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Red blood cell trapping using single-beam
acoustic tweezers in the Rayleigh regime

Jinhee Yoo," Jinhyuk Kim,? Jungwoo Lee,”* and Hyung Ham Kim:34.5>*

SUMMARY

Acoustic tweezers (ATs) are a promising technology that can trap and manipulate microparticles or cells
with the focused ultrasound beam without physical contact. Unlike optical tweezers, ATs may be used for
in vivo studies because they can manipulate cells through tissues. However, in previous non-invasive
microparticle trapping studies, ATs could only trap spherical particles, such as beads. Here, we present
a theoretical analysis of how the acoustic beam traps red blood cells (RBCs) with experimental demonstra-
tion. The proposed modeling shows that the trapping of a non-spherical, biconcave-shaped RBC could be
successfully done by single-beam acoustic tweezers (SBATs). We demonstrate this by trapping RBCs using
SBATs in the Rayleigh regime, where the cell size is smaller than the wavelength of the beam. Suggested
SBAT is a promising tool for cell transportation and sorting.

INTRODUCTION

Red blood cells (RBCs) account for 45% of the total blood volume and are essential in supplying oxygen to the body.' Hence, RBC disorders,
such as anemia and hemoglobinopathy, cause severe health problems. In sickle cell disease, RBCs form a “C" shape and their Young's
modulus increases.” Hereditary spherocytosis causes RBCs to become spherical and increases their internal viscosity.” Moreover, some dis-
eases can affect the physical properties of RBCs. Diabetes and hypercholesterolemia lower the deformability of RBCs and make them
coarser.” Consequently, the biophysical analysis of RBCs plays a vital role in understanding the link between diseases and hematology, lead-
ing to investigating techniques for manipulating single RBCs.

Optical tweezers are suitable for manipulating microparticles and cells such as RBCs.®® Their invention was awarded the Nobel Prize for
enabling biophysical research at the cellular and molecular levels. Recently, acoustic tweezers (ATs) have been used to manipulate cells.
Compared to optical tweezers, ATs have a stronger trapping force, can trap larger particles, and have a more comprehensive range of ap-
plications from the cellular to the system level.” ATs can also minimize thermal effects on cells by manipulating them within seconds using
short pulses. Particularly, by carefully adjusting the acoustic pressure, pulse width, and exposure time, it is possible not to affect the viability
of cells.”” Microscale applications of ATs, such as transportation for moving target cells to the desired position,' ™' patterning to create reg-
ular shapes,'""'>'® and sorting to separate only selected materials or cells,’”’ *° have been studied. In addition, research on the in vivo and
ex vivo manipulation of microparticles has been conducted.”’

ATs operationalize several principles, such as standing waves, vortices, and single beams.”” Among these, vortex tweezers are the most
commonly used principle for non-invasive trapping. In animal studies, microparticles are manipulated by trapping them in blood vessels or
the bladder.”'?? Another research project, although not involving animals, successfully manipulated microparticles to pass through the hu-
man skull.”® While these studies showed the ability of ATs to perform non-invasive trapping in deep areas, they need a complex system with a
multi-element array transducer. Different phase pulses need to be applied to each element for potential well creation, requiring equipment to
synchronize the timing. Furthermore, they are limited in being capable of trapping spherical beads rather than non-spherical shapes, such as
cells.”’~?* The challenges in non-invasively trapping cells in deep regions can be attributed to: 1) the limited understanding of shape-depen-
dent nonlinearity, 2) the small size of cells relative to the wavelength, and 3) the impedance of cells, which is not significantly different from the
surrounding environment when compared to beads.”” However, living organisms primarily consist of non-spherical particles; therefore, this
limitation must be addressed.”

