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Abstract
Efficient coupling between acoustic fields and fluid microenvironments is crucial for advancing applied physics and micro‐
fluidic engineering in advanced biomedical, environmental sustainability, and broader industrial applications. Harnessing 
such interactions for biological processing enables the precise, contactless, and tunable control of cell membrane disruption, 
facilitating reagent-free, contamination-minimized lysis. However, existing acoustic lysis devices are faced with challenges 
of limited efficiency and intricate structures. To overcome these limitations, we developed a staggered traveling-surface Ray‐
leigh acoustic wave (STRAW) microchip for additive-free cell lysis. The device consists of a LiNbO3 substrate patterned 
with two sets of interdigital transducers and a circular polydimethylsiloxane ring for confining cell suspension. We con‐
structed a mathematical model for the STRAW-induced mechanical effects and optimized the alignment of interdigital trans‐
ducers via theoretical modeling and finite-element analysis to maximize torque and acoustic streaming. The proposed 
STRAW-based platform showed over 95% lysis efficiency within 30 s for MC3T3-E1 mammalian cells, Gram-negative 
Escherichia coli, and Gram-positive Staphylococcus aureus. Thus, the developed design enables additive-free, structurally 
straightforward acoustic lysis with demonstrated compatibility across the tested cell types. Beyond basic lysis, this universal 
platform can be used in point-of-care diagnostics and food and environmental safety monitoring. This work illustrates how 
fluid structure–wave interactions may inform fluid mechanics and applied physics within a high-performance, low-complexity 
microfluidic system, paving the way for the widespread integration of STRAW-induced acoustic streaming in diagnostics, 
industry, and research.
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1 Introduction

The rapid development of modern chemistry, molecular 
biology, gene therapy, and disease diagnosis has made 
investigations of intracellular contents, including DNA, RNA, 
and proteins that carry genetic information and disease-
related signatures, increasingly critical for basic research 
and clinical applications [1–4]. Cell lysis, as an indispens‐
able step for accessing these intracellular substances, has 
thus garnered increasing attention in recent years [5]. Com‐
monly used lysis methods are categorized into chemical, 
biological, physical, or their combination [6, 7]. Chemical 
lysis relies on lysis buffers or surfactants to rupture cell 
membranes and release intracellular contents, whereas bio‐
logical lysis employs various enzymes for cell breakdown. 
Although these two methods can achieve high extraction 
yields, they suffer from inherent limitations. Chemical lysis 
requires a series of operations, such as precise mixing, pro‐
longed incubation, and complex sample pretreatment, accom‐
panied by the use of large quantities of solvents that pose 
environmental risks [8]. Biological lysis is constrained by 
high specificity to cell types and potential interference with 
downstream analysis because of residual enzymes. In recent 

years, physical lysis, which uses external forces such as 
thermal energy, sound energy, and electrical energy to break 
cell membranes, has attracted increasing attention as a prom‐
ising alternative to chemical and biological methods [9–11]. 
Unlike chemical and biological methods, physical lysis is 
cell type-independent and thus suitable for heterogeneous 
cell populations. However, existing physical lysis technolo‐
gies still face key challenges that limit their application. 
Thermal lysis can denature temperature-sensitive biomol‐
ecules, such as proteins and enzymes, impacting their bio‐
logical activity and structural integrity [12]. At the same 
time, traditional ultrasonic lysis, although solvent-free and 
efficient, relies on bulky equipment, and the uncontrollable 
high pressure and temperature generated during cavitation 
may damage the target analytes. Moreover, its poor compat‐
ibility with miniaturized systems restricts integration with 
small downstream analysis devices [13].

