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Abstract

This article reviews recent developments in the emerging field of cellular-level biomedical ultrasonics with the sp^ific focus on 

the mechanics of ultrasound-cell interaction. Due to the nature of the field at its relative inScy, the review poses more questions 

than it provides answers. Discussed are topics such as the basic structure of a biological cell, the origin of celfs elasticity, a theoretical 

framework fbr ultrasound-cell interaction, and shape deformation of cells and its measurement. Some interesting problems for future 

study are proposed.
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I. Introduction

Interaction of 出trasc几ind with biological cells can 

be viewed in the broader context of cell 

mechanostimulus. Mechanical stimuli such as impact, 

stretching and shear have been shown to facilitate 

proliferation, differentiation, healing or apoptosis of 

cells [1-3]. Among many loading modalities used 

for cell mechanostimulus [4], ultrasound is recently 

gaining popularity becaus얀 of its 연ase of us죤, con­

trollability, and noninvasiveness. Ultrasound can be 

administered to target cells either in vitro or in vivo, 

to manipulate cells [5] or to produce a host of bene­

ficial bioeffects at the cellular level [6]. Applications 

of ultrasound in this vein range from needle-free 

transdermal drug injection [7], targeted drug delivery 

⑻ , gene therapy [9], healing of bone fracture [1 이 , 

differentiation of mesenchymal stem cells [2], to 

ultrascmnd—induced apoptosis of cancer cells [3]. 

To have mor연 than a glimpse of ultrasound as 

"healing so니nd： interested readers may resort to a
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comprehensive text edited by Wu and Nyborg [11].

Altho니gh the efficacy of ultrasound at the cellular 

level is undisputed, the exact mechanisms by which 

ultrasonic stimulus brings &bc心t cellular-level bio­

effects is still shrouded in mystery. One possible 

scenario that has a wide acceptance among resear­

chers is sonoporation, in which 쵸 plasma membrane 

deformed by ultrasound becomes more permeable to 

proteins, ions, drugs, and genes [6, 12-14], The 

marriage between mechanics of ultrasound and 

biochemistry of cells is highly puzzling in its own 

right, and is waiting to be fully explained. What is 

even more urgent is the exact understanding of 

ultrasound-cell interaction from the purely 

mechanistic point of view. Without it, any attempt to 

understand the aforementioned coupling between 

mechanics and biochemistry rests on tenuous 

grounds. In this light this article reviews some 

recent developments in biomechanics with a rather 

narrow focus on the mechanics of cells tmd얀「 

ultrasound exposure. The review is by no means 

comprehensive in the sense that it is intended to 

highlight only the basics of cell mechanics and the 

work performed by the author and a few others on 
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the topic of ultrasound-induced deformation of cells. 

Organization of the article is as follows. First, the cell 

structure is reviewed from the strength-of-materials 

point of view in Sec. II. With the knowledge of the 

elasticity of cells, deformation of cells by ultrasound 

is discussed in Sec. III. Section IV chronicles some 

experimental efforts to measure cell deformation by 

ultrasound. Last, the list of unsolved problems in this 

area of research is compiled in Sec. V.

II. Elasticity of cells

Cells come in a variety of shapes, sizes and 

internal organizations. Although we focus here, for 

simplicity's sake, on cells with the simplest consti­

tution, namely, bacteria, many of the biomechanical 

attributes of bacteria are representative of those of 

more complex cells. We also acknowledge that the 

description to follow is largely based on the material 

in Ref [15].

A bacterium, being a prokaryotic cell without 

internal cytoskeletal filaments, has its water-like 

cytoplasm contained in a cell boundary. Here, we use 

the term "cell boundary" rather than "plasma mem­

brane," because a cell boundary is more than just a 

plasma membrane as illustrated in Fig. 1. A plasma 

membrane, a ubiquitous component for all cells, is a 

4~5-nm thick phospholipid bilayer with embedded

Fig. 1. Structure of the cell boundary of a Gram-negative bac­

terium. The insets are zoom-in views of the pepti­

doglycan network (upper) and the phospholipid bilayer 

(lower), respectively.

proteins, whose main function is to regulate the 

passage of molecules and ions into and out of a cell. 