Single-beam acoustic tweezers (SBATS) are another non-invasive solution used in single-cell studies without viability issues.””’ SBATs
enable precise manipulation without affecting cells, using a short-pulsed high-frequency beam. This is advantageous for cell trapping as it
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utilizes wavelengths similar to the size scale of cells. Additionally, high frequencies enable strong interactions at boundaries with similar
impedance, allowing effective force application on cells.”**” In addition, due to the use of a single element, the system is simple, and intense
ultrasound is applied at a single point, leading to strong trapping force and stable trapping capabilities.*® There are two SBAT types: the Mie
and Rayleigh regimes. SBATs in the Mie regime operate when the wavelength is less than the object’s size.’"*” Because the cell size is on the
micrometer scale, high frequencies (above 20 MHz) and high focus (f-number less than 2) are required. Therefore, they are suitable for in vitro
studies and have been used to measure the physical and biological properties of a single particle.?”**~** SBATSs in the Rayleigh regime work
when the wavelength is greater than the object’s size.””*” They work even with longer focal depths and wider beam widths than those in the
Mie regime. Unlike the Mie regime, the Rayleigh regime has not yet been widely used in various applications and has primarily been inves-
tigated through numerical studies.””*° Therefore, SBATSs in the Rayleigh regime have a greater potential for non-invasive trapping of cells in
deep regions compared to other types of tweezers, but there is still a lack of theoretical studies, particularly regarding non-spherical objects.

In this study, we addressed the limitations of previous research on non-invasive ATs in their ability to trap cells in deep regions.”'™>* We
demonstrated a solution by trapping RBCs with SBATs in the Rayleigh regime. Compared to conventional non-invasive ATs, SBATs in the
Rayleigh regime are better suited for cell trapping using high frequencies and offer a simpler system structure with a single-element config-
uration.”® However, studies regarding non-spherical cells are still limited. To address this problem, we conducted numerical analysis based
on the biconcave modeling of RBCs. In contrast to previous studies that did not consider shape modeling, we were able to elucidate the
discrepancy in trapping potential and trapping force between RBCs and polystyrene (PS) beads of similar size. We compared the calculated
trapping force for these two particles with experimental results from two aspects: dynamics with respect to lateral distance from the focal
point and dynamics to travel distance. Our analysis covered a greater number of parameters compared to previous numerical studies on
SBATSs in the Rayleigh regime and demonstrated consistency with experimental results. Therefore, this study contributes to a more concrete
theoretical understanding of SBATs in the Rayleigh regime and analyzes the non-invasive trapping dynamics of non-spherical cells based on
their contours for the first time.

The proposed tweezers were applied in two practical applications: cell transportation and sorting. Although the ultrasound gel pad was in
the acoustic path, PS beads and RBCs were stably manipulated at the desired coordinate point. This could trap without noise, such as rota-
tion, which was observed in vortex tweezers studies.””* Furthermore, while previous studies on SBATs in the Rayleigh regime have provided
trapping capabilities based on the size of the particles,””*” the proposed tweezers could sort objects of similar size depending on the ma-
terials properties. From these applications, there is great potential for various studies related to RBCs. The proposed ATs can measure the
deformability and elasticity of RBCs by trapping and exerting forces on them.** By measuring inter-forces between RBCs and various cells or
substances using the trapping force of RBC, the membrane mechanics of RBCs can be understood.®’~*® In addition, manipulation of cells in
the vasculature can contribute to hemodynamics research and the development of in vivo flow cytometry.”” We anticipate that this study will
have significant implications for both biophysics and biomedical engineering.

RESULTS AND DISCUSSION

Calculation of trapping force using an approximate RBC model

The SBATSs in the Rayleigh regime can produce a potential well by using a single-element tweezer only (Figure 1A).?’ Previous numerical
studies based on spherical models could not analyze the dynamics of RBC trapping because they did not consider the complex contours
of RBCs. Therefore, the phenomenon of RBC becoming trapped in the focal depth while PS beads of similar size were not trapped was difficult
to explain. To address this, we employed biconcave modeling of the RBC (Figure 1B). An RBC was placed parallel to the XY-plane, with its

analytical expression S(x, y, z) given by Equation 1, where the RBC radius is r which is 4 um in this case. Note that the values of A, B, and C were
set to 0.207161, 2.002558, and —1.122762, respectively.*”

2.\2 2.,.,2 2..,2\2
S(x,y,2) = 05r\/1 - (":ZV){A+ g :Zy ) ol :j’ ) }iz =0 (Equation 1)
2y 3/2
{1+(ﬂ) }
dx

d’y
dx?

(Equation 2)

Next, an approximation was made, as shown in Figure 1C. A point P(xo, yo, Zg) on the biconcave surface was considered to be one on an
imaginary sphere with a tangential plane identical to that of the RBC at the same point. Consequently, the equivalent sphere has a center at
point C(Xc, ye, zc) located along line CP, and the normal vector to the plane is represented by Equation 3.

