contribution of cavitation could be neglected.
Therefore, the mechanical effects of US responsible for Piezo channel activation in our
experiment are associated with either acoustic radiation force or acoustic streaming. The
US exerts its mechanical effects on a target throughout during US application. The
conveyed mechanical energy stretches and distorts the cell membrane to an extent
yielding direct alterations of the conformation states of Piezo channels embedded with
the membrane, evidenced by our simultaneous imaging of [𝐶𝑎 2+ ]𝑖 and cell membrane
deformation. Furthermore, our mechanistic studies demonstrated that [𝐶𝑎 2+ ]𝑖 response
elicited by US in P1TF cells was determined by not only the Piezo channel opening, but
also the 𝐶𝑎 2+ release from the internal storage for the propagation of this stimulation. We
observed significant reduction in calcium response when we inhibited the internal
calcium release (from endoplasmic reticulum), and fully abolishment of calcium uptake
in calcium-free medium. Therefore, it will be critical to create controllable and sustained
activation of Piezo channels using the lowest acoustic energy to achieve target specific US
neuromodulation without eliciting the response of other MS ion channels in the brain.
The 3D cell culture used in our study not only provides a more physiological
condition but also changes the way that US interacts with the cells. By embedding cells in
a supportive extracellular matrix (ECM), the 3D culture model could eliminate the effect
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of acoustic streaming by blocking the flow motion and significantly reduce the influence
of the rigid boundary. This scenario is more relevant to the in vivo application of US where
the incident wave could penetrate deeply in the tissue or brain (Tufail et al. 2011, Kim et
al. 2014). To test if the location of cell could impact the total strain energy or stress
distribution in the same US mode, we performed numerical modeling for cells located at
different regions in the collagen layer (Figure B.5). Although the distribution of tensile
stress on cell membrane is slightly changed at different locations, the total strain energy
is highly consistent, with < 3% variance within the region of interest (300 x 300 x 50 μm).
This suggest that our US-cell stimulation system is highly consistent and reliable.
Comparative studies between Piezo1 and Piezo2 revealed a higher mechanical
sensitivity of Piezo1 in response to ARF than Piezo2. Our 3D confocal images and cell
deformation analysis further suggested that Piezo1 is most likely to be activate by tension
stress located on the bottom side while Piezo2 is more sensitive to compression on the top
side of an embedded cell in collagen. These observations agree with previous research in
cell mechanotransduction studies. One study showed that stretch-activated currents were
detected in ~90% P1TF but only in ~50% of P2TF HEK293T cells (Coste et al. 2015).
Likewise, compression with atomic force microscopy evoked significantly higher current
in Piezo1-transfected neuron2A cells than Piezo2-transfected patches (Lee et al. 2014). The
cell deformation induced by US leads to local curvature change and membrane tension in
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both Piezo1/2 due to their similarities in structure, yet the detailed mechanism of opening
may be influenced by their interaction with the membrane via a force-from-lipids
paradigm and with the cytoskeleton via a force-from-filaments paradigm (Jiang et al.
2021). It was reported that Piezo1 is gated by membrane tension which is likely to be
induced by negative pressure such as suction with a patch clamp (Coste et al. 2010, Lewis
and Grandl 2015), while Piezo2 is sensitive to positive pressure elicited by poking or
indentation with a blunt glass pipette (Lewis et al. 2017, Shin et al. 2019). The implication
for the development of sonogenetics is to choose the suitable mechanosensitive receptors
with the appropriate sensitivity and activation characteristics that are best aligned to the
US stimulation. Considering the different characteristics of Piezo1 and Piezo2 response to
ARF, it may be advantageous to co-transfect the target neurons with both Piezo1 and
Piezo2 to improve the sensitivity and response rate without increasing the risk of
injury. For example, it was found that both Piezo1 and Piezo2 are robustly expressed