Basically a thin fluid sheet, the plasma membrane 

alone cannot withstand much elevated internal 

(turgor) pressure nor provide structural rigidity. 

What reinforces the plasma membrane to give rise 

to elasticity in a bacterium is the cell wall, which is 

a two-dimensional peptidoglycan network. (For 

more complex cells, cell walls are made of either 

cytoskeletal filaments as in red blood cells or 

cellulose in plant cells.) The thickness of a cell wall 

is in the neighborhood of 20 nm for Gram-negative 

bacteria (e.g., K coli) and can be as large as 80 nm 

for Gram-positive bacteria (e.g., B. subtilis), The 

cell wall is considered to be thin relative to the 

bacterium itself, whose typical dimension is in the 

order of 1 〜10 microns. W辻h the reinforcement by 

the cell wall, the cell boundary becomes a thin 

shell-like elastic structure.

In the context of ultrasound-cell interaction, the 

cell boundary is important on two fronts. First, it is 

the primary source of elasticity in bacteria. The cell 

boundary, when deformed by ultrasound, provides 

most restoring force such that a cell can exhibit 

shape oscillation with possible resonance. On the 

other hand, cytoplasm, being a water-like medium, 

provides no restoring force, and only dissipates 

acoustic energy via thermoviscous effects. Second, 

the cell boundary is implicated in the sonoporation 

scenario as the major recipient of ultrasonic drive. 

It is the compromised permeability of the cell 

boundary (or the plasma membrane to be exact) that 

leads to increased uptake of molecules and ions.

Because the elasticity of the cell boundary is 

chiefly responsible for cell's overall elasticity, we 

now discuss how to quantify it from the strength- 

of-materials point of view. As mentioned earlier, the 

cell boundary of a bacterium can be modeled as a thin 

isotropic elastic shell. Thus, theory pertaining to a 

thin shell [16-18] can be used with little modi­

fication to capt니re the elastic behavior of the cell 

boundary. In a nutshell, two-parameter representation 

may suffice, where shell's elasticity is signified by 
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the area compression modulus Ka and the surface 

shear modulus u. If we consider, for example, a 

spherical bacterium (or a coccus) undergoing axisy — 

mmetric deformation as in Fig. 2, the constitutive 

equations relating the tensions Tg and T$ and the 

strains eee and 은關 within the cell boundary are given 

by [17, 18]

Tq =孩值卯 + 釦泌)+ #(%0 一 ”©) + Tq, (1)

孔=Ka(s + 8例卩」％ —气打+ T® ⑵

where To is th얀 turgor pressure of the bacterium. 

Note that the term + 언爲 in Eqs. (1) 전nd (2) 

denotes the r이ativ언 area change of an infinitesimal 

surface element, whereas the term (験一知) 

signifies the area- preserving pure shear deformation. 

Because the number and size of pores in the plasma 

membrane seem to increase with the area of the 

membrane [12, 13], the relative area change (e如 + 

巳游)along with the area compression modulus Ka 
may be us안d to quantify the magnitude of sono- 

poration.

One final note on the elasticity of cells： the 

physical origin of the elasticity in cells is not only the 

work required to deform the cell wall but also the 

tendency to resist entropy loss due to deformation 

[15]. Straightening out a cell wall reduces the 

number of configur제:ions that 저 peptidoglycan network

Fig. 2. Coordinate，앿em on a spherical shell and the tensions 

T& and 1、acting on a differential surface element of 

the spherical shell.

can assume, and therefore entails an entropy loss. 