Microfluidics has shown substantial potential for minia‐
turization and high-throughput biological and clinical analy‐
ses, spanning sample pretreatment, chemical synthesis, and 
point-of-care testing [14–28]. Building on this, herein, we 
propose a green staggered traveling-surface Rayleigh acous‐
tic wave (STRAW) microchip for additive-free cell lysis 
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(MAC). As a contactless active actuation strategy, STRAW 
employs surface acoustic waves, which have been applied in 
particle aggregation/separation, droplet manipulation, micro‐
fluidic mixing, and nanomaterial synthesis, owing to their 
concentrated energy, large driving force, and excellent inte‐
gration compatibility [29–31]. When STRAW interacts with 
a liquid medium, it radiates acoustic energy into the liquid 
to generate pressure waves. The rapid attenuation of these 
pressure waves induces intense acoustic streaming, which 
in turn enhances fluid mixing and mass transfer [32–35]. A 
critical limitation of prior acoustic lysis approaches is that a 
single set of interdigital transducers (IDTs) often lacks the 
capacity to generate acoustic output with sufficient intensity 
or spatial distribution to achieve rapid and effective cell 
lysis. To address this shortcoming, existing methods typi‐
cally employ supporting components, such as microparticles 
for collision enhancement, microfabricated surface structures 
for shear stress intensification, or chemical reagents for cell 
membrane weakening. However, these methods introduce 
additional steps, increase the complexity of device fabrica‐
tion, and increase the risk of interfering with downstream 
analysis [36–38]. In contrast, the staggered IDT array in our 
STRAW MAC is designed to form rotational vortices to 
amplify the acoustic streaming velocity.

Herein, we demonstrate that STRAWs, driven by two sets 
of staggered IDTs, induce rotational vortices in the cell sus‐
pension, concentrating acoustic energy and thereby enabling 
efficient cell lysis through surface acoustic waves alone. 
This method eliminates the requirement for additives or 
complex microstructures. Thus, the proposed lysis approach 
is efficient, cost-effective, and environmentally friendly. 
Notably, we have validated its efficiency on prokaryotic 
bacterial cells, which are surrounded by rigid, multilayer 
cell envelopes, including peptidoglycan layers in Gram-
positive bacteria, and are more resistant to mechanical dis‐
ruption compared to eukaryotic cells. Without the use of 
any additives, our STRAW-based approach showed more 
than 95% lysis efficiency for bacteria within 30 s. Further‐
more, we developed fluid mechanics models and math‐
ematical functions to quantify the flow fields and acoustic 
energy distribution induced by STRAWs. These models and 

functions provide a theoretical basis for optimizing lysis 
conditions. Beyond bacterial lysis, STRAWs were employed 
for the lysis of diverse cell types, including MC3T3-E1 
(mammalian cell), Escherichia coli (E. coli, Gram-negative 
bacterium), and Staphylococcus aureus (S. aureus, Gram-
positive bacterium), indicating the versatility of the proposed 
approach. The STRAW-induced acoustic field and tempera‐
ture distribution were monitored to infer the proposed lysis 
mechanism. Additionally, experiments involving DNA gel 
electrophoresis and the structural integrity assessment of 
proteins were conducted to evaluate the potential practical 
utility of lysis products.

2 Results and discussion

Herein, we designed a microchip containing two sets of 
IDTs patterned on the surface of a piezoelectric substrate to 
generate sufficient acoustic energy for cell lysis. When a 
modulated electrical signal is applied to the IDTs, staggered 
acoustic waves are generated and propagate along the free 
surface of the substrate. Upon encountering a circular 
polydimethylsiloxane (PDMS) ring positioned at the center 
between the two IDTs, where the cell suspension is held, 
the acoustic waves are converted to Rayleigh waves because 
of the difference in wave velocities between the substrate 
and the liquid, thereby inducing acoustic streaming within 
the liquid. This acoustic streaming generates shear forces in 
the liquid, and when combined with pressure waves that act 
on the cells, the combined mechanical action alters the 
membrane stress, induces cell deformation, and eventually 
causes cell rupture and release of their intracellular con‐
tents. The schematic of the chip is shown in Fig. 1a.