in articular chondrocytes, cells in cartilage and the co-expression of both channels
significantly boosts the calcium response compared to single-piezo expression (Lee et al.
2014).
We also wonder whether we could further improve the efficiency of activating
Piezo1 by adjusting the insonification schemes of the VD-SAW array. Based on the
capability of VD-SAW array, we used single, adjacent, opposite, array and alternating
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modes to change the orientation of ARF and the resultant stress distribution. Under the
total input electrical power, we found that the array mode was the most effective way to
activate Piezo1 with a low propensity for producing cell injury (10%). We plotted the
distribution of tensile stress along the lower boundary of cell in response to different
modes of US (Figure B.6). It was found that single and adjacent modes can elicit high
tensile stress (> 70 Pa) in a small region which decreases greatly along the lower boundary,
while opposite and array modes produce high and uniformly distributed tensile stress.
We speculated that the activation of Piezo1 by US in our study was determined by the
amplitude of mechanical forces, the volume of cell (or number of Piezo1 channels) that
are under stress and the application time of ARF. The local amplitude of stress or strain
needs to be above the threshold for opening Piezo1. Also, the larger the volume of cell
that is under stress, the greater number of Piezo1 channels might be stretched, leading to
higher global [𝐶𝑎 2+ ]𝑖 influx. Previous research also suggested that the mechanical
stimulus must be maintained to allow for fully activation of Piezo1 until it is saturated
(Lewis et al. 2017). We intuitively used the total strain (deformation) energy as a measure
of the efficiency of different insonification modes which incorporates various factors that
have been hypothesized to contribute to Piezo1 activation. We found it to be a good
indicator of the Piezo1 activation rate in our experiments. Our results showed that array
mode can produce the highest Piezo1 activation rate (52%) in our study. For further
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optimization, it would be of particular interest to test whether alternating mode with
sufficient stimulation time (e.g. 60 s) at different orientations could further improve the
efficiency. Future experimental tests with extended treatment time and computational
model which considers the viscoelastic property of cell in 3D are warranted to fully
determine the optimal US parameters and transducer configurations.
In summary, with a physiologically-relevant 3D culture model, we utilized 3D
confocal imaging with DVC and numerical modeling to analyze cell membrane strain and
stress induced by a versatile VD-SAW array. We established the relationship between USinduced mechanical effect and cellular bioeffects (Ca2+ signaling via MS channel activation)
by a key parameter: the total strain energy, which take into accounts of the stress
magnitude, volume of the deformed cell, and insonification time. Our results suggest that
the stress distribution and total strain energy induced by US were correlated to the
configurations of US transducer and ARF. Our results may inspire new ideas to fully
explore the parameter space defined by these alternative methods of utilizing ARF in
sonogenetics applications.
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4. Conclusions
The primary goals of this dissertation are three-fold: 1) design, characterize and
implement a novel and miniature vertically deployed surface acoustic wave (VD-SAW)
transducer that can be integrated with an inverted microscope for simultaneous
observations of cellular bioeffects and mechanical strain produced by ultrasound (US)
stimulation, 2) investigate the mechanisms underlying the Piezo mechanosensitive (MS)
ion channel activation by US and 3) explore the optimal insonification condition for an
efficient and safe activation of MS channel by US stimulation. The first chapter of this
dissertation covers the fundamental background, history and physical mechanisms of
therapeutic US. Chapter 2 demonstrates the first implementation of single-element VDSAW in activating Piezo1 MS channel in a 2D cell culture. The VD-SAW generates an
acoustical streaming flow that deforms cell membrane, leading to activation of
heterogeneously distributed Piezo1 channels on the cell surface and the resultant [𝐶𝑎 2+ ]𝑖