And it is the resistance to the deformation-induced 

entropy loss that gives rise to elasticity in the 

polymeric network of peptidoglycan. In contrast to 

soft materials like c연Hs, the elasticity of hard 

mat은！*ial워 such as steel arises almost entirely from 

the work required to produce deformation. This can 

be demonstrated from the first law of thermo­

dynamics written as

Ae= TAs + a^Ae^ (3)

wh연re <?is the internal energy stored in th은 shell, T 

the absolute temperature, s the specific entropy,。日 

and eu the stresses and strains within the shell. As 

on 은 would expect from the 1st law of 

thermodynamics, the products TLs and 져'貝 in Eq. 

(3) represent the heat (hence entropy change) and 

the work given to the shell, respectively. Now note 

that the energy expenditure 〔요 on shell deformation 

is th얀 sum of the work and the entropy change 

T^s. The entropic contribution to elasticity is 

significant in soft materials such as polymers, 

whereas it is of minimal importance for hard 

materials. The constitutive relations for cells [Eqs. 

(1) and (2)] contain both contributions to elasticity, 

which are couched in the two elasticity parameters 

Ka and //.

III. Deformation of cells by ultrasound

Prediction and measurement of ultrasound propa­

gation in tissues are greatly facilitated by the fact 

that a tissue, with the exception of bones, often 

b연haves as a water™like homogeneous medium. A 

tissue, which is a dens언 aggregate of similar cells, 

exhibits acoustic properties close to those of water. 

Therefore, both analysis and measurement can be 

performed using water as the propagation medium, 

followed by an ad hoc augmentation of tiss니e一 

specific attenuation. An example of this is the acou— 
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Stic intensity me간sarem曰가: in di천gnostic ultrasound, 

where intensity values measured in water are 

processed with th으 0.3—dB/cm—MHz derating factor 

as per specified by the AIUWNEMA standard [19]. 

However, when it comes to studying the interaction 

of ultrasound with susp연nd원d cells as in a cell 

culture, a different approach is required because 

s나spended cells act as a loose collection of tiny 

scatterers, with their elasticity originating from the 

shell-like cell boundary. In other words, cells in 

suspension are quite similar to droplets in an 

immiscible host fluid, except the fact that in the case 

of droplets the restoring force against deformation 

arises from the surface tension at the droplet 

boundary.

In this section, we start with a theoretical frame­

work called the thin-shell model for describing the 

ultrasound-induced deformation of a cell suspended 

in a host liquid [17, 18]. Consider a spherical cell 

composed of the cytoplasm (the inner liquid) and the 

cell boundary (th쟌 thin sh은H) immersed in a host 

liquid (th얀 outer liquid) as shown in Fig. 3. Either an 

incident plane wave or a secondary sound emission 

from a nearby bubble drives the cell into motion. The 

cell responds with its own sound radiation in the form

Incident 

plane wave

Fig. 3. Sch스matic view 가 a cell being d「iv여! by an incident 

plan픈 wave and (or) the secondary spherical wave 

from a nearby bubble. Dimensions in이uding the 

wavelengths of the waves are not to scale.

of scattered waves, while undergoing deformation. 

This interaction can be stated mathematically as 

follows. The acoustic field in the outer liquid is given 

by the sum of the incident wave and its scattered 

components：

(时= 就 (4)

where the symbols 叽 C严,and ©户 denote scalar 

velocity potentials for the outer liquid, th은 incident 

wave, and the scattered wave, respectively. Here, 

velocity potentials dnc and 専 can be written in the 

spherical coordinates as [20]

8
舟"仙崩)=^Enjn(kor)Pn(cos0)e^wt, (5) 

n = 0

oo
登(r,&)= £"4"如 &r)R(cos0)ef, (6)

n = 0

where n is the mode number, jn the spherical Bessel 

function, hn the spherical Hank원i function, Pn the 

Legendre polynomial, ©the forcing frequency, ttime, 

ko the wavenumber for the outer fluid. Coefficients 

En and An are the amplitudes of the nth mode 

partaking in @严 and 歡 respectively. Once the 

remaining three velocity potentials (scalar potential 

d for the inn뜬！' liq니id and two vector potentials Aa 

and are expanded in a similar way, there are four 

undetermined coefficients An, Bn, G, and Dn for each 

mode. Application of boundary additions at the cell 

boundary (r = 3) yields a system of four algebraic 

equations in the unknown coefficients for each n'

