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Highlights 

Establish an acousto-dielectric tweezing mechanism. 

High-throughput single cell measurement of acousto-dielectric factor. 

Separate different kinds of cells with the same diameter distribution. 

Concurrent acoustic and electrical properties measurement of single cells. 

Abstract 

The intrinsic biophysical properties of cells, such as mechanical, acoustic, and electrical properties, are 

valuable indicators of a cell’s function and state. However, traditional single-cell biophysical 

characterization methods are hindered by limited measurable properties, time-consuming procedures, 

and complex system setups. This study presents acousto-dielectric tweezers that leverage the balance 

between controllable acoustophoretic and dielectrophoretic forces applied on cells through surface 

acoustic waves and alternating current electric fields, respectively. Particularly, the balanced 

acoustophoretic and dielectrophoretic forces can trap cells at equilibrium positions independent of the 

cell size to differentiate between various cell-intrinsic mechanical, acoustic, and electrical properties. 

Experimental results show our mechanism has the potential for applications in single-cell analysis, size-

insensitive cell separation, and cell phenotyping, which are all primarily based on cells’ intrinsic 

biophysical properties. Our results also show the measured equilibrium position of a cell can inversely 

determine multiple biophysical properties, including membrane capacitance, cytoplasm conductivity, 
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and acoustic contrast factor. With these features, our acousto-dielectric tweezing mechanism is a 

valuable addition to the resources available for biophysical property-based biological and medical 

research. 

 

Keywords: acoustofluidics, acousto-dielectric tweezers, size-insensitive manipulation, cell biophysical 

characterization 
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1. Introduction 

Label-free, quantitative characterization of cell-intrinsic biophysical properties, such as acoustic 

(Augustsson et al. 2016; Guo et al. 2021; Hwang et al. 2016; Mishra et al. 2014), mechanical (Fregin et 

al. 2019; Gossett et al. 2012; Otto et al. 2015; Panhwar et al. 2020; Rosendahl et al. 2018; Urbanska et 

al. 2020), optical (Mugnano et al. 2018), and electrical properties (Yang et al. 2019; Zhao et al. 2013; 

Zhao et al. 2016), has garnered increasing attention in recent years. Due to their sensitivity to changes in 

the membrane, cytoplasm, cytoskeleton, and nucleus of cells, biophysical properties are valuable 

indicators of cell states and functions. The biophysical properties of cells have also shown great potential 

for cell phenotyping and single-cell analyses, such as characterizing stem cell differentiation, immune 

cell activation, and metabolic states (Koch et al. 2017; Kooiman et al. 2014; Lautenschläger et al. 2009; 

Loo et al. 2019; Maloney et al. 2010; Munder et al. 2016; Pagliara et al. 2014). 

 When characterizing the biophysical properties of single cells, early methods such as atomic force 

microscopy (Alcaraz et al. 2003; Kuznetsova et al. 2007), micropipette aspiration (Guo et al. 2012; 

Hochmuth 2000), optical stretching (Mills et al. 2004), patch clamping (Lange et al. 2015; Nyberg et al. 

2017), and nanoprobes (Actis et al. 2014) suffered from low throughputs, time-consuming procedures, 

and complex, specialized systems. Alternatively, microfluidic devices that utilize hydrodynamic 

(Rosendahl et al. 2018), acoustophoretic (Baudoin et al. 2020; Destgeer and Sung 2015; Lin et al. 2012; 

Yeo and Friend 2014), and dielectrophoretic (Pethig 2010) (DEP) forces have been developed to achieve 

high-throughput characterization of single-cell biophysical properties, such as cell deformability 

(Rosendahl et al. 2018), acoustic contrast factors (Wang et al. 2019), and cell electrical properties (Zhang 

et al. 2020). Given the advances of previous studies, none of them are capable of simultaneously 

characterizing the acoustic and electrical properties of cells. This limitation prevents the concurrent use 

of multiple biophysical properties for multi-parameter cell phenotyping and single-cell analysis. In 

addition, current potential field-based cell manipulation methods, such as acoustic (Bruus 2012; Liang 
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et al. 2018; Zhang 2018), optic (Harada and Asakura 1996), magnetic (Ahmed et al. 2017; Durmus et al. 

2015; Lipfert et al. 2009), and dielectric tweezers (Kim et al. 2019; Wang et al. 2007), are sensitive to 

cell sizes. This limitation inhibits the manipulation and separation of cell populations with similarly sized 

cells. 

 To address the limitations listed above, this study presents an acousto-dielectric tweezing 

mechanism based on the application of balanced acoustic radiation and DEP forces on cells. The 

tweezing mechanism makes use of controlled surface acoustic waves (SAWs) and alternating current 

(AC) electric fields to apply acoustic radiation and DEP forces (Bernassau et al. 2013; Laurell et al. 