influx depends on the shear stress amplitude and pulse length of the stimulation. An
optimal insonification pulse length of 20 ms was observed experimentally and confirmed
by our modeling. Our results suggested that the optimal PL in Piezo1 activation is related
to the filtering effect of the viscoelasticity of cell and the intrinsic Piezo1 gating dynamics.
Our image-based analysis suggests a strong correlation between Piezo1 activation and cell
membrane deformation. In Chapter 3, the single-element VD-SAW was upgraded to an
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VD-SAW array with demonstrated flexibility of operating in different insonification
modes and capability of enhancing the Piezo1 activation while keeping a low risk of cell
injury. A 3D cell culture model was adapted to provide a more physiologically relevant
culture condition and environment for US-cell interaction than 2D culture. Furthermore,
a combined experimental (digital volume correlation) and computational (finite-element
modeling) approach was used to map the strain and stress in individual cells under US
stimulation which was further correlated to Piezo1 activation and [𝐶𝑎 2+ ]𝑖 dynamics. A
comparison between Piezo1 and Piezo2 revealed that Piezo2 requires higher power of US
to be activated than Piezo1. Also, it was found that Piezo1-mediated [𝐶𝑎 2+ ]𝑖 is always
initiated at the bottom of 3D-cultured cell under tension while Piezo2-mediated [𝐶𝑎 2+ ]𝑖 is
originated from the top of cell under compression. Additionally, our mechanics study
confirmed actin cytoskeleton was partly involved in transmitting the force for Piezo1
activation. Altogether, the experiment results reported in this dissertation highlights the
importance of optimizing the US parameters and treatment strategy to maximize the
Piezo channel activation efficiency while minimizing potential risk of cell injury. The new
insights into the biophysical mechanisms of US gained in this work shall advance our
knowledge and facilitate the development of improved techniques and instrumentation
for sonogenetics applications.
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Beyond the proof-of-principle implementation of our VD-SAW transducer array
in sonogenetics studies and the promising preliminary results, we would suggest the
following critical issues for consideration in future investigations:
1) Further optimization of insonification strategy. As our preliminary results
suggested that array mode is the most effective way and that the efficiency of ultrasonic
activation of Piezo1 is strongly correlated to the total strain (deformation) energy
produced in the cell, we don’t know if we have reached to the limit of our VD-SAW array.
Future work is warranted to further optimize insonification strategy. For example, it
would be intriguing to repeat the US stimulations from multiple directions. Also, it is
possible that co-transfection of Piezo1 and Piezo2 can enhance the response probability.
2) Development of a more advanced computational model for cell mechanics.
In Chapter 3, we modeled the cell as a linear elastic and homogenous solid. The
continuum model is good to predict the displacement, strain and stress in response to
mechanical stimulus but is not able to fully describe how the force is sensed and
transmitted by different components of cell including cell membrane, cytoskeleton, and
nuclei. Therefore, a more advanced computational model (e.g., continuum-tensegrity
model) of the cell with properties for each region is needed to better understand the UScell interaction and more precisely assess the resultant total strain energy.
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3）Validation in neurons or a neuronal cell line. We demonstrated the successful
application of VD-SAW transducer in the activation Piezo1 and Piezo2 MS channels in
HEK293t cells, but our study may lack the context of brain stimulation. It will be
indispensable to validate that our approach could also be used for activating the
endogenous or heterologous MS channels in neurons or a neuronal cell line. Also, with
the highly controllable US stimulation, our approach can also be used to test other MS
channels and characterize their optimal activating conditions.
4）Translation from in vitro to in vivo. Given the unique advantages of SAWbased transducer, it has the potential to be employed in a wearable, implantable and
wireless configuration and advance the current technology in therapeutic US. A critical