Gnxn = yn, (7)

where Gn is a 4X4 system matrix, xn = [An Bn Cn 

A] r th안 solution vector, and yn is the forcing vector 

depending on coefficients En, The system matrix Gn 

is a function of material properti은s of the inner and 

outer liquids, the dimension and elastic moduli of the 

shell, and the forcing frequency. Equation (7) is the 
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dynamical equation in matrix form, describing the 

motion (or deformation) of a suspended cell by 

ultrasound. Further details of the theoretical deve­

lopment are found in Refs. [17, 18]. Given Eq. (7), 

two important parameters that characterize the 

dynamics of a suspended cell, namely, the natural 

frequency and th안 quality factor of vibration are 

sought. To obtain these two parameters we consider 

the free vibration problem [Eq. (7) with & = 이 . The 

free vibration problem has a nontrivial solution only 

if the system matrix Gn becomes singular. Thus, the 

natural frequency and the quality factor are given by 

the root(s) of the dispersion relation：

det(q)= R<%)= 0. (8)

At this juncture, it must be pointed out that the 

dominant mode of cell vibration is that of a lateral 

quadrupole (刀=2), which has the cloverleaf radiation 

pattern as depicted in Fig. 4 (a). To see why, imagine 

a water-filled balloon immersed in water, which 

serves as a mimic of a c연 11 suspended in a liquid. 

Because water inside the balloon is a very hard 

medium to compress (or expand), it would be very 

difficult to drive the water-filled balloon in the 

monopole mode of vibration (〃 = 0, omni-directional 

pulsation) as shown in Fig. 4 (b). Likewise, excitation 

of the dpole mod얀 3 = 1, back—and—forth translational 

motion) is equally difficult, because the whole 

balloon must be displaced against th언 inertia of the

Fig. 4. Different modes of cell d아아mati아): (a) the quadrupole 

In - 2) vs. (b) the m여이e (〃 느 0) mode. S이id lines 

矿은미tsent the cell shape prior to deformation, while 

dashed lines show the modes of deformation. Part of 

the figure Eradiation patterns in 由은 background) is the 

courtesy of Dr. Dan Russell, Kettering University 

(http://paws.kettering.edu/-drussell/demos.html).

surrounding water. As for the quadrupole mode, 

however, a gentle squeeze and release is sufficient 

enough to set the balloon in motion such that it 

shrinks around the equator while bulges at the poles 

and vice versa [see Fig. 4 (a)], We hereafter focus 

solely on the quadrupole mode of vibration.

Natural frequencies h and associated quality 

factors Qz for the quadrupole mode (n = 2) are 

obtained numerically from the dispersion relation 

[Eq. (8)] [17, 18, 21], and the results for a few 

types of cells are listed in Table 1 [21]. The 

following observations are made from Table 1：

• Natural ft•운qu언nci샨s of bacteria range from -100 

kHz to -20 MHz. lluis the frequency of mechanical 

resonance of a cell is far greater than that of 

thermal fluctuation, which is in the order of ~1 

kHz [22].

• A cell can have more than one natural frequency 

for the quadrupole mode of vibration [21]. This 

is a significant finding that is not widely appre­

ciated by researchers in this field.

• Cells with v안ry small elasticity such as the 

protoplast (a cell with its cell wall removed) of 

N. tabacum may ha딥e no natural frequency at all 

[21]. The dynamical response of these cells is 

eomplet이y relaxational.

• A cell may exhibit both high- and low-quality 

resonances as exemplified by the case of B. 

emersonii (Q = 16.0 at 2.24 M'Hz and 0.9 at 24.2 

MHz).

To study the deformation of a cell by ultrasound 

one ought to solve the full dynamical equation [Eq.