The IDTs are composed of a 20-nm Cr adhesive layer and 
an 80-nm Au layer deposited on the surface of a 128° Y–X 
lithium niobate (LiNbO3) substrate via photolithography and 
lift-off. The designed IDTs have a center frequency of 
approximately 20 MHz, 20 finger pairs, and an aperture of 
5 mm. The two IDTs are spaced 14 mm apart horizontally. 
The PDMS ring is placed at the center between the two sets 
of IDTs and bound to the substrate through oxygen-plasma 
treatment, confining the cell suspension. The inner radius of 

Fig. 1  Schematic illustration and fabricated device of the staggered traveling-surface Rayleigh acoustic wave (STRAW) microchip for additive-
free cell lysis (MAC). (a) Schematic of the STRAW microchip, in which two groups of traveling surface acoustic waves propagate in opposite 
directions toward a circular PDMS ring loaded with cell suspension. (b) The fabricated MAC consists of two sets of IDTs deposited on the sur‐
face of the LiNbO3 substrate with a PDMS ring
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the PDMS ring is 4.5 mm. Both sets of IDTs are simultane‐
ously excited using an alternating current (AC) signal genera‐
tor (AFG3251C, Tektronix, USA), with the electrical signals 
amplified by a power amplifier (BA4850, NF, Japan). The 
fabricated cell lysis device is shown in Fig. 1b.

As the two sets of IDTs are staggered on two sides of the 
PDMS ring, the two sets of STRAWs propagate in opposite 
directions toward the liquid–solid interface. Because of the 
mismatch in acoustic velocity between solids and liquids, 
part of the waves propagates onward as a Rayleigh wave on 
the substrate, whereas the remainder refracts into the fluid as 
longitudinal waves at the Rayleigh angle. This wave–fluid 
interaction generates a body force that drives internal fluid 
motion within the liquid, a phenomenon called acoustic 
streaming.

Assuming that the fluid is incompressible and ignoring heat 
exchange with the external environment, the acoustic stream‐
ing within the droplet can be described using the Navier–
Stokes equation and the continuity equation [32, 39]:

∇·U = 0, (1)
∂U
∂t + (U ·∇)U =− 1

ρ ∇p +υ∇2U + fB, (2)

where U is the acoustic streaming velocity (m/s), fB is the 
STRAW-induced nonlinear body force per unit volume 
(N/m3), ρ is the fluid density (kg/m3), p is the pressure (Pa), 
and υ is kinematic viscosity (m2/s). When the acoustic wave 
propagates in the fluid, its vibration velocity drives fluid 

movement via Reynolds stress, and the spatial gradient of the 
Reynolds stress induces a body force. The vibration veloc‐
ity can be obtained using the time derivative of the vibration 
displacement field of the acoustic wave. Reynolds stress 
originates from this vibration velocity field, and its spatial 
divergence generates a nonlinear body force in the planar 
domain (FB), given by

FB=−ρ (1 +α2 ) A2ω2ki exp (2 (ki x +αki y) ) , (3)

where α is the attenuation coefficient, A is the STRAW am‐
plitude at the liquid entry point (m), ω = 2πf is the angular 
frequency (rad/s), ki is the STRAW wavenumber, and x and 
y denote the horizontal and vertical coordinates, respectively. 
We investigated the body force by varying the staggered 
distance between IDTs, with the effects of other parameters 
not considered. The body force is proportional to the square 
of the amplitude (A2) on the piezoelectric substrate. Sym‐
metrically distributed STRAWs produce two parallel body 
forces that induce a torque within the fluid (Fig. 2a). As‐
suming that energy loss owing to acoustic radiation into the 
PDMS ring is negligible, the body force exerted on the fluid 
by the STRAWs can be considered uniformly distributed. 
The magnitude of the torque generated by this body force is

T = KA2l, (4)
where T is the torque, l is the distance from the geometric 
center of the ring to the equivalent action point of the uni‐
form body force, and K is

Fig. 2  Theoretical analysis of the STRAW staggered distance. (a) Schematic of body forces and the resulting torque induced by STRAWs. 
(b) Schematic illustrating key physical quantities. (c) Variations in the distance between the force action point and ring center (l) and STRAW 
coverage area (S) with respect to the STRAW coverage width on one side of the ring (d). (d) Relationships between torque (T′), acoustic stream‐
ing force (F), and STRAW coverage width on one side of the ring (d)
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K = FB A2=− ρ (1 +α2 )ω2kiexp ( )2 ( )ki x +αki y . (5)