VS(x0,¥g:20) = (nx,ny,n;) = 1 (Equation 3)

Therefore, point C is determined as follows:
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Figure 1. RBC trapping using SBATs in the Rayleigh regime

(A) Configuration of ATs in which the RBC is trapped. The sub-wavelength RBC is trapped by a Gaussian-distributed beam of single-element ATs. The travel
distance was adjusted only in the direction closer to the bottom surface.
(B) Full and quarter modeling shape of the RBC.

(C) The coordinate system of the RBC model for force computation. E, center of the RBC; C, center of the imaginary sphere; P, a point on the surface of the RBC; R,
the radius of curvature.

(D) The trapping force of RBCs in 2D. The RBC was calculated to be trappable at the focal depth.

(E) The trapping force of RBCs in the x-direction in 2D.

(F) The trapping force on the PS beads and RBCs. The force is expressed in the transverse direction (x axis).
(G) The trapping force on the PS bead depends on travel distance.

(H) The trapping force on the RBC depends on the travel distance.

The legend in Figures G and H represents how much the travel distance is shorter compared to the focal depth (0 um means focal depth). The acoustic power for
the calculations in each figure is assumed to be 3 mW.

—_— —_— R

ocC - op 7+ OF Equation 4
= + P n+ (Equation 4)

By measuring the force of the imaginary sphere, we calculated the trapping force from the biconcave shape of the RBC (Figure 1D). The
trapping force pattern matched the Gaussian acoustic pressure distribution (Figure S1), indicating that a potential well was formed around the
focal point. To visualize the value of the trapping force at each coordinate, we obtained the trapping force of the x-direction component (Fig-
ure 1E). In addition, the transverse trapping force of the RBC was obtained from the data when y = 0 in the trapping force of the x-direction
component (Figure 1F). Because the two-dimensional trapping force was symmetrical at the origin, the trapping patterns could be analyzed
depending on the conditions with only one-dimensional results. For the PS beads, the distance between the tweezer and the particle was
assumed to be 250 pm less than the focal depth. For the RBC, the distance was assumed to be equal to the focal depth.

In SBATs in the Rayleigh regime, particles may or may not be trapped by varying the trapping force depending on various conditions, such
as the travel distances and the sizes of the microparticles.””* Travel distance is defined by the distance from the tweezer’s surface to the
microparticles, where ultrasound is transmitted (Figure 1A). In this study, the travel distance was adjusted by moving the tweezer toward
the substrate, exploring how much the height was lowered relative to the focal depth. Firstly, we evaluated the impact of travel distance
on trapping efficiency for a 5-um PS bead through numerical analysis. If the travel distance was the focal depth of the tweezers, no trapping
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Figure 2. Experimental results for the RBC trapping conditions

(A) The sequence of the trapping force evaluation experiment. (1) A free single RBC was trapped in the focal point. (2) When the RBC reached the focal point, the
tweezers were turned off and moved to the desired position. This position corresponded to the distance that we wanted to move the RBC. (3) The tweezer was
switched on, and the movement of the RBC was observed.

(B) mIP image depending on acoustic power.

(C) mIP image depending on pulse width. In Figures 2B and 2C, the averaged velocity was obtained when particles moved approx. 45 mm.

(D) Average speed depends on acoustic power. The pulse width was fixed at 10 ps.

(E) Average speed depends on pulse width. Acoustic power was set to 3.08 mW.

In Figures 2D and 2E, representative of n = 3. The graph represents the mean + SD. Scale bars in B and C: 40 um.

occurred, even at 50 um less than the focal depth (Figures 1G and S2A). However, the PS beads were trapped well within 100 pm, which is less
than the focal depth. In addition, the less the travel distance, the stronger the trapping force (Figures 1G and S2B). The RBCs were well trap-
ped at the focal depth, and there was no significant change in the trapping force, even when the travel distance was reduced (Figure TH). This
is related to the acousticimpedance of the trapped particles. The acoustic impedances of the water, PS beads, and RBCs were 1.5, 2.5, and 1.8
MRayls, respectively. The PS beads generated more reflections owing to the significant difference in acoustic impedance with water, which
had complex acoustic energy due to reverberation inside and outside the sphere.”’ Meanwhile, the RBCs responded to acoustic energy
without experiencing multiple reflections. To support this explanation, we calculated the trapping force by assuming an artificial bead
with an impedance similar to that of an RBC and found it trapped well (Figure S2F). Furthermore, the low impedance of the cell may adversely
affect trapping because acoustic energy minimally affects trapping.*'**? In this case, a sufficiently high frequency was required, and in this
study, a frequency of 30 MHz was sufficient for cell trapping.