2007; Ma et al. 2020) in opposite directions on cells within a microchannel. As a result, cells in the SAW 

and AC electric fields can be translated to equilibrium positions (namely, equi-acousto-dielectric 

positions) where they experience balanced acoustic radiation and DEP forces. Notably, our theoretical 

and experimental studies show that the equi-acousto-dielectric position is insensitive to the cell volume, 

while still remaining sensitive to the acousto-dielectric factor (i.e., a dimensionless parameter dependent 

on the intrinsic acoustic and electrical properties of the cell). Our studies also show cells with different 

acousto-dielectric factors can be translated to distinct equi-acousto-dielectric positions. Based on these 

features, we demonstrated our acousto-dielectric tweezers have the potential for biophysical property-

based, size-insensitive separation of cells, single-cell biophysical analysis, and cell phenotyping. The 

acousto-dielectric mechanism also shows promise for characterizing multiple biophysical properties 

such as membrane capacitance, cytoplasm conductivity, and acoustic contrast factor. We expect the 

presented acousto-dielectric tweezing mechanism will lead to valuable biophysical analysis platforms 

for biological and medical research (Hao et al. 2022; Rufo et al. 2022a; Rufo et al. 2022b). 

2. Materials and Methods 

2.1. Cell sample preparation 

Prior to the experiments, HeLa, 293T, and MCF7 cells (ATCC) were cultured in Dulbecco’s Modified 
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Eagle’s media (Gibco, Life Technologies), which contained 10% fetal bovine serum (Gibco, Life 

Technologies) and 1% penicillin-streptomycin (Mediatech). Jurkat cells (ATCC) were cultured in 

RPMI-1640 media (Gibco, Life Technologies) supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin. All the cells were cultured in an incubator (Heracell Vios 160i CO2 incubator, 

Thermo Scientific) at a temperature of 37℃ and a CO2 level of 5% (Yang et al. 2022). To observe live 

cells, the cultured cells were stained with calcein-AM (C3100MP, Life Technologies), washed with 

phosphate-buffered saline (Gibco, Life Technologies) three times, and resuspended in a tweezing buffer 

at a concentration of ~1×106 ml-1. Tweezing buffer A was prepared by mixing 8.5% (w/w) sucrose 

(S9378, Sigma), 0.3% (w/w) glucose (G82370, Sigma), deionized water, and phosphate-buffered saline. 

Tweezing buffer B was prepared by mixing 8.5% (w/w) sucrose (S9378, Sigma), 0.3% (w/w) glucose 

(G82370, Sigma), deionized water, and phosphate-buffered saline (Shafiee et al. 2009). The material 

properties (including densities, compressibility values, viscosities, relative permittivity values, and 

conductivities) of the two buffers are listed in Supplementary Table 1. 

2.2. Fabrication and operation of acousto-dielectric chips 

A photo of a fabricated acousto-dielectric chip is provided in Fig. S1. The chip has a lithium niobate 

(LiNbO3) substrate (Y128-cut, Precision Micro-Optics) with a pair of interdigital transducers (IDTs) for 

generating standing SAWs and tri-port electrodes for generating an AC electric field. A 

polydimethylsiloxane-based microchannel with an inner width of 500 μm is bonded to the LiNbO3 

substrate. The microchannel, IDTs, and tri-port electrodes are arranged symmetrically with respect to 

the chip’s centerline. This is meant to ensure generated SAWs have an antinode line which coincides 

with both the microchannel and the tri-port electrodes’ centerlines. The polydimethylsiloxane-based 

microchannel was fabricated by following typical soft lithography and mold replica procedures (Chung 

et al. 2007). The IDTs and electrodes on the LiNbO3 substrate were fabricated with 50 nm Au/5 nm Cr 

layers by following typical electrode fabrication procedures such as photolithography, e-beam 
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evaporation, and lift off (Chen et al. 2021; Mei et al. 2020). Each IDT has 25 pairs of interdigital 

electrodes with a finger width of 125 μm, a finger spacing of 125 μm, and an aperture size of 8 mm. The 

IDT’s frequency response was characterized by using a network analyzer (E5063A, Keysight). The S11 

frequency response curve (Fig. S4) acquired from this analysis shows that the resonant frequency is 

around 7.86 MHz (Tao et al. 2018). 

 While performing experiments, our fabricated acousto-dielectric chip was mounted on the sample 

stage of a fluorescence microscope (TE2000-U, Nikon). Cells suspended in a tweezing buffer were 

loaded into a 1-mL syringe (309659, Becton Dickinson) and pumped into the microchannel through an 

inlet. A tweezing buffer without cells was loaded into another 1-mL syringe and pumped into the 

microchannel to create the sheath flows necessary for keeping cells near the centerline of the 

microchannel. The flow rates of the buffers were controlled by a high-precision automated pumping 

system (neMESYS, CETONI). To generate the standing SAWs used to apply acoustic radiation forces 

on cells, the IDT’s input signal was produced by a function generator (AFG3102C, Tektronix) at a 

frequency of fa (the same as the pre-characterized resonant frequency of IDTs) and then amplified by a 

power amplifier (25A250A, Amplifier Research). To generate the AC electric field used to apply DEP 

forces on cells, another function generator (AFG3102C, Tektronix) was connected to the tri-port 

electrodes and a signal with two frequencies was produced, i.e., fa for canceling the piezoelectric voltages 

induced by the standing SAWs and fe for enabling the DEP effect (Chen et al. 2013). The related circuit 

connection diagrams for sending input signals to IDTs and tri-port electrodes are given in Fig. S5. As 

cells flowed through the microchannel during the experiments, a CCD camera (CoolSNAP HQ2, 

Photometrics) installed on the microscope was used to monitor the area of interest near the channel outlet 