The magnitude of fluid torque is positively correlated with 
the acoustic streaming velocity, and its value depends on A 
and l. Herein, we adopted the integral method to calculate 
the total torque magnitude generated within the fluid region. 
The integration of the torque across the fluid domain yields

T′= K∬A2ldxdy . (6)

Let d denote the coverage width of STRAWs on one side 
of the PDMS ring. Assuming no attenuation and a uniform 
body force acting on each infinitesimal element within the 
STRAW-covered area, integration yields the relationships 
described in Eqs. (7) and (8) between distance l and param‐
eter d and between the coverage area S and d, respectively. 
The total torque magnitude (T′) and the magnitude of the to‐
tal equivalent force (F) are given in Eq. (9).

l = T′
F =

∫0

d
r2 −( )r −ξ 2 ( )r −ξ dξ

∫0

d
r2−( )r −ξ 2 dξ

, (7)

S = 2 ∫0

d
r2−( )r −ξ 2 dξ, (8)

T′= F × l, (9)

T′= 2FB∫0

d
(r −ξ) r2−( )r −ξ 2 dξ, (10)

where the definitions of key parameters (coverage width d and 
coverage area S) and relationships between them are directly 
labeled in Fig. 2b for clarity. The variations in the distance 
from the uniform force action point to the ring center (l), 
the STRAW coverage area on one side (S), total torque (T′), 
and acoustic streaming force (F) with respect to d are shown 
in Figs. 2c and 2d. The results indicate that STRAWs move 
closer to the ring center with increasing d, expanding the 
coverage area and enhancing the streaming force and torque. 
The torque reaches the maximum value, and the peak of the 
acoustic streaming effect occurs when STRAWs cover half 
of the ring area.

To quantify how the IDT staggered distance impacts the 
amplitude of substrate vibration, we investigated the propa‐
gation characteristics of STRAWs using finite-element simu‐
lations, where STRAWs were excited and propagated along 
a linear direction. Figures 3a1, 3b1, and 3c1 show the rela‐
tive positions of the IDTs and the PDMS ring at different 
staggered distances: Fig. 3a1 shows the offset of the IDTs 
from the PDMS ring center, Fig. 3b1 exhibits the configura‐
tion where two sets of STRAWs cover half of the ring area, 
and Fig. 3c1 presents the configuration where the two sets 
of STRAWs overlap within the PDMS ring. Figures 3a2, 
3b2, and 3c2 show the amplitude distributions under the 

same input voltage for the above three configurations, re‐
spectively. The circular area denotes the fluid domain, with 
a zoomed-in view of this region providing a clearer visual‐
ization of the vibrational characteristics. For quantitative 
analysis, three cross-sectional lines were set along the cen‐
tral axis of the ring and above/below the central axis (posi‐
tions shown in Figs. 3a1, 3b1, and 3c1, with the correspond‐
ing vibrational displacement presented in Figs. 3a3, 3b3, 
and 3c3). Figures 3a3 and 3b3 show that the substrate ampli‐
tude is considerably higher when the STRAWs excited by 
the IDTs are closer to the ring center (Fig. 3b1 configura‐
tion). When STRAWs overlap (Fig. 3c1 configuration), the 
amplitudes along all three cross-sections (Fig. 3c3) are higher 
than those at the corresponding positions in Figs. 3a1 and 
3b1 configurations (Figs. 3a3 and 3b3). However, the inter‐
section of the two sets of STRAWs leads to the formation 
of standing waves with a periodic acoustic pressure distribu‐
tion, causing the energy to oscillate at fixed locations with‐
out net energy transfer [40]. Traveling waves are more con‐
ducive to generating strong acoustic streaming, whereas 
standing waves inhibit the formation of large vortices in the 
fluid region, which is detrimental to cell lysis [41–43]. Con‐
sequently, the substrate amplitude is the highest when the 
STRAWs exactly cover half of the ring (Fig. 3b1 configura‐
tion). In this configuration, the two sets of STRAWs gener‐
ate a pair of symmetric, counterdirectional forces within the 
microfluidic region. The resulting torque drives fluid motion, 
inducing the deformation of the liquid–air interface and gen‐
erating strong acoustic streaming vortices. Because each 
group of STRAWs covers about half of the ring, the cell sus‐
pension within the circular ring rotates around its vertical 
axis because of the increased angular momentum. The 
streaming velocity and shear rate inside the spinning droplet 
can be 10–100 times higher than those in the nonspinning 
droplet [44]. Cells in the suspension are affected by the 
vortex-shaped streamline and by the angular momentum of 
the continuously rotating vortex field. This combined effect 
alters the membrane stress, induces cell deformation, and ul‐
timately promotes cell lysis. Notably, several simplifying 
assumptions usually used in two-dimensional (2D) mecha‐
nistic modeling (uniform body force, negligible attenuation, 
and omission of PDMS energy dissipation) were employed 
in the above derivation [45, 46]. In our symmetric device 
design, these assumptions were consistently applied to the 
upper and lower symmetric regions of the PDMS ring. Given 
the structural symmetry, the biases introduced by these sim‐
plifications are identical across symmetric regions and thus 
mutually cancel out.