Trapping conditions

The trapping force is determined by the acoustic waves propagating from the AT. The trapping force was evaluated to demonstrate this by
obtaining the average velocity of the particles moving approximately 45 pm (Figure 2A). We applied 11.22, 12.21, 13.86, and 15.18 V, to the
tweezers, corresponding to acoustic pressures of 0.27, 0.30, 0.34, and 0.38 MPa, and acoustic powers of 2.57, 3.08, 4.04, and 4.90 mW, respec-
tively (Figure S1B). The acoustic pressure was measured using a hydrophone, and the acoustic intensity was calculated by dividing the square
of the pressure by the impedance. The power was computed by multiplying the area of the beam profile (Figures S1C and S1F). The results
indicate that the stronger the output acoustic power, the faster the movement of the microparticles (Figures 2B and 2D). The movement of
RBCs was visualized using minimum-intensity projection (mIP) images. The mIP images were obtained from the recorded video stacks to
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Figure 3. Measuring the average velocity of trapped single PS bead and RBC

(A) Changing the position of the trapped PS bead and RBC over time. The photos are equally divided into nine segments from the start of trapping until the focal
point is reached. The red dots are the focal points.

(B) Time-dependent movement of microparticles in Figure 3A from the focal point.

(C) The average velocity of a trapped PS bead and RBC. The change of position in average velocity was calculated at intervals of approximately 20 um, depending
on the distance from the focal point.
Representative of n = 3. The graph represents the mean + SD. Scale bars: 20 pm.

visualize movement over time. This is because a higher acoustic power produces a deeper potential well and has a stronger trapping force.
Even when the pulse width increased, the movement of particles was faster (Figures 2C and 2E). The trapping force increased because
increasing the pulse width increased the acoustic energy at the same power.”® The SBAT using the parameters employed in this study
does not affect the viability of RBCs (Figure S3).

Based on these results, the appropriate acoustic power and pulse width were determined. For example, to observe the movement of mi-
croparticles in detail, even at a low frame rate, the experiment was conducted with an acoustic power of 3.08 mW and a pulse width of 10 ps.
These conditions were sufficient to trap microparticles and allowed them to move slowly, offering detailed observations of their motion.
Although smaller power and pulse width could be employed, they may not ensure a stable trap. To determine the trapping performance,
the pulse width was increased to 20 ps. This condition provided more stable trapping than the condition at lower pulse widths. Increasing
the acoustic power was one method; however, the pulse width was first increased because it could be affected nonlinearly when the micro-
particles were bulked. In this study, due to the use of appropriate acoustic parameters, we did not observe any cell deformation.

Average velocity analysis

The numerical analysis of the calculated trapping dynamics was compared and verified with experimental results. PS beads and RBCs were
trapped with an acoustic power of 3.08 m\W and pulse width of 10 ps, in the same way as in Figures 2A, 3A, and 3B. The PS bead and RBC were
recorded for a total duration of 75 and 80 s, respectively (Figure 3B). While relocating the tweezers, the position of the microparticle remained
unstable for approximately 5's, and this portion of the data was not used to analyze. The total video was divided into nine sequential images,
excluding this tweezer repositioning time, and visualized with the corresponding time indicated (Figure 3A). When trying to trap micropar-
ticles over a certain distance, they were loosely trapped or not trapped. To prevent this error, the maximum trapping distance was determined
to be the distance of three consecutive successful trappings. The maximum trapping distances of the PS beads and RBC were set to 300 and
260 um, respectively (Figures 3 and S4). In this experiment, measuring the short duration of the microparticle’s movement caused errors in the
measurement owing to problems such as trapping vibration and low camera frame rate. To solve this problem, the section was analyzed by
dividing it by 20 um, which is a length that can sufficiently measure the average speed.