(Tian et al. 2019). 
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2.3. Calibration of an acousto-dielectric field function 

To obtain a calibrated acousto-dielectric field function Ψc(x), we performed experiments with fluorescent 

polystyrene microparticles (Bangs Laboratories Inc.) with the known material properties listed in 

Supplementary Table 1. The polystyrene microparticles were suspended in our previously prepared 

Tweezing buffer A. Calibration experiments were performed at two conditions, one with exclusively 

SAWs and the other with only an AC electric field present. In the first scenario, SAWs were generated 

by IDTs with a 30 Vpp input signal at 7.86 MHz, and the SAW-induced motions of the microparticles 

were recorded with a microscope camera. In the second scenario, an AC electric field was generated by 

tri-port electrodes with a 7 Vpp signal at 30 kHz and the DEP-induced motions of microparticles were 

recorded.  

 We analyzed the time-dependent trajectories of multiple microparticles and calculated the particle 

velocities at different x-positions within the microchannel. Fig. S2a and S2b provide statistical results of 

the measured SAW-induced velocities vps-a and DEP-induced velocities vps-e. These characterized 

velocities, as well as the material properties of the tweezing buffer and polystyrene particles used, were 

substituted into a calculation method presented in Supplementary Note 3 to obtain a calibrated acousto-

dielectric field function Ψc(x). 

 To measure the acousto-mechanical and electrical properties of cells, it is necessary to ensure that 

the cells are subjected to a negative DEP forces in the frequency range of  0.1-20 MHz, so we utilized 

Tweezing buffer B, which has a higher conductivity, to measure the acousto-mechanical and electrical 

properties of cells in the experiments. To ensure that the change in buffer conductivity do not interfere 

with the acoustic-dielectric factor measurement experiments, we fabricated an acousto-dielectric chip 

with the same design and used polystyrene microparticles suspended in Tweezing buffer B to calibrate 

the acoustic and electric fields of the chip again. Calibration experiments followed the same steps 

outlined above. SAWs were excited by IDTs with a 30 Vpp input signal at 7.86 MHz; the AC electric 
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field was generated by tri-port electrodes with a 7 Vpp signal at 100 kHz. The corresponding measured 

SAW-induced velocities vps1-a and DEP-induced velocities vps1-e are shown in Fig. S2d and S2e, 

respectively. The acousto-dielectric field function Ψc1(x) calibration curve of Tweezer buffer B in Fig. 

S2f shows similar trends and values to the calibration curve of Tweezer buffer A in Fig. S2c. 

2.4. Procedures for measuring acousto-dielectric factors of cells 

Once calibrated, our acousto-dielectric chip was used to measure the acousto-dielectric factors of cells. 

Before conducting experiments, cell solutions (concentration: ~1×106 ml-1) were prepared by 

resuspending harvested cells in our previously prepared Tweezing buffer A. For our device with a small 

microfluidic channel (width: 500 m, height: 40 m), cell concentrations lower than 107 ml-1 were 

preferred. During each experiment, a cell solution was pumped into the microchannel with a flow rate 

of 0.2 μL/min to form the center flow, while a buffer without cells was pumped into the microchannel 

with a flow rate of 0.4 μL/min to form the sheath flows. The excitation voltage Va and frequency fa for 

the IDTs were set to 30 Vpp and 7.86 MHz. The input voltage Ve and frequency fe for applying the DEP 

forces were set to 7 Vpp and 30 kHz. The IDTs and DEP electrodes were located in the area outside the 

cell membrane. As each cell flowed through the microchannel, under both the acoustic radiation and 

DEP forces, its lateral position gradually shifted to the equi-acousto-dielectric position and became stable 

near the channel outlet. In addition to in-plane force components to laterally move cells to equi-acousto-

dielectric positions, the cells were subjected to vertical force components, which pushed them to the 

same plane (i.e., the ceiling of a microfluidic channel with a height of 40 m). A microscope camera 

was used to record videos of the cell flow (see Supplementary Movie 1) near the channel outlet. From 

the recorded videos, we extracted the equi-acousto-dielectric positions of the cells, denoted as xequi,n (n 

=1, 2, 3, …, N), where n and N represent the event index and total event number. Then, the acousto-

dielectric factor n  of each captured cell was determined by finding the corresponding value at x = 

xequi,n from the calibrated acousto-dielectric field function Ψc(x).  
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2.5. Procedures for measuring acousto-mechanical and electrical properties of cells 

Biophysical properties such as acoustic (acoustic contrast factor, acoustic impedance, and wave speed), 

electric (impedance, membrane capacitance, and cytoplasm conductivity), optical (refractive index, 

scattering, and absorption coefficients), and mechanical (creep compliance, elastic, and viscous 

modulus) properties have garnered increasing attention in recent years because they are valuable 

indications for characterizing cell states and functions. Among these parameters, the acoustic contrast 

factor is also considered as an acousto-mechanical property (Augustsson et al. 2016), as it depends on 

the cell density and compressibility. Our method uses the acousto-dielectric chip to measure the cells’ 

acousto-mechanical (e.g., acoustic contrast factor) and electrical properties (membrane capacitance and 

cytoplasm conductivity). Before the experiments, cell solutions (concentration: ~1×106 ml-1) were 

prepared by suspending cells in our prepared Tweezing buffer B. During our experiments, the excitation 

voltage Va and frequency fa for generating SAWs were set to 30 Vpp and 7.86 MHz. The input voltage 