We further investigated the role of input voltage under the 
optimal staggered configuration (half-ring coverage). When 
the two sets of IDTs cover exactly half of the ring (Fig. 3b1 
configuration), the amplitude distribution increases with 
input voltage (10, 14, and 18 V), as shown in Figs. 4a–4c. 
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The zoomed-in views of the fluid domain clearly show that 
the peak amplitude increases with voltage. This result also 
validates the theoretical prediction derived from the body 
force equation, providing a foundational basis for regulating 
the intensity of acoustic streaming via voltage control.

To evaluate the lysis performance of the designed chip, 
we conducted a series of experiments. We used MC3T3-E1 
(mouse embryo osteoblast precursor cells), E. coli (Gram-
negative bacteria), and S. aureus (Gram-positive bacteria) as 
lysing objects. For experimental consistency, the concentration 

Fig. 4  Effect of input voltage on amplitude in the half-ring coverage configuration. (a–c) STRAW propagation simulations at input voltages of 
10 V (a), 14 V (b), and 18 V (c) in the half-ring coverage configuration. The circular area represents the fluid domain

Fig. 3  Effect of IDT staggered distance on the propagation characteristics of STRAWs. (a1, b1, c1) Schematics of the relative positions of IDTs 
and the PDMS ring: (a1) offset from center; (b1) half-ring coverage; (c1) STRAWs overlap. (a2, b2, c2) Amplitude distributions under corre‐
sponding configurations (input voltage of 15 V). (a3, b3, c3) Vibrational displacement along cross-sections at the central axis (red), above the 
central axis (blue), and below the central axis (green), i.e., positions indicated by solid lines of corresponding colors in (a1), (b1), and (c1)
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of MC3T3-E1 cells was adjusted to 2×105 cells/mL, 
whereas the concentrations of E. coli and S. aureus were set 
to 2×109 cells/mL. These concentrations were held constant 
throughout all experiments. We added 50 μL of the cell sus‐
pension to the PDMS ring using a pipette. The input voltage 
of the signal generator was tuned within a range of 2.0–4.5 V. 
Therefore, the voltage applied to the IDT bus-bar was 10.0–
22.5 V after a five-time amplification by the signal amplifier. 
As the input voltage increased, cells were driven by high-
speed acoustic streaming and lysed via the combined action 
of shear forces and acoustic pressure. We tested the lysis 
durations of 5–30 s and, immediately after lysis, removed the 
lysate suspension from the PDMS ring using a pipette for 
subsequent analysis. To prevent cross-contamination between 
trials, we washed the PDMS ring area with deionized water 
before and after each experiment.

To distinguish and visualize the live and dead cells, as 
well as directly verify whether STRAWs induce membrane 
damage, we stained MC3T3-E1 cells with Trypan Blue be‐
fore and after exposure to the acoustic field and observed 
them via microscopy. This stain dyes cells with impaired 
membranes blue but cannot penetrate the membrane of living 
cells with intact membranes. Before the STRAW treatment, 
almost all cells remained in their original stereoscopically 
transparent state. In contrast, with increasing input voltage, 
a growing proportion of cells were stained blue, indicating 
an increasing proportion of cells with damaged membranes 
(Figs. 5a–5d).