The experiment results indicated that both microparticles attained maximum velocity in the 80-100 um section, and the velocity rapidly
decreased as they approached the focal point (Figure 3C, Videos S1 and S2). This is consistent with the numerical calculation, which shows the
maximum trapping force at the lateral distance of 100 um in Figure 1F. This is because the acceleration is greatest when the microparticles
experience the greatest force, and the average speed is greatest in the section where the acceleration is the greatest. In addition, the
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Figure 4. Single PS bead and RBC trapping

(A) Photo of microparticle trapping with a gel pad.

(B) Schematic diagram of microparticle trapping with a gel pad.

(C) mIP images of a trapped PS bead.

(D) mIP images of a trapped RBC.

(E) Observe the movement of RBCs trapped in one position.

(F) Noise for trapped RBCs with and without gel pads.

One set of data consists of 50 data points obtained at 0.2 s intervals for 10's, and each condition is represented by three sets. Bar graphs represent mean + SD.
Scale bars in C and D: 20 pm.

maximum force on the RBCs was approximately 1.7 times the maximum force on the PS beads. Still, their average velocities were similar
because the acceleration was similar, but the weights differed. The volume of a single RBC obtained through RBC modeling used in this study
was approximately 100 um?, which is a typical value.** Because the PS beads were spherical, their volume could be obtained easily. By multi-
plying the density of each particle, the masses of the RBC and PS beads were calculated to be 0.11 and 0.07 ng, respectively. The mass of RBC
was approximately 1.6 times the mass of the PS beads, which can explain the similarity of the average velocities of the two particles in the
simulation results in Figure 1F.

PS bead and RBC transportation

Cell transportation has been studied in various fields, such as nanotechnology and biomedicine, using microrobots, optics, and acoustics.®”
We investigated the feasibility of applying SBATSs in the Rayleigh regime for non-contact particle transport applications. After trapping the
microparticles, the position of the tweezer was changed to ensure that they were accurately and stably trapped. PS beads and RBCs were
trapped with an acoustic power of 3.08 mW and a pulse width of 20 ps. In addition, this experiment demonstrated the possibility of non-inva-
sive trapping by adding an ultrasound gel pad (Bluemtech, Gangwon-do, Korea) to the acoustic pathway (Figures 4A and 4B). A 7-mm-thick
gel pad was placed in a Petri dish filled with Hanks' balanced salt solution, and the results were analyzed with and without gel pads.

A single PS bead and an RBC were manipulated into the shapes of letters “P” and "R,"” respectively (Figures 4C and 4D, and Video S3).
Images were visualized as mIP images. These results demonstrate that SBATs in the Rayleigh regime have sufficient force and stability to trap
PS beads and RBCs. Subsequently, microparticles were manipulated by placing a gel pad on the acoustic path. A single PS bead and an RBC
were manipulated into the shape of letters “S” and “B,"” respectively (Figures 4C and 4D, and Video S3). Although these results were not as
accurate as those obtained without a gel pad, they showed that non-contact and non-invasive manipulation of microparticles was possible.

Moreover, we quantitatively compared the accuracy obtained with and without the gel pad by measuring noise (Figure 4E, F). The trapping
point of RBC was monitored for small movements at 0.2-s intervals for 10 s, with each condition being repeated three times. The noise was
measured as the distance from the focal point to the RBC, and measurements were performed for three cells for each condition. The noise was
approximately 0.4 um, indicating stable trapping considering the micron-level cell size and movement. Although the gel pad had a statistically
significant effect (two-tailed t test assuming equal variance, p = 0.02), the difference in the results was slight, approximately 0.06 pm
(Figure 4F).

These results demonstrate that SBATs in the Rayleigh regime have a high potential for application in cell transportation. In this study, a
single RBC was manipulated at a distance of 12.65 mm through a 7-mm-thick gel pad. In addition, it was manipulated at the exact coordinates
of a point. Because the Gaussian radial distribution of acoustic pressure was used, it was temporally stable (noise less than 1 pm). In contrast,
vortex tweezers can generate torque, which may cause noise when observing motion.””** We expect this research will be helpful for in vivo or
in vitro single-cell studies requiring high precision.
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Figure 5. Cell sorting based on travel distance

(A) Separation of a single RBC. The red dot is the focal point, the red dotted circle is the original position of the RBC, and the black dotted circle is the original
position of the PS bead.

(B) Separation of multiple RBCs. The red dot is the focal point, and the black arrow is the position of the PS bead.

(C) The trapping force of the PS bead in 2D. The PS bead was calculated to be non-trappable at depths below 50 pm from the focal depth. The acoustic power was
assumed to be 3 mW.