Ve for the tri-port electrodes was kept at 7 Vpp; however, a series of DEP frequencies denoted as [fe,m]M  

were used. These frequencies ranged from 0.1 to 0.9 MHz with a step of 0.1 MHz and from 1 to 20 MHz 

with a step of 1 MHz. At individual DEP frequencies, we measured the corresponding equi-acousto-

dielectric positions [xequi,m]M and further determined the corresponding acousto-dielectric factors [Φm]M 

from the calibration curve of tweezer buffer B. Then, the measured factors at multiple frequencies were 

used to find a theoretical ln|Φ| − fe curve that best fit the measured factors. The biophysical properties 

(e.g., acoustic contrast factor, membrane capacitance, and cytoplasm conductivity) corresponding to the 

identified theoretical curve were considered as the cell’s properties determined by our approach. For 

each cell type, 50 cells were characterized. 

2.6. Numerical simulations 

To investigate the standing SAW field generated by the IDTs, the resulting acoustic radiation force field, 

the AC electric field generated by the tri-port electrodes, and the resulting DEP force field, finite element 
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simulations were performed using the commercial finite element software COMSOL Multiphysics. In 

particular, the frequency-domain analysis was utilized. A 2D cross-sectional (x-z plane) model of our 

acousto-dielectric chip was established (Fig. S6a). In our model, the substrate (0.5 mm thick Y128-cut 

LiNbO3 wafer) was built with the piezoelectric module. The liquid layer (40 µm thick) considered both 

acoustic pressure and electric current physics (Chen et al. 2018; Chen et al. 2017). The top and side 

boundaries of the liquid layer were set to impedance conditions matching the impedance (1.04 MPa s m-

1) of the polydimethylsiloxane-based microchannel wall (Collins et al. 2016). The substrate-liquid 

interface was set to an acoustic-structure boundary that coupled the normal pressure. 

 To simulate SAW generation in the substrate, as well as pressure acoustic waves in the fluid domain, 

harmonic voltage excitation signals with a frequency fa of 7.99 MHz were applied to the interdigital 

electrodes of two IDTs (Delsing et al. 2019). To reduce end reflections of SAWs, perfectly matched 

layers were added to the left and right ends of the area of interest (Tian et al. 2020). The simulated energy 

field in the piezoelectric substrate is shown in Fig. S6b, which clearly shows generated Rayleigh-mode, 

standing SAWs with an antinode at the substrate center. The simulated acoustic energy field and acoustic 

radiation force distribution in the fluid domain are given in Fig. 1b. On the other hand, to simulate the 

generated AC electric field in the fluid domain, harmonic voltage signals with a frequency ef  of 30 kHz 

were applied to the tri-port electrodes. The simulated electric energy field and the DEP force distribution 

in the fluid domain are given in Fig. 1c. 

3. Results and discussion 

3.1. Mechanism of acousto-dielectric tweezers 

The acousto-dielectric tweezers utilize the balance between acoustic radiation and DEP forces applied 

on individual cells. Fig. 1a displays a device schematic for acousto-dielectric tweezers (see  Fig. S1 for 

a photo). The device is composed of a pair of IDTs deposited on a LiNbO3 substrate to generate standing 
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SAWs and apply acoustic radiation forces FARF on cells flowing through a polydimethylsiloxane-based 

microchannel (Guo et al. 2015). The device also contains parallel tri-port electrodes within the 

microchannel to generate AC electric fields and apply controlled DEP forces FDEP on the cells (Albrecht 

et al. 2004). Particularly, the microchannel, IDTs, and tri-port electrodes are all arranged symmetrically 

with respect to the device’s centerline. With this configuration, a generated acoustic antinode line 

coincides with both the microchannel and the tri-port electrodes’ centerlines. Moreover, the 

microchannel width is close to a wavelength, meaning only two acoustic node lines can be generated in 

the microchannel as illustrated in Fig. 1a. 

 When only standing SAWs at a frequency of fa are generated from the IDTs, the cells or 

microparticles loaded in the microchannel will experience x-component acoustic radiation forces FARF-x. 

Accordingly, the cells or microparticles with positive acoustic contrast factors will be moved to the 

acoustic pressure nodes, as shown in our numerical (Fig. 1b) and experimental (Fig. 1d, left) results. 

Here, positive acoustic contrast factors for cells can be achieved by adjusting the cell buffer properties 

(e.g., density and acoustic impedance) (Baudoin et al. 2019). On the other hand, when only an AC electric 

field with a frequency of fe is generated by the tri-port electrodes, cells or microparticles in the dynamic 

electric field will experience x-component DEP forces FDEP-x, which are highly dependent on the 

Clausius-Mossotti factor (Kim et al. 2019). This study employs negative DEP forces to move cells to the 

microchannel’s centerline with weak local electric field intensities, as indicated by our numerical (Fig. 

1c) and experimental (Fig. 1d, middle) results. Note that positive DEP forces typically attract cells to 

positions with strong local electric field intensities, which may damage the cells (D'Amico et al. 2017). 