As higher input voltage enhances the shear rate and acous‐
tic pressure exerted on the cell suspension, we further inves‐
tigated the relationship between input voltage and lysis effi‐
ciency at a fixed lysis duration. For bacteria samples, we col‐
lected the cell suspension after exposure to the acoustic field, 
and then diluted and plated them on a Luria-Bertani (LB) agar 
plate. We counted the colonies and calculated the number 
of cell samples after 12 h of incubation. For MC3T3-E1 
cells, we used Trypan Blue to determine the number of live 
and dead cells. In each experiment, we used a cell suspension 
kept on ice as a control group to accurately determine the 
number of viable cells before exposure to the acoustic field.

When an electrical signal with an input voltage below 
10.0 V is applied to the two sets of IDTs, the suspension in 
the PDMS ring exhibits only minor oscillations, with the cells 
in the suspension barely affected because of insufficient 
acoustic radiation pressure and acoustic streaming intensity. 
With increasing input voltage, vortex streaming is enhanced, 
leading to slight oscillations on the suspension surface and 
the exposure of cells in the suspension to acoustic pressure 
and streaming effects. With a continued increase in the in‐
put voltage, the acoustic streaming strengthens, and the sus‐
pension begins to rotate within the PDMS ring. As a result, 
cells in the suspension experience strong shear forces. For 
E. coli, the lysis efficiency reaches approximately 95.8% at 
an input voltage of 22.5 V (Fig. 6a). At the same time, for 
MC3T3-E1 cells, a lysis efficiency of about 99.6% is 
achieved at an input voltage of 20 V (Fig. 6b). To validate 

Fig. 5  Images of MC3T3-E1 cells stained with Trypan Blue. (a) Untreated control. (b–d) Cells after 30 s of exposure to STRAWs at an input voltage 
of 15.0 V (b), 17.5 V (c), and 20.0 V (d). Scale bars: 250 µm
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the effectiveness of the optimized half-ring coverage layout, 
we additionally designed chips with two alternative stag‐
gered distances: one with a 3-mm offset between the two 
IDT groups (corresponding to the configuration in Fig. 3a1) 
and the other with a 2-mm overlap between the two IDT 
groups (Fig. 3c1 configuration). Lysis efficiencies for all three 
designs are presented in Fig. 6. The half-ring coverage con‐
figuration yields the highest lysis efficiency, followed by 
the 3-mm offset design, whereas the 2-mm overlap exhibits 
the lowest lysis efficiency among the three. These results 
were attributed to the formation of approximately 2-mm-wide 
standing surface acoustic waves (SAWs) within the ring, 
hindering the generation of high-speed acoustic streaming. 
These results are consistent with our theoretical derivation 
and simulation outcomes. To ensure data reliability, each 
data point was tested three times on the same chip, and all 
experimental conditions were replicated on three different 
chips on separate dates.

We also investigated how lysis efficiency varies with 
lysis duration. For E. coli at an input voltage of 22.5 V, fewer 
than 15% of cells were lysed at a lysis duration below 10 s, 

whereas 42.2% of cells were lysed at 15 s and 95.8% at 30 s 
(Fig. 7a). For MC3T3-E1 cells at 20.0-V input voltage, the 
lysis efficiency reaches 48.0% at 10 s and 97.9% at 25 s 
(Fig. 7b). To assess the lysing capability of the device 
across different microbial strains, we tested it on S. aureus, 
Gram-positive bacteria. When 50 μL of S. aureus suspen‐
sion with a concentration of 2×109 cells/mL was added to 
the PDMS ring, the device achieved 96.6% lysis efficiency 
at 22.5 V input voltage and 30 s lysis duration.