(D) Time-dependent movement of a PS bead and RBC from the focal point in Figure 5A.

(E) Time-dependent movement of a PS bead from the focal point in Figure 5B. The blue arrow is the point where a PS bead and RBC start to bind, and the yellow
arrow is the point where they unbind.

Scale bars in A and B: 20 um.

Cell sorting based on the travel distance

Cell sorting is widely used in various fields, such as cell biology and biomedical research. Several label-free sorting methods have been stud-
ied, including optical, magnetic, and acoustic approaches.”**” We present the SBATSs in the Rayleigh regime as another label-free sorting
method. Because this experiment assumes a non-invasive situation, it cannot be sorted spatially but can be divided into focus and out-of-
focus. We demonstrated that depending on the travel distance, the target cell may or may not be trapped, as shown in Figures 1G and
1H. This difference was used to separate the RBCs and beads. To sort individual RBCs and RBC clusters (Figures 5A and 5B, Videos S4
and S5), we applied a focused beam with an acoustic power of 3.08 mW, a pulse width of 10 us, and an adjusted travel distance of 50 pm
below the focal depth. The sorted RBC clusters are also positionally manipulable (Figure S5).

Forsingle RBC sorting (Figure 5A and Video S4), we first placed the RBCs and PS beads at a distance similar to that of the focal point. When
the tweezers were switched on, an RBC was trapped at the focal point, but the PS bead moved away. The numerical calculations showed
that the PS bead moved away in the radial direction from the focal point when it was trapped (Figure 5C), and the same result was obtained
experimentally. Considering the movement of the RBC, we observed that it took 16 s to move 20 um, and the average movement speed was
1.3 um/s (Figure 5D), similar to the previous results shown in Figure 3C.

For multiple RBCs sorting (Figure 5B and Video S5), separate movement of a single PS bead was observed while trapping multiple RBCs
(Figure 5E). The distance between the PS bead and the focal point increased at the beginning of the trapping. However, after a few seconds,
the PS bead came into contact with the trapped RBC, and they moved together because of some mechanism, such as a hydrophobic inter-
action.”®*” This indicates that the force needed to trap the RBC is stronger than that required to push the PS bead. After approximately 20's,
the PS bead was unbound from the RBC and moved away from the focus again. The unbinding demonstrates that the sum of the forces push-
ing the PS bead and those trapping the RBCs is greater than the binding force between the PS bead and the RBC. As a result, we observed the
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formation of an RBC cluster and the dynamics of interparticle binding forces, which were mainly studied with optical and magnetic
tweezers. %70

We can conclude that SBATSs in the Rayleigh regime can sort microparticles by type by adjusting the travel distance. We verified the feasi-
bility of cell sorting through simulations (Figures 1G and 1H) and experimentally demonstrated the same results (Figure 5). RBCs were sorted
from the beads because they have different travel distances that can be trapped depending on the characteristics of the microparticles. Pre-
vious studies sorted particles by size,””*? but in this study, we could sort different particles of similar size. Because the cell sorting method
presented in this study is non-invasive, it is expected to be helpful for in vivo or microfluidic biophysics as a technique for measuring inter-

particle binding forces.®?!

Limitations of the study

This study has demonstrated the characteristic of non-invasiveness in a deep region. However, it was not possible to experimentally observe
this in vivo due to the difficulty of observing the dynamics of a single cell in the deep region of an animal model. Previous studies have
measured it in a thin flap that could be observed under a microscope or trapped a large bead.”’?” Therefore, this study can approach
more practical applications with the technology to observe the movement of a single cell in the deep region. Another limitation is the
lack of z axis analysis. Since this study was conducted in a Petri dish, analysis of the z axis is not necessary. However, for application in 3D
environments such as animal models, analysis of z axis trapping is necessary. Recent research on acoustic levitation or three-dimensional
ATs has been studied to complement these points.”*>* Through in-depth theoretical and experimental understanding of trapping dynamics
along with these studies, we can gain a better understanding of non-invasive trapping for animal studies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human red blood cell This paper N/A

Deposited data

Datasets and original code Zenodo https://doi.org/10.5281/zenodo.8349080

Software and algorithms

Imaging software
ImageJ
GraphPad Prism 9
MATLAB R2020a

Molecular Devices
NIH

GraphPad Software
MATLAB R2020a

MetaMorph
https://imagej.nih.gov
https://graphpad.com

https://mathworks.com

Other

Polystyrene
Hydrophone

Beam profile test system
Linear motor

Function generator
Power amplifier
Pulse-receiver
Oscilloscope

Inverted microscope

CMOS camera

Polysciences

Precision Acoustics

IMP Systems

Sigma Koki

Stanford Research Systems
Electronics & Innovation
Imaginant Inc.