issue in expanding SAW transducer in biological and clinical applications is the frequency
range. SAWs are generally operated at high frequency (2 - 100 MHz), which may result
in significant attenuation of sound energy during the propagation through intact skull or
in brain tissues. It is favorable to employ SAW-based transducer in applications that
requires minimal penetration or in an implantable manner. A commercialized SAW-Patch
therapy has been demonstrated to produce positive effects on tissue oxygenation and
saturation in ischemic feet (Rosenblum, Gazes and Greenberg 2014). Other potential
application includes SAW-brain implants for enhanced drug delivery through the bloodbrain barrier (BBB) or treatment of neurological disorders (Peng et al. 2021).
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Figure 4. 1: (a) Wearable SAW-Patch device for pain relief (Rosenblum et al.
2014). (b) Potential in vivo application of implantable SAW device in brain (Peng et
al. 2021).
5） New perspectives on future US neurostimulation. The knowledge gained in
this dissertation could provide guidance and directions for future US neurostimulation
and sonogenetics. A trending in current transcranial applications of US is to use phased
array transducer which provides flexibility in adjusting the US configuration and
spatiotemporal accuracy. Our preliminary results on the observation of the optimal pulse
length and effective US configuration in vitro could encourage more investigations and
efforts in further optimizing the US parameter in vivo.
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Appendix A
Design and fabrication of VD-SAW transducer. A focused, 20-finger pair interdigital
transducer (IDT) SAW device with aperture size (12 × 8 mm) was used to generate
ultrasound pulses in the form of leaky pressure waves. The width of each finger and the
gap between two adjacent fingers were set as 𝜆⁄4 = 32.5 𝜇𝑚 to define the SAW
wavelength at 𝜆 = 130 𝜇𝑚. The fingers were designed as a series of concentric-circular
arcs with a 40° open angle to produce a focused acoustic filed. A 0.5-mm thick, 128°-Y cut
LiNiO3 wafer (Precision Micro-Optics) was used as the substrate. A double-layer metal
(90 nm Au and 10 nm Cr) was subsequently deposited on the wafer using an e-beam
evaporator (CHA solution), followed by a lift-off process to remove the photoresist and
form the IDT. The fundamental frequency of IDT (33 MHz) was determined by a network
analyzer prior to operation. Sinusoidal signals with pulse modulation were produced by
a signal generator (Model 4065, B&K Precision), amplified by a 55 dB RF amplifier (Model
A150, ENI), then applied to the IDT.
Calibration of SAW vibration amplitude. To calibrate our VD-SAW transducer, we
measured the vertical vibration amplitude (A) at the focus of SAW (f0 = 33 MHz) produced
by the IDT in air at different input voltages using a custom-built heterodyne
interferometer. As shown in Figure A.1, a linear relationship between the vibration
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amplitude and IDT input voltage was observed, which is consistent with previous reports
(Guo et al. 2016).
Measurement of pressure amplitude. The pressure amplitude in a water tank (Figure
A.2) generated by the VD-SAW transducer (Vin = 80 mV) at z = 3 mm plane was measured
by a hydrophone (HGL-200, Onda). The hydrophone was controlled by a 3-axis
positioning system with a step size of 0.5 mm and a scan range of 8 mm along x or y axis.
The output was first recorded by a digital oscilloscope (LeCroy 9310A, Chestnut Ridge)
and then analyzed in MATLAB.
Quantification of shear stress by numerical stimulation. We estimated the shear stress
produced by the VD-SAW at different input voltages in the area of the target cells in the
petri dish (see Figure A.3). We constructed a numerical model in COMSOL. The 1st order
acoustic fields (𝑝1 and 𝑣1 ) are solved using the Thermoviscous Acoustics interface in the
Acoustics Module. The vibration amplitude on the IDT was used to determine the veloctiy
boundary condition (𝑣 = 𝜔 ∙ 𝐴, 𝜔 = 2𝜋𝑓0 ). The streaming flow (𝑝2 and 𝑣2 ) is solved using
the Laminar Flow physics interface of the CFD Module by adding the appropriate timeaveraged 1st order sources: a mass source and a volume force. The shear stress produced
by the streaming velocity in the target cell area is calculated by the gradient of
𝑣2 along the z axis: 𝜏 = μ