For a given cell type, negative DEP forces can be achieved by adjusting the AC electric field frequency 

fe and the cell buffer’s conductivity, since the Clausius-Mossotti factor highly relies on these two factors 

in addition to other cell properties (Elitas et al. 2014). 

 When standing SAWs and an AC electric field are generated simultaneously, a cell or microparticle 

in the device’s microchannel is subjected to both acoustic radiation and DEP forces, which vary spatially 
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as shown in Fig. 1b and 1c. Therefore, the cell or microparticle in the microchannel should be translated 

to an equilibrium position xequi, where the x-component acoustic radiation and DEP forces have the same 

magnitude but in opposite directions, i.e., FAFR-x (xequi) = −FDEP-x (xequi). As shown in the microscopy 

image (Fig. 1d, right), polystyrene microparticles were trapped at equi-acousto-dielectric positions, 

which are between the center trapping region (i.e., the microchannel centerline) at the condition with 

only an AC electric field and the side trapping regions (i.e., pressure node lines) at the condition with 

only standing SAWs. Moreover, by increasing the input voltage for generating an AC electric field, 

microparticles originally trapped at the acoustic pressure nodes can be gradually moved to the center of 

the microchannel, as illustrated in Fig. 1e and 1f. This observation demonstrates the change in 

equilibrium position when increasing the DEP forces. In addition to the device design in Fig. 1, other 

designs that allow for generating acoustic radiation and DEP forces in counter directions may also trap 

microparticles at equi-acousto-dielectric positions. To predict the manipulation process for our acousto-

dielectric tweezers, a theoretical model was established by considering the SAW-induced acoustic 

radiation force and the AC electric field-induced DEP force on a cell (Supplementary Note 1). 

3.2. Acousto-dielectric factor and acousto-dielectric field function 

Through a theoretical study (Supplementary Note 3), we discovered that the equi-acousto-dielectric 

position xequi is correlated to the ratio φa/Re(γCM), where φa and Re(γCM) represent the acoustic contrast 

factor and the real part of the Clausius-Mossotti factor, respectively. Here, the ratio φa/Re(γCM) is defined 

as a dimensionless parameter Φ (namely, acousto-dielectric factor), which depends on the DEP 

frequency as well as the cell’s acoustic and electrical properties. Primarily, our theoretical study revealed 

that the acousto-dielectric factor gradually approaches −2φa as the DEP frequency is decreased, while 

the acousto-dielectric factor gradually approaches φa(σcyto+2σb)/(σcyto−σb) as the DEP frequency is 

increased. In addition, we theoretically investigated the individual effects of cell properties (including 

the acoustic contrast factor φa, cell density ρc, cell compressibility κc, buffer conductivity σb, cytoplasm 
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conductivity σcyto, membrane capacitance Cmem, and cell radius R) on the acousto-dielectric factor. Based 

on the theoretical curves (e.g., ln|Φ| versus fe) plotted in Fig. 2b-2h, the following relationships were 

established. (i) Increasing acoustic contrast factors results in higher acousto-dielectric factors for 

frequencies ranging from 0.01 to 20 MHz (Fig. 2b). Because cell compressibility and density have a 

significant impact on the acoustic contrast factor (Eq. S3), variations of these properties also result in 

higher acousto-dielectric factors within the aforementioned frequency range (Fig. 2g and 2h). (ii) 

Increasing cytoplasm conductivities causes higher acousto-dielectric factors in the frequency range 

above 1 MHz, while acousto-dielectric factors in the frequency range below 1 MHz did not change 

considerably (Fig. 2c). (iii) Changes of membrane capacitances and cell radii primarily affect the 

acousto-dielectric factors in the mid-frequency range (0.1-10 MHz) and have a minimal effect on the 

acousto-dielectric factors in lower and higher frequency regions (Fig. 2d and 2e). (iv) Increased buffer 

conductivities lead to higher acousto-dielectric factors in the frequency range above 0.1 MHz (Fig. 2f). 

Moreover, because the acousto-dielectric factor relies heavily on the object’s acoustic and electrical 

properties, different types of objects (such as polystyrene particles, HeLa cells, and MCF7 cells with the 

same radius) should theoretically have different acousto-dielectric factors, as shown in Fig. 2i. This result 

suggests that the acousto-dielectric factor can be used to classify various cell types of similar sizes with 

different biophysical properties. 

 Our theoretical study (Supplementary Note 2) reveals that the acousto-dielectric factor Φ is equal to 

the value of an acousto-dielectric field function Ψ(x) at the equi-acousto-dielectric position xequi. This 

field function Ψ(x) depends on the acoustic potential field, the electric potential field, and the buffer 

properties. Hence, once the device configuration, buffer properties, and operation parameters are 

determined, the field function can be experimentally calibrated. To obtain a calibrated field function 

Ψc(x), we considered a scenario where solely standing SAWs at a frequency fa were generated by the 

IDTs. The SAW-induced velocities vps-a of the polystyrene particles (Fig. S2a) were measured by 

tracking and analyzing changes in the position of the particle recorded by a microscope camera. We also 
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measured the DEP-induced velocities vps-e of polystyrene particles (Fig. S2b) when only an AC electric 

field was generated by the tri-port electrodes. Based on the measured particle velocities, as well as the 

known material properties of the buffer and polystyrene particles, a calibrated acousto-dielectric field 

function Ψc(x) was obtained using the equations in Supplementary Note 3. The calibrated function Ψc(x) 

monotonically increases with an increase of x when x > 0 (or with a decrease of x when x < 0), as shown 

in Fig. S2c. Therefore, by using our acousto-dielectric device, it is feasible to quantitatively measure the 

acousto-dielectric factor Φ of a cell flowing through our device, by tracking the cell’s equilibrium 

position xequi in our device and then finding the corresponding value at the position xequi using the 

calibrated acousto-dielectric field function Ψc(x). 