Tektronix

Olympus

Hamamatsu Photonics

Polybead® microspheres
NHO0040

IPB760

OSMS20-85

SG382

525LA

DPR500

DPO3032

IX-73

ORCA-Flash4.0 V3

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Hyung Ham Kim (david kim@

postech.ac.kr).

Materials availability

This study did not generate new unique materials.

Data and code availability

e All datasets have been deposited at Zenodo and are publicly available as of the date of publication. DOls are listed in the key resources

table.

e All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOls are listed in the key re-

sources table.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Human RBC

We directly extracted and utilized human blood obtained from individuals. Following sterilization of the donor's fingertip, 10 pL of human
blood was extracted utilizing a lancet. This blood was subsequently diluted, allowing us to obtain RBCs. We collected blood from a healthy
volunteer, who had not undergone any previous testing. We utilized anonymized human blood, using it immediately without storage or
culturing. After use, it was promptly discarded, and no genetic or personally identifiable information was collected. All procedures for
preparing and measuring human blood samples in this study were approved by the Institutional Review Board (IRB) of POSTECH
(PIRB-2022-R023).
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METHOD DETAILS
Derivation of acoustic radiation force

Suppose that an incoming sound beam enters a sphere, and its pressure has a Gaussian distribution (Ps), as given by Equations 5 and 6.

2 2
P = p, exp { — (x +y2)} (Equation 5)
w(z)
@ = woy[1+(22) (Equation ¢
w(z) = wg v quation

w(z) and wy are the beam widths at the axial points zand z = 0. 1is the wavelength of the incident beam. The force potential Uin an arbitrary
pressure field was derived by Gor'kov and adopted to evaluate its trapping characteristics.”” For a compressible sphere surrounded by an
inviscid fluid of density pg, the potential U is expressed using Equations 7, 8, and 9.

. (PP v .
U = 2nr’p, Tgcgﬁ — 71‘2 (Equation 7)
P poci !
1=1-07 (Equation 8)
f, = M (Equation 9)
2p+po

c and ¢p are the speed of sound in the sphere and fluid, respectively. p and r are the density and radius of the sphere, respectively. Ps and v
represent the pressure and particle velocity, respectively, at the position of the sphere. () denotes the temporal average of an argument. f;
and f, are dimensionless factors that depend on the material properties of the fluid and the sphere, respectively. According to the linear Euler

Equation 10 and its time-averaged term (7), Equation 11 can be further simplified to Equation 12.°

v
ot

Vp, = — po (Equation 10)

_ 1 .
V2 = W‘Vpsf (Equation 11)

f f .
U = 2ar’p, (3péc§|p5|2 - 4p(2)2w2|Vps|2) (Equation 12)

Consequently, the acoustic radiation force F acting on the sphere is equal to the negative gradient of U as follows:

27r?

f 2 f 2 )
F=-vu==" V(T;z\vm - 3—;2)|p5{ ) (Equation 13)

The PSbead and RBC trapping forces were calculated based on the derived equations. When acoustic pressure is applied to the bottom of
the Petri dish with a Gaussian distribution, potential energy is generated by the pressure (Figure 1A). This energy created a trapping force that
moved the PS bead and RBC in the Petri dish toward the focus of the ultrasound microbeam.