𝑑𝑣2
𝑑𝑧

(μ is the dynamic viscosity of water. At 20℃, μ = 1 × 10−3 𝑁 ∙

𝑠 ∙ 𝑚−2 ).
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Temperature change induced by insonification. A 0.2-mm bare-wire thermocouple
(Physitemp Inc., Clifton, NJ) was used to measure the temperature change in the culture
medium inside the Petri dish induced by VD-SAW at different PLs. The input voltage was
100 mV for all the measurements, and the maximum temperature elevation produced
during the 60 seconds insonification was less than 1 ℃ (see Figure A.5).
Examination of the source of intracellular calcium signaling. We performed additional
experiments to examine the source of intracellular calcium response. We used 3 μM
thapsigargin (Invitrogen™) in one group to discharge intracellular calcium stores (i.e.,

endoplasmic reticulum) before insonification at different PLs. We also used Ca 2+-free
medium (chelated with EGTA) in another group during insonification. The experimental
results are presented in Figure A.6.
Examination of the time-dependent acoustic parameters. To examine whether the
buildup and decay of acoustic parameters are time-dependent, we simulated the transient
SAW field in COMSOL using time-dependent (transient) solver. The computation was
performed on a Duke virtual desktop with Intel Xeon CPU E5-2699 v4 @2.2 GHz 2
processors, 64-bit Windows 10, and 60 GB RAM. The time-dependent simulation took
approximately 60 hours for two 10 μs pulses with 0.5 μs time step. We found that both 𝑝1
and 𝑣2 take about 1 s to reach their steady states at the onset while fully decaying within
1 s following the cessation of insonification. We concluded that the pulsating protocol in
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our setup has minimal effect on the buildup of acoustic energy. It is intuitive that acoustic
energy is much more difficult to accumulate in a large domain (Petri dish: 35 mm in
diameter) than for example in a confined micro-cavity (<1 mm characteristic length) as
demonstrated by other studies (Muller and Bruus 2015). Therefore, the acoustic
streaming-induced shear stress applied to the adherent cells could be considered as an
ideal square wave (Figure A.7).
Modified four-state Piezo1 gating model. We developed a modified four-state Piez1
gating model to explain the experimental observations in this study. The transition rates
in the model are: 𝑎(𝜏) = 5.1 × exp(− 𝜏⁄6.8) , 𝑏 = 116.9 𝑠 −1 , 𝑐 = 8.0 𝑠 −1 , 𝑑 = 4.0 𝑠 −1 ,
𝑒(𝜏) = 34.6 × exp(𝜏⁄6.8) 𝑠 −1 , and 𝑓 = 33.6 𝑠 −1 . These rates are the same as the original
gating model (Lewis et al. 2017). We further assume that 𝑔 and ℎ will depend on the
repetition frequency of the stimulus. For continues sinusoidal wave, repetition rate is the
fundamental frequency ( f0 ). For pulsed wave, repetition rate is the pulse repetition
frequency (PRF). By simultaneously fitting experimental data at frequency from 0.5 Hz to
50 Hz, we found 𝑔 and ℎ can be best fit by the following equations:
𝑔(𝐹𝑟𝑒𝑞. ) = 𝛼 ∙ [1 − 𝛽 ∙ exp (−

ℎ(𝐹𝑟𝑒𝑞. ) =

𝛿
𝑔(𝐹𝑟𝑒𝑞. )

where 𝛼 = 7.0 𝑠 −1 , 𝛽 = 0.7, γ = 44.8 𝐻𝑧 and 𝛿 = 2.4.
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𝐹𝑟𝑒𝑞.
)]
γ

(𝐴1)

(𝐴2)

Compared to the experimental measurement of the membrane current mediated
by Piezo1 in the same cell line (Lewis et al. 2017), we found the modified four-state gating
model is sufficient to capture the basic features of the first peak, last peak and tonic current
(Figure A.8(b)). More importantly, our modified model can recapitulate the frequencyfiltering effect of Piezo1 on the current integral, whereas the original model does not (see
Figure A.8(c)). For pulsed waves with a given DC, 𝑔 and ℎ can be written as a function of
PL:
𝑔(𝑃𝐿) = 𝛼 ∙ [1 − 𝛽 ∙ exp (−

ℎ(𝑃𝐿) =

𝛿
𝑔(𝑃𝐿)