Table 1. Natural 代equen이合옪 and quality factors for a few types 

of cells [21].

CELL TYPE 4 (MHz) Q2
B. yeast 0.16 1.6

0.584 0.6

B. emersonii 224 16.0

24.2 0.9

N. tabacum (protoplast) none none
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(7) with yn Q]. In doing so, a proper choice of 

acoustic drive yn [or En in Eq. (5)] is crucial, because 

the magnitude of the cell's response could be 

dramatically different from one acoustic input to the 

other. To showcase this point we compare the 

effectiveness of two acoustic inputs, i.e., an incident 

mon。一fr@이uency plane w거ve and the secondary 

spherical wave emitted by a pulsating microbubble 

adjacent to the cell (see Fig. 3). Note that the 

pulsation of the bubble results from the incident 

plane wave. These two acoustic inputs can be 

written as Eq. (5) with the coefficients En given by

for the incident plane wave, and

△ f?
"F心+EE (10)

for the s얀condary spherical wave from the bubble 

[18]. Her안, /denot언s the acoustic intensity of the 

incident plane wave, co and A)the sound speed and 

density of the o니ter liquid, 75)the equilibrium radius 

of the babble, AT? the maximum excursion of bubble 

radi니s, and L the average distance between the 

bubble and the cell. Figure 5 compares the strengths 

of the two acoustic drives for the excitation of the 

quadrupole mode (that is, the coefficients 翰 wh은n 

fh언 intensify of th연 incident wave is 10 mW/cm2 

[21]. It is apparent from Fig. 5 that an oscillating 

bubble is a far more effective acoustic driver of the 

cell, where the coefficient 瓦 of the bubble (dotted 

line) is at least four orders-of-magnitude greater 

than that of the plane wave (solid line) over the 

frequency range of interest.

The ineffectiveness of a mono-frequency plane 

wave in driving cells can be explained via comparison 

of the wavelength of the plane wave with the cell 

dimension. For example, the wavelength of a plane 

wave at the first natural frequency of B. emersonii 

in water is approximately 0.7 mm, which is about two 

orders-of-magnitude larger than the radius of the 

cell (a = 10 microns). Because the scattering cross- 

section of the cell is so small compared to the 

wavelength, the acoustic energy of the plane wave 

is not well coupled to the resonant deformation of the 

cell. On the contrary, the spherical wave radiated by 

a nearby bubble is more attuned to the shape and 

dimension of the cell s냐ch that it can lead to a 

substantial lev얀 1 of deformation, causing membrane 

rupture and cell lysis under certain circumstances.

Figure 6 shows the maximum relative area change 

of B. emersonii, plotted against forcing frequency for 

the plane and the secondary spherical wa디es [21]. 

Again, the relative area change XS]S is defined as

스&=e 風누 e，" (11)

where e朋 and e啊 are the strains in the 0 and 0 axes, 

respectively. The relative area change is an 

appropriate measure of cell deformation, because the 

quadrupole mode, being an isochoric (volume- 

preserving) deformation, manifests itself as the 

change in area of the cell boundary. In Fig. 6, the 

deformation by the bubble, amounting to a few 

percent, is about a thousand times larger than that 

by the plane wave alone. Membrane rupture may

........... Plan 으 wave 

.........--Oscillating bubble

Fig. 5. Coefficients as a function of frequency for two 

different acoustic drives： plane wave (solid) vs. secondary 

spherical wave from an oscillating bubble (dotted) [21].
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occur at relative area change as low as 5% [17]. 

What is interesting in Fig. 6 (a) is the existence of 

the second low-quality resonance near 25 MHz 

following the first high-quality resonance at about 2 

MHz, This corroborates the prediction of two natural 

frequencies (2.24 MHz and 24.2 MHz) with drama­

tically different quality factors (16.0 and 0.9) as 

shown in Table 1.