Local heating is a common concern in SAW-driven sys‐
tems. To address this potential issue, we tracked real-time 
temperature changes under all operating conditions by con‐
ducting temperature-monitoring experiments using an infra‐
red thermal imaging system (Fig. 8a). The maximum tem‐
perature within the PDMS ring for each applied voltage is 
plotted in Fig. 8b. The results indicate a time-dependent tem‐
perature increase at all voltages. At lower voltages (10.0 and 
12.5 V), the maximum temperature within the PDMS ring 
does not exceed 40 °C throughout the 30-s period. At higher 
voltages (20.0 and 22.5 V), the maximum temperature is 
substantially higher, reaching nearly 70 °C at the 30-s mark. 

Fig. 7  Lysis efficiency at different lysis times for E. coli under 22.5 V input voltage (a) and for MC3T3-E1 cells under 20.0 V input voltage (b)

Fig. 6  Lysis efficiency at different input voltages and a lysis duration of 30 s for different staggered distance designs: (a) E. coli; (b) MC3T3-E1 
cells
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However, it is important to note that the reported values 
reflect peak temperatures captured via infrared imaging, 
whereas the average temperature across the entire PDMS 
ring region is lower. Additionally, the temperature increase 
starts from an ambient temperature baseline of about 17 °C, 
implying that the actual average temperature experienced 
by cells during lysis is lower than the recorded peak values. 
According to the literature, a purely thermal lysis of E. coli 
requires exposure to temperatures exceeding 60 °C for ap‐
proximately 15 s [47]. In our system, the maximum tem‐
perature exceeds 60 °C after 25 s at the highest applied volt‐
age (22.5 V), and under all other operating conditions, the 
temperature is below this value, indicating that the lysis 
is thermally assisted. To verify the STRAW-induced fluid 
pattern, we designed a two-phase mixing experiment using 
rhodamine-labeled aqueous solution and glycerol, recording 
the fluid motion dynamics during acoustic wave actuation 
(Video S1 in the supplementary information). As shown 
in Fig. 8c, when rhodamine solution was injected into glyc‐
erol and a 20.0-V SAW was applied, the rhodamine solution 

exhibited distinct circular movement, consistent with the ex‐
pected pattern of STRAW-driven acoustic streaming.

To evaluate the protein release efficiency and the reten‐
tion of biomolecular functionality, we treated AML12 cells 
using our STRAW device and analyzed the resulting lysates 
via flow cytometry (FC; Fig. 9a). The results indicate that 
the STRAW treatment substantially enhanced the release of 
proteins from subcellular compartments, including the endo‐
plasmic reticulum and mitochondria, compared with the 
control group. As our FC experiments employed the antigen–
antibody binding assay, which inherently relies on the struc‐
tural integrity of target proteins, the FC results also provide 
direct evidence that these released proteins retained their 
structural stability. To further verify the lysis products, we 
performed electrophoresis on the E. coli lysate. We centri‐
fuged the E. coli sample taken from the PDMS ring to obtain 
the supernatant, which excluded intact cells and cell debris. 
We loaded the supernatant on a 1% agarose gel, ran it under 
100 V for 35 min, and imaged it under an ultraviolet lamp. 
The electrophoresis results are shown in Fig. 9b. The left 

Fig. 8  Device characterization results. (a) Temperature distribution at 14 s under 10.0 V. (b) Maximum temperature versus time under different 
applied voltages. (c) Image sequence of the STRAW-driven fluid experiment
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column is the DNA band. “STRAW lysate” in the second 
column represents the cell lysate obtained at 22.5 V input 
voltage and 30 s lysis time. The “control group 1” and “con‐
trol group 2” denote 1/2 of the lysates and all lysates from an 
equivalent number of E. coli cells using the Takara genomic 
DNA extraction kit. The results indicate the presence of 
nucleic acids in the supernatant, consistent with high-
molecular-weight genomic DNA.

Additionally, compared with existing SAW lysis tech‐
niques, our method does not require the use of additives and is 
compatible with a broader range of cell types, as summarized 
in Table 1. Notably, direct benchmarking against conventional 
methods (sonication or chemical lysis) was not performed 
because of inherent differences in their intended application 
scenarios and operational requirements, including sample 
volume, processing workflow, and integration potential.