3.3. Characterizing acousto-dielectric factors of cells 

Because the acousto-dielectric factor primarily depends on the cell’s acoustic and electrical properties 

and is minimally affected by the cell radius at low and high electric field frequencies (Fig. 2b-2h), this 

factor holds significant potential for cell characterization and size-insensitive cell phenotyping. Our 

experimental procedures for measuring the acousto-dielectric factor are illustrated in Fig. 3a. Cells 

stained with calcein AM were suspended in a buffer and then loaded into the microchannel with both 

standing SAW and AC electric fields. As the nth cell flows through the microchannel, it gradually moves 

to the equi-acousto-dielectric position xequi,n, which can be measured using a captured microscopy image. 

Since the entire device is symmetrical with respect to the microchannel’s center, cells with the same 

properties may stay at two equi-acousto-dielectric positions ( xequi) as shown Fig. 3a (inset). Then, the 

nth cell’s acousto-dielectric factor Φn can further be determined, by finding the value of the calibrated 

acousto-dielectric field function Ψc(x) at the equi-acousto-dielectric position xequi,n, i.e., Φn = Ψc(x= 

xequi,n).  

 Experiments were performed to measure acousto-dielectric factors for 293T, HeLa, and Jurkat cells 

using our acousto-dielectric chip with 7.86 MHz SAWs and a 30 kHz AC electric field. The measured 
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acousto-dielectric factors for 293T cells (two experiments: n = 821 and 514) versus event indices are 

plotted in Fig. 3b. The slopes of the linear least-square fitting results are small, indicating relatively low 

data drifting and good time stability across measurements. In fact, both acoustic radiation forces and 

DEP were used to manipulate living cells and showed great biocompatibility in the previous studies (Guo 

et al. 2016; Kim et al. 2019). The scatter plots in Fig. 3c show that the acousto-dielectric factors measured 

for 293T, HeLa, and Jurkat cells have different distributions. Moreover, the comparison in Fig. 3d shows 

that the equi-acousto-dielectric positions xequi for HeLa and 293T cells are spatially distributed in two 

different regions even though these two types of cells have highly overlapping size distributions (Fig. 

S3). This result implies that our approach based on equi-acousto-dielectric positions can potentially be 

used to spatially separate two cell populations with overlapping size distributions. Furthermore, the 

scatter plots of the acousto-dielectric factors versus cell diameters (Fig. 3e) for Jurkat and 293T cells are 

distributed in different clusters.  

3.4. Characterizing acousto-mechanical and electrical properties of cells 

The findings of our theoretical study indicate that different cell properties lead to distinct relations 

between acousto-dielectric factors and applied AC electric field frequencies. As shown in Fig. 2, the 

acoustic contrast factor, which depends on the cell density and compressibility, significantly affects the 

acousto-dielectric factor in a wide AC electric field frequency range (e.g., 0.01 − 20 MHz). The acousto-

dielectric factor and cytoplasm conductivity are highly correlated in the high-frequency range (e.g., >1 

MHz). Different membrane capacitances lead to noticeable changes in acousto-dielectric factors within 

the mid-frequency range (e.g., 0.1 to 1 MHz). Therefore, if acousto-dielectric factors in a wide frequency 

range can be experimentally measured, it will become feasible to inversely determine the acoustic and 

electrical properties of cells. 

 Based on the acousto-dielectric tweezing mechanism, we established an approach to quantitatively 

characterize the acoustic contrast factor, cytoplasm conductivity, and membrane capacitance. Fig. 4a 
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illustrates the key steps of this approach. Initially, the equi-acousto-dielectric positions [xequi,m]M of a cell 

loaded in a microchannel are measured at conditions with different DEP frequencies [fe,m]M (frequency 

index m = 1, 2,⋅⋅⋅M). As shown in Fig. 4b, by increasing the applied DEP frequency, the equi-acousto-

dielectric position of a HeLa cell gradually moves away from the center of the channel. Next, the acousto-

dielectric factors [Φm]M corresponding to the measured equi-acousto-dielectric positions [xequi,m]M are 

determined, by referring to the calibrated acousto-dielectric field function Ψc1(x). Lastly, a theoretical 

curve (i.e., ln|Φ| − fe relation) that best fits the experimentally determined acousto-dielectric factors at 

multiple frequencies can be found. The properties (e.g., acoustic contrast factor, membrane capacitance, 

and cytoplasm conductivity) corresponding to the identified theoretical curve are considered to be the 

target cell’s properties quantitatively characterized by our approach. 

 To validate our approach, experiments were performed using Jurkat, HeLa, 293T, and MCF7 cells. 