IV, Measurement

So far relatively few experimental studies have 

addressed the measurement of ultrasound*-induced 

cell deformation per se. Instead, only telltale signs 

of ultrasound action such as membrane wounds, the 

uptake of macromolecules, and the resulting bioeffects 

were measured and reported. Besides, a sheer 

majority of these studies involved microbubbles as

Fig. 6. Calc니ated fieqi抡ncy response of B. emersonii in 

terms of the maximum relative area change of the cell 

bo니nda「y by (a) a plane wave and (b) the secondary 

spherical wave from a neighboring bubble [21]. The 
acoustic intensity is 10 mW/cm2.

an intermediary for exciting cells, whether intended 

or not. This underscores a multitude of difficulties 

associated with exciting and capturing the cell 

motion in real time.

One study that dealt with the aftermath of 

ultras。냖nd action is that by Schlicher et al [13]. 

These investigators applied ultrasound to DU 145 

prostate-cancer cells to observe the 其suiting mem­

brane disruption and th얀 uptake of molecules. Cell 

cultures were sonicated with a tone burst at 24 kHz, 

7 atm, and 10% duty cycle. Although no artificial 

microbubbles such as ultrasound contrast agent 

(UCA) were added to cell cultures, the mechanical 

index (MI) for the ultrasound exposure was 

approximately 4.5, which was high enough to allow 

cavitation inception and even violent bubble motion 

within samples. Ther운foie the primary mechanism 

of ultrasound action was most likely the inertial 

cavitation and the microjetting of asymmetrically 

collapsing bubbles [7j. Following ultrasound exposure 

samples were photographed using SEM, TEM, and 

confocal microscopy. Figure 2 in Ref. [13] shows 

some of the SEM and TEM images of the sonicated 

cell (the second and third columns) against those of 

the control (the first column). From the SEM images 

[Figs. (a2) and (a3) in the first row], one can clearly 

see the extent of damage on the plasma membrane 

due to ultrasound ©xpos냐re： a patch of membrane 

was torn away, exposing cytoskeleton inside the cell 

(indicated by arrows). The violence of action 

presumably by a nearby collapsing bubble was such 

that the size of the membrane breach almost 

measured a few microns [see Fig. (a3)J. The last 

row of TEM images [Figs. (c2) and (c3)] also show 

the membrane disruption along with tiny vesicles 

(indicated by arrows), believed to b연 involved in 

active membrane resealing.

Perhaps most visually stunning is the work by van 

Wamel et al. [23], where the deformation of 얀ndo- 

thelial cells by ultrasonically-driven microbubbles 

was recorded with a high-speed camera with the 

rate of 10 million frames per second. In their in vitro 

experiment, the cell culture treated with microbubbles 
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was placed inside an Opticell™ container, and the 

ultrasound-bubble-cell interaction was photographed 

with a high-speed camera mounted in line with a 

microscope. The ultrasound exposure protocol con­

sisted of a 1-MHz tone burst with the peak negative 

pressure of 0.9 MPa, generat연d by a single一element 

transducer. The microbubbles used were lipid- 

coated ultrasound contrast agent (Sonovue7M)» 

whose bubble spectrum ranged from 1 micron to 12 

microns. As microbubbles pulsate next to endothelial 

cells, changes in cross-sectional cell dimension of 

탸p to 15% were observed. The recorded image 

s텬qu아nc@ of cell's deformation produced by ultra­

sound-bubble-cell interaction is shown in Fig. 2 in 

Ref. [23].

By now a keen reader might ask 하Do b냐bbles 

always have to be an integral part of ultrasound—cell 

interaction?*' Or "Is there any ultrasound exposure 

protocol that can excite cells without the aid of 

microbubbles?" A possible answer may lie in the use 

of modulated radiation pre응as proposed in Ref. 