Single-element acoustic tweezers fabrication

For non-invasive cell trapping, a frequency range capable of generating trapping forces in the sub-pN range and enabling penetration up
to several centimeters is required.”” Based on numerical simulations, we observed that trapping forces of several pN were achieved with
frequencies of 30 MHz and above (Figure S6A). A low frequency and a high f-number are desired to achieve deep penetration depth.
Therefore, the appropriate frequency and f-number were chosen as 30 MHz and 4, respectively. Lithium niobate was used as the piezo-
electric material for the tweezers, and the acoustic beam was focused using a mechanical press-focusing method. In the impulse response,
the -6-dB center frequency was measured to be 34 MHz, and the bandwidth was measured to be 42% (Figure S1A). The acoustic pressure
characteristics relative to the applied voltage were obtained using a hydrophone (NH0040, Precision Acoustics, Dorchester, UK) and beam
profile test system (IPB760, IMP Systems, Gyeongsangbuk-do, South Korea) (Figure S1B). The lateral and axial beam widths were measured
to be 0.256 and 5.9 mm, respectively (Figures S1C and S1D). The detailed acoustic properties of the fabricated tweezers are illustrated in
Figure S1.
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Trapping of the PS bead and RBC

Each PS bead and RBC sample was prepared by filling a Petri dish with 5 mL of HBSS and adding 1 ulL of PS beads (Polybead® microspheres,
Polysciences, Inc., PA, USA) or blood collected using lancets. To prevent hemolysis of RBCs, HBSS was employed, and the cell trapping
approach can be applied in other media types, such as plasma (Figure SéB). In all experiments of this study, 5-um PS beads, similar in size
to RBCs, were used. For simulations, a size of 5 um was specified for all cases except for Figure S2, where the size was explicitly mentioned.
Leaving RBCs in the dish for a long time (more than 1 hour) causes them to adhere to the bottom, obstructing trapping. To address this, we
allowed approximately 5 minutes for RBCs to settle before trapping what did not adhere to the bottom. For cell sorting experiments, 1 pL of
PS beads and blood were placed together in a Petri dish. After the microparticles settled to the bottom, the tweezers were immersed in the
sample and connected to the tweezers system (Figure S7). The tweezers were mounted on a 3-axis linear motor (OSMS20-85, Sigma Koki Co.,
Ltd, Tokyo, Japan). The applied signal was generated using a function generator (SG382, Stanford Research Systems, CA, USA) and amplified
using a power amplifier (525LA, Electronics & Innovation, Ltd., NY, USA) with an output power of 25W. The applied signal is a square pulsed
wave with a pulse repetition frequency (PRF) of 1 kHz and is amplified by 50 dB. The travel distance was measured from the pulse-echo signal
using a pulser-receiver (DPR500, C, NY, USA) and an oscilloscope (DPO3032, Tektronix, OR, USA). After appropriately adjusting the distance
between the microparticles and the focal point of the tweezers, an input signal was applied to generate the desired acoustic microbeam and
trap the PS bead and RBC. In Figures 2, 3, and 4, the travel distance for PS beads was set at 12.4 mm, which was 250 um shorter than the focal
depth, while for RBCs, the travel distance was set at 12.65 mm, which was equal to the focal depth.

Imaging setup and data analysis

The movement of the microparticles was observed using an inverted microscope (IX-73, Olympus, PA, USA) and recorded using a CMOS
camera (ORCA-Flash4.0 V3, Hamamatsu Photonics, Shizuoka, Japan). If the time interval of the recorded video is too short, an error occurs
in the shutter opening/closing time, which may affect the speed measurement. Therefore, a sufficiently long period of 0.5 s was used. Imaging
software (MetaMorph, Molecular Devices LLC, CA, USA) enabled real-time microparticle imaging and distance measurements. The acquired
images were processed using ImageJ (NIH, MD, USA), including mIP imaging and distance measurement through coordinates. Statistical
analyses were performed using GraphPad Prism 9 (GraphPad Software, Inc., CA, USA), and graphical visualizations were performed sing
ImageJ, GraphPad Prism 9, and MATLAB R2020a (MathWorks, MA, USA).

Average velocity calculation

To directly evaluate the pattern of the trapping force, instantaneous acceleration is required; however, this is difficult to measure. In this study,
the average velocity was used to analyze the force profile. Although the absolute values of the simulations and measurements cannot be
compared, the behavior of the forces over distances can be evaluated indirectly. We calibrated the length of the number of pixels in the im-
aging software to measure the actual distance in the ImageJ coordinates. In the recorded microparticle movement, the number of frames
indicates the movement'’s duration. Using the center point coordinates of each microparticle at the start and end frames, we measured
the distance traveled. The average speed was calculated by dividing the distance by the travel time. In addition, we determined the distance
from the focal point in the section where the average speed was measured.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments discussed in this study were performed with at least three replicates, and data were presented as mean and standard
deviation. Statistical details can be found in the legend of each figure.
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