The measured ln|Φ| − fe relations are shown in Fig. 4c (left to right: Jurkat, HeLa, 293T, and MCF7 

cells). Fig. 4d-f are scatter plots of quantitatively characterized acoustic contrast factors, membrane 

capacitances, and cytoplasm conductivities, respectively. By comparing the characterized cell properties 

among different cell types, it can be found that the acoustic contrast factors φa for the four cell types 

have dissimilar distributions with the HeLa cell population having the highest median φa (Fig. 4d). The 

distributions of cytoplasm conductivities σcyto for the four cell types also show different distributions 

with the 293T cell group having the highest median σcyto (Fig. 4f). In contrast, the membrane capacitance 

Cmem distributions for the four cell types only have slight differences (Fig. 4e). The cell properties 

characterized by our approach are consistent with values found in the literatures (Gentet et al. 2000; 

Suresh 2007; Weiss et al. 2007; Xie et al. 2016; Zhang et al. 2020). However, none of the previous 

single-cell biophysical analysis methods could characterize both acoustic contrast factors and electrical 

properties of cells. The results in Fig. 4 demonstrate the capability of our method for characterizing 
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different types of cells. In the future, we will investigate the capability of our method for characterizing 

cells at different states, such as live/dead and resting/dividing cells.  

4. Conclusions 

In this study, we established an acousto-dielectric tweezing mechanism for size-insensitive manipulation 

and biophysical characterization of single cells. To perform acousto-dielectric tweezing, we developed 

an acousto-dielectric device, which employs a pair of IDTs on a LiNbO3 wafer in order to generate 

controlled standing SAWs and apply acoustic radiation forces on the cells. The acousto-dielectric device 

also contains tri-port electrodes in order to generate controlled AC electric fields and apply DEP forces 

on the cells. When cells experience the standing SAW and AC electric fields, our tweezing mechanism 

traps cells at equi-acousto-dielectric positions xequi, where the cells are subjected to the balanced acoustic 

radiation and DEP forces, i.e., FAFR-x (xequi) = −FDEP-x (xequi). Interestingly, at various SAW and AC 

electric field conditions, our theoretical and experimental results revealed that the equi-acousto-dielectric 

positions xequi are insensitive to cell volumes and primarily affected by cell-intrinsic biophysical 

properties. These biophysical properties include the membrane capacitance, cytoplasm conductivity, and 

acoustic contrast factor, which depends on both the cell density and the cell compressibility. Due to this 

feature, our acousto-dielectric tweezing mechanism is a valuable tool for separating cell populations with 

overlapping sizes, analyzing single-cell biophysical properties, as well as providing an additional 

biophysical property-based indicator for cell phenotyping. 

 To validate our acousto-dielectric tweezing mechanism and demonstrate its potential functions, we 

performed proof-of-concept experiments using an acousto-dielectric chip with a pair of IDTs, tri-port 

electrodes, and a microfluidic channel. Our experimental results in Fig. 3d shows that HeLa and 293T 

cells (i.e., cells with overlapping size distributions) were trapped at different equi-acousto-dielectric 

positions because of their differing biophysical properties. We expect our mechanism to assist in the 

development of future size-insensitive cell separation technologies that are primarily based on cell-
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intrinsic biophysical properties. Our experimental results in Fig. 3e demonstrate that the acousto-

dielectric factor measured by our approach has the potential to provide a supplementary biophysical 

property-based indicator for cell phenotyping. In addition, our experimental results (Fig. 4) show that 

the acousto-dielectric factors measured at various AC electric field frequencies can inversely determine 

multiple biophysical properties, including membrane capacitance, cytoplasm conductivity, and acoustic 

contrast factor, which is correlated to the cell density and the cell compressibility. Although our method 

enables the aforementioned functions, it is limited to measuring the acoustic contrast factor, cytoplasm 

conductivity, and membrane capacitance. For measuring the acousto-dielectric factor, the throughput 

observed in our experiments was 328 cells/min with a standard deviation of 102 cells/min. To increase 

the throughput, we plan to increase the flow rate, increase the camera’s frame rate, increase the cell 

concentration, as well as integrate multiple acousto-dielectric tweezing units. In the long run, we expect 

the acousto-dielectric tweezing mechanism will spur the development of future platforms for high-

throughput analysis of single-cell biophysical properties in biological and medical research. 
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Figures 

 

Fig. 1. Schematics illustrating the mechanism of the acousto-dielectric tweezers and the related 

numerical and experimental results. (a) A schematic of an acousto-dielectric chip composed of a pair 

of IDTs on a LiNbO3 wafer used to generate standing SAWs and parallel tri-port electrodes used to 

generate AC electric fields in a microchannel. As illustrated in the cross-section schematic, two cell 
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types (A and B) experience both the acoustic radiation forces FARF-x applied by standing SAWs as well 

as the DEP forces FDEP-x induced by an AC electric field. Under these forces, two cell types with different 

biophysical properties can be trapped at different equi-acousto-dielectric positions xequi, where FARF-x 

(xequi) = −FDEP-x (xequi). (b) Simulation results showing the tweezing mechanism with only standing 