𝐷𝐶
)]
𝑃𝐿 ∙ γ

(𝐴3)

(𝐴4)

Simulations of Piezo1 channel kinetics by the modified four-state gating model for
PL = 0.01 and 0.1 ms were shown in Figure A.9.
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Figure A. 1: The vibration amplitude produced by the 33 MHz IDT in air at
different input voltages measured by heterodyne interferometry. Values are
expressed as means ± std. (n = 3).
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Figure A. 2: Characterization of the pressure field produced by the VD-SAW.
(a) A representative pressure waveform of 2 𝛍𝐬 pulse generated by the VD-SAW at Vin
= 80 mV in a water tank measured at the focus (x = 6 mm, z = 3 mm) by a fiber optic
probe hydrophone. (b) The corresponding normalized spectrum shows a peak
frequency at 33 MHz. (c) Comparison of pressure amplitude along the x-axis between
numerical simulation results in free field (top) and experimental measurements. (d)
Pressure amplitude distribution in the free field measured by the fiber optical probe
hydrophone in the z = 3 mm plane.
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Figure A. 3: The shear stress produced by IDT in the target cell region in the
petri dish at different input voltages estimated by COMSOL modeling.
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Figure A. 4: Quantitative small-region intracellular calcium analysis shows
evidence that [Ca2+]i initiated at edge. [Ca2+]i ratio in region ➀ (red curve) reaches to its
50% peak (green circle) earlier than in region ➁ (black circle on the blue curve).
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Figure A. 5: The time course of temperature change in the Petri dish at different
PL. Values are expressed as means ± std. (n = 3).

Figure A. 6: Peak normalized intracellular calcium ratio change in P1TF cells
when cultured in regular medium (red), regular medium with 3 μM thapsigargin
(green), or in Ca2+-free medium (brown) at various PLs (n ~ 6 for each case).
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Figure A. 7: Temporal evolution of pressure (p1) and streaming velocity (v2)
produced by the VD-SAW at 33 MHz. Dash lines indicate the time-averaged value of
steady state obtained by using the frequency-domain solver.
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Figure A. 8: Numerical simulation of the modified four-state Piezo1 gating
model. (a) Illustrative diagram depicting the ‘‘first peak’’ (red), ‘‘last peak’’(blue),
‘‘tonic current’’ (orange) and current integral (area under the curve). (b) Experimental
and simulated amplitudes of the ‘‘first peak’’ and ‘‘last peak’’ currents and ‘‘tonic’’
current as a function of stimulus frequency of a 4-s sinusoidal wave. (c) Experimental
and simulated current integral during the last 2 s of a 4-s sinusoidal force stimulus as
a function of stimulus frequency. Experimental measurements of membrane current
(Lewis et al. 2017) are expressed as means ± std. (n = 8-13).
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Figure A. 9: Simulation of Piezo1 channel kinetics by the modified four-state
gating model for PL = 0.01 and 0.1 ms. (a) & (b) The normalized shear stress (red),
simulated Piezo1 open (blue), closed (magenta), inactivation 1 (black) and inactivation
2 (green) probabilities change in response to 60 s insonification for PL = 0.01 and 0.1
ms, respectively. (a1) & (b1) The magnified plot at the beginning of the insonification
for PL = 0.01 and 0.1 ms, respectively. (a2) & (b2) The magnified plot toward the end
of the insonification for PL = 0.01 and 0.1 ms, respectively.
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Appendix B
Calibration of DVC by single-axis translation test. To assess the accuracy of our DVC
approach, we embedded 2 μm fluorescent beads in a 100 x 100 x 50 μm collagen layer
(Figure B.1). Then we applied 3 μm single-axis translation in the z- or x-direction by the
motorized stage of the confocal microscope. The displacement field captured by DVC
show a uniformly distributed 3-μm vectors along the corresponding directions, indicating
good accuracy of our DVC method.