[17]. In it, acoustic radiation prassur쟌 in a standing 

wave field is amplitude-modulated in such a way 

that the wavelength of the carrier corresponds to the 

dimension of the cell, while the frequency of 

modulation is that of the quadrupole resonance of the 

cell. This technique was successfully used in an 

earlier study for exciting the quadrupole oscillation 

of immiscibl안 drops of size in the order of mm [24],

Fig. 7. Experimental setup for exciting and measuring 

니tras。나nd-im扣(力d deformation of cells [21]. For de­

tection of cell deformation, we are trying to caiwf니ly 

"listen to" acoustic emissions from vibrating c예s with 

a hydrophone.

but has not been extended to the case of micron­

sized cells.

The author's group at Yon으ei University is 

approaching the problem from an entirely different 

angle. A snapshot of the experim양nt in progress is 

shown in Fig. 7. Our two-pronged approach includes 

(a) a bubble-inctepend안nt 녔｝trasound exposure protocol 

for excitation of cells and (b) an experimental recipe 

to synchronize the acoustic responses from cells for 

enhanced aco나stic detection. Sound radiation by a 

quadrupole so나me is very weak compared to that of 

a monopole [20]. Thus synchronization of the acou­

stic emissions from cells may be necessary to raise 

the amplitude of the acoustic signature above the 

noise floor. Synchronization of acoustic sources has 

been studied by a number of researchers in attempts 

to create UASER (Ultrasound Amplification by Sti­

mulated Emission of Radiation), an acoustic analog to 

laser [25]. In view of suspended 롤ibrating cells as 

a three-dimensional distribution of quadrupole 

sound sources, w언 ar얀 hoping in some for연seeabl연 

future to come up with a recipe for UASER based on 

biological cells.

V. Uncharted waters

Cellular—level ultrasound medicine is going to be 

the next frontier of biomedical ultrasound. There is 

a long and tortuous road 츄head till the cellular-level 

니Itrasound medicine is accepted 헌s widely as 

diagnostic ultrasonic imaging today. Efficacy and 

safety must be further established on firm theoretical 

and clinical foundations. In this regard, the author 

proposes some important problems for future work 

on the biomechanics side.

• Excitation and measurement of c인 11 deformation^ 

The key constraint here is ultrasmind—only 

excitation. Excitation aided by microbubbles is 

shown to be highly effective in driving cells. 

However, bubbles are sometimes a mixed blessing 
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in that (a) bubbles are hard to manipulate and (b) 

bubbles can cause significant damages to cells 

even at moderate levels of acoustic intensity. 

Therefore 갅n ultrasonic exposure protocol that is 

independent from bubbles will be a welcome 

development in terms of simplicity and safety.

, Modeling of more complex cells： Spherical bac­

teria account for only a small fraction of cells, 

where nature is populated with abcmt 200 

different types of cells. It would be an interesting 

exercise to extend the thin-shell model [17, 18] 

to accommodate cells with slightly more complex 

shapes such as Rd blood cells (RBCs). Red blood 

cells have been studied extensively, hence 

exists a wealth of information regarding their 

geometry and deformability. Also, RBCs have 

particular significanc영 from the medical standpoint.

• Development of cellular-level safety/efficacy 

index： One of the major vehicles that accelerated 

the commercial success of diagnostic ultrasound 

is the stipulation of real-time display of ultrasound 

safety indices, namely, MI and TI [26]. In the 

same vein, a safety/efficacy index at the cellular 

level may help the future success of c얀lluiaL 

level ultrasound medicine. A preliminary study 

on thi읗 end has been performed by the author's 

group at Yonsei University and the colleagues at 

Korea Res얀arch Institut딴 of Standards and 

Science [21]. The so-called cell stimulation 

index (CSI) proposed in Ref. [21] is defined as

flQT S / I
河3

where XSlS is the aforementioned relative area 

change that can be comp니t©d through the thin-shell 

model. The parameter (、*S爲乂 is the relative area 

change at the onset of membrane rupture, which 

differs from cell to cell but is often in the 

n연ighborhood of 10%. According to the above 

definition, CSI of unity serves as the demarcation 

point that distinguishes stimulation and disruption 

regimes； CSI less than unity implies stimulation by 

ultrasound, whereas CSI greater than unity means 

disruption of the cell.
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