SAWs present. The top, middle, and bottom subplots are the simulated fluid-domain acoustic energy 

field, the corresponding x-component acoustic radiation force FAFR-x field for manipulating polystyrene 

microparticles, and the x-component force distribution along the microchannel top (i.e., z = 40 μm), 

respectively. (c) Simulation results showing the tweezing mechanism with only an AC electric field 

present. The top, middle, and bottom subplots are the simulated fluid-domain electric energy field, the 

corresponding x-component DEP force FDEP-x field for manipulating polystyrene microparticles, and the 

x-component force distribution along the microchannel top (i.e., z = 40 μm), respectively. The colors and 

arrows in the middle subplots of b and c indicate x-component force values and directions of the force 

vectors, respectively. (d, left) A captured microscopy image showing polystyrene microparticles trapped 

by two pressure node lines when only standing SAWs were generated by the IDTs. (d, middle) A 

captured microscopy image showing polystyrene microparticles trapped at the microchannel center when 

only an AC electric field was generated by the tri-port electrodes. (d, right) A captured microscopy image 

showing polystyrene microparticles trapped at equi-acousto-dielectric positions xequi, when both standing 

SAWs and an AC electric field were generated. (e) Captured microscopy images showing polystyrene 

microparticles gradually translating towards the center of the microchannel by increasing the input 

voltage Ve for tri-port electrodes. (f) Equi-acousto-dielectric positions measured from acquired 

microscopy images at various DEP voltages Ve (circles: measured position, red bar: average position, n 

= 11). Scale bars in d and e: 100 μm.  
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Fig. 2. Theoretical acousto-dielectric factors for different cell and buffer properties. (a) Schematics 

of effective acousto-mechanical and electrical models of a cell in a buffer. (b-f) Individual effects of the 

acoustic contrast factor φa, cytoplasm conductivity σcyto, membrane capacitance Cmem, cell radius R, and 

buffer conductivity σb on acousto-dielectric factors at different DEP frequencies. To obtain each plot, 

only one of the aforementioned parameters is changed, while the remaining parameters are selected from 

predetermined constants (e.g, φa = 0.01, σcyto = 0.5 S/m, Cmem = 1.5 mF/cm2, R = 7.5 μm, and σb = 1 S/m). 

(g, h) Effects of the cell compressibility κc and density ρc on the acousto-dielectric factors. (i) Acousto-

dielectric factors for polystyrene particles, HeLa cells, and MCF7 cells with the same radius of 8 μm. 

The properties used for calculating acousto-dielectric factors are listed in Supplementary Table 1.   



Page 28 of 31 

 

 

Fig. 3. Mechanisms and results of characterizing acousto-dielectric factors of cells. (a) Schematics 

showing the experimental setup and procedures necessary to characterize acousto-dielectric factors. 

When cells in a buffer flowed through the microchannel of our chip, the acoustic radiation and DEP 

forces gradually pushed the cells to their corresponding equi-acousto-dielectric positions. These 

positions (denoted as [xequi,n]N) can be measured using microscopy images of a region near the channel 

outlet. By referring to the calibrated acousto-dielectric field function Ψc(x), the acousto-dielectric factors 

[Φn]N of cells can be determined with Φn = Ψc(xequi,n). Calcein-AM was used for showing live cells. Scale 

bar: 100 μm. (b) The measured acousto-dielectric factors for 293T cells from two experiments (with n = 

821 and 514, respectively) and their overall probability density distribution (p-value = 0.001). The 

dashed lines show the 5th and 95th percentiles. The solid lines represent the linear least-square fitting 

results (group S1: slope = −1.09×10−4, correlation coefficient = −0.073; group S2: slope = −7.508×10−5, 

correlation coefficient = −0.034). (c) Scatter plots showing measured equi-acousto-dielectric factors for 

Jurkat (n = 1483), HeLa (n = 1129), and 293T cells (combination of two experiments with n = 821 and 

514, respectively). (d) Probability density distributions of HeLa and 293T cells with respect to their 

equilibrium positions. The two cell populations, which have similar diameters, are spatially distributed 

in different groups. This observation indicates that our approach has the potential to achieve size-

insensitive cell separation. (e) Scatter plots showing measured acousto-dielectric factors versus the 
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diameters of Jurkat and 293T cells. The scatter plots for these two cell populations are distributed in 

different clusters, indicating that our approach can potentially be used for cell phenotyping.  
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Fig. 4. Mechanism and results of quantitatively characterizing the acousto-mechanical and 

electrical properties of cells. (a) Schematics illustrating the procedures used to characterize the acoustic 

contrast factor φa, cytoplasm conductivity σcyto, and membrane capacitance Cmem of a cell. Initially, at 

conditions with different AC electric field frequencies [fe,m]M (M total number of frequencies, m 

frequency index), the equi-acousto-dielectric positions [xequi,m]M and acousto-dielectric factors [Φm]M 

were measured. Next, a theoretical ln|Φ| − fe relation that best fits experimentally acquired [ln|Φ|m]M − 

[fe,m]M data was determined through regression. The properties φa, σcyto, and Cmem measured by our 

approach, which correspond to the theoretical relation, were saved as the cell’s properties. (b) 

Microscopy images showing cells at different equi-acousto-dielectric positions at conditions with 

different AC electric field frequencies. Scale bars: 10 μm. (c) Measured acousto-dielectric factors versus 

AC electric field frequencies for four cell types (left to right: Jurkat, HeLa, 293T, and MCF7 cells). (d-
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f) Scatter plots of the measured acoustic contrast factor, membrane capacitance, and cytoplasm 

conductivity, respectively (n =50). 