Figure B. 1: Calibration of DVC by single-axis translation. (a) 2 𝛍𝐦 fluorescent
beads were embedded in a 100 x 100 x 50 𝛍m collagen layer (2 mg/ml). (b) and (c) 3 𝛍m
single-axis translation was applied along z or x direction by the motorized stage (left).
The magnitude and direction of the displacement were obtained by DVC (right).
Calibration of DVC by bead-indentation test. We applied our DVC approach to measure
the volumetric deformation of collagen under spherical indentation by a steel bead
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(diameter: 0.5 mm, density: 7.9 g/cm3, Next Advance, Inc., New York) and compared the
results with finite-element modeling to assess its performance. Hertzian pressure theory
(Hertz 1882) derived the relationship between the stiffness of a compliant material and
the depth of indentation due to the weight of the ball of a much stiffer material, with
adjustment for buoyancy.
3 5

𝐸 = 𝜋(1 − 𝛾 2 )𝑑 −2 𝑟 2 𝑔(𝜌𝑏 − 𝜌𝑓 )

(B.1)

where E, 𝛾, d, 𝑟, 𝜌𝑏 , 𝜌𝑓 , 𝑔 are the Young’s modulus and Poisson ratio of the hydrogel,
indentation depth, radius and density of the steel bead, density of the fluid, the
gravitational acceleration (9.8 m/s 2), respectively. We assumed the Poisson ratio of the
hydrogel is close to that of water (0.49), and 𝜌𝑏 = 7.9 g/mm3, 𝜌𝑓 = 1 g/mm3. We coated red
fluorescent beads on the surface of the collagen and embedded yellow fluorescent beads
in the collagen (Figure B.2). Therefore, the indentation depth (d) was easily measured (27
μm). The calculated Young’s modulus is 1526 Pa which is close to previously reported
1500 Pa (Veronick et al. 2018).
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Figure B. 2: Indentation test caused by the weight of a 0.5-mm steel bead (not
shown here). Red beads (2 𝛍m) are coated on the surface of the collagen and yellow
beads (2 𝛍m) are embedded in the collagen layer (300 x 300 x 55 𝛍m). (a) Without the
indentation. (b) With the indentation by a steel bead.
A finite-element simulation of the indentation was performed in COMSOL (Figure
B.3). The steel bead is modeled as a rigid, frictionless (due to water-mediated contact with
minimal adhesion, see (Long et al. 2011)), hard-contact acting on the collagen through a
known resultant force (computed from Hertzian pressure theory (Hertz 1882)). The
collagen is modeled as a linear elastic solid with properties measured experimentally. The
bottom surface was set to zero-displacement to match the well-adhered nature of the
collagen to the glass substrate, and an axisymmetric domain was employed used to
expand the computational results to match the experimental results visualized by DVC
results. The vertical strain component (ezz) and displacement (Uz) were plotted in Figure
B.4, showing good agreement in both magnitude and spatial distribution between DVC
and simulation results.

117

Figure B. 3: COMSOL modeling of the indentation of a steel bead on a
collagen layer. ezz strain component is shown for illustration.

Figure B. 4: Comparison of the vertical strain component (ezz) and
displacement (Uz) visualized by DVC approach and numerical simulation.
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Effect of cell location on the total strain energy and stress distribution. We conducted
additional simulation to assess how the cell location affects the resultant total strain
energy and stress distribution stimulated by the same US mode (array mode in this case)
within the confocal imaging volume (300 x 300 x 60 μm). A series of simulation with
different cell locations along x- or z-axis were performed in COMSOL and the relationship
between total strain energy and call location was plotted in Figure B.5(a)-(c). The
distributions of first principal stress at different locations were plotted in Figure B.5(d)
and (e). We found although the distribution of tensile stress varies when cell is at different
locations, the total strain energy remains almost unchanged (with < 5% change at z = 30
μm or x = 150 μm).

Figure B. 5: Effects of cell location on the total strain energy and maximum
tensile stress distribution.
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Figure B. 6: Distribution of tensile stress along the lower boundary of cell in
response to different modes of US.
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