3 Device fabrication

We fabricated IDTs on the piezoelectric substrate via ultra‐
violet lithography and lift-off, following a standardized 

microfabrication workflow. A 128° Y–X LiNbO3 wafer was 
selected as the piezoelectric substrate. The wafer had a diam‐
eter of 2 inches (1 inch=0.0254 m) and a thickness of approxi‐
mately 1 mm, with both surfaces polished. The IDT patterns 
were designed in AutoCAD and transferred to a photomask 
for lithography. After sequential cleaning with acetone, etha‐
nol, and deionized water, the LiNbO3 wafer was spin-coated 
with EGP533 photoresist (Electronic Chemicals, Thailand; 
500 r/min for the initial spin, followed by 1000 r/min for 40 s) 
and soft-baked at 95 °C for 5 min. Next, pattern alignment 
and ultraviolet exposure were conducted using a mask aligner 
(ABM, USA). A postexposure bake (95 °C, 5 min) was per‐
formed, after which the wafer was developed in 0.5% NaOH 
solution for approximately 65 s. Subsequently, a 20-nm Cr 
adhesive layer and an 80-nm Au layer were sequentially de‐
posited on the wafer via electron-beam evaporation (TF500, 
HHV, UK). Finally, the IDTs were formed through lift-off 
in acetone under ultrasonication for approximately 3 h. For 
the fabrication of the PDMS ring, a 3D-printed mold was 
used to define the ring geometry. The PDMS prepolymer 
(Sylgard 184, SYLGARD, USA; 10:1 (base:curing agent)) 

Fig. 9  Verification of genetic content release from lysates. (a) FC analysis of protein release efficiency. (b) Electrophoresis results for the E. coli lysate. 
ER: endoplasmic reticulum

Table 1  Comparison of SAW-based cell lysis technologies

Device

IDT, SU8 micropillars, 
and fluid chamber

IDT and phononic lattice

IDT and 3M tape

IDT and PDMS ring

Requirement of 
additives/microbeads
Micropillar

Sample in oil

4-μm magnetic 
microparticles

No additives/
microstructures

Cell type

Mouse embryonic 
fibroblasts

P. berghei-infected RBCs 
and T. cyclops

MDA-MB-231, MCF-7, 
and hADSC

MC3T3-E1, E. coli, and 
S. aureus

Lysis 
time
20 s

<10 s

20 s

25–30 s

Lysis 
efficiency
95%

>98%

92%–100%

95.8%–99.6%

Sample volume

10–30 μL cell solution 
droplets

5–20 μL blood 
cells/parasite droplet

5–10 μL droplets

50 μL cell suspension

Ref.

[38]

[36]

[37]

This work

P. berghei: Plasmodium berghei; RBC: red blood cell; T. cyclops: Trypanosoma cyclops; hADSC: human adipose-derived stem cell
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was mixed, degassed to eliminate air bubbles, poured onto 
the 3D-printed mold, and cured at 65 °C. The cured PDMS 
ring was then peeled from the mold. To achieve bonding, the 
PDMS ring and LiNbO3 substrate surfaces were treated with 
activated oxygen plasma (30 W, 10 s). The PDMS ring was 
aligned on the substrate and bound to it under a microscope. 
Finally, permanent bonding was achieved by heating the as‐
sembly on a 150 °C hotplate for 5–10 min.

4 Conclusions

Herein, we developed an additive-free microfluidic device 
that employs STRAWs to lyse a small amount of cell suspen‐
sion. Two sets of IDTs were patterned in a staggered con‐
figuration on a LiNbO3 substrate to direct counterpropagat‐
ing STRAWs toward the PDMS ring at the center between 
the IDTs, driving the rotational motion of the enclosed cell 
suspension. Through a combination of theoretical modeling, 
finite-element analysis, and experiments, we identified the 
half-ring coverage IDT layout as the optimal structural con‐
figuration. In this configuration, cells in the spinning sus‐
pension are subjected to shear forces and acoustic pressure. 
Infrared thermal imaging confirmed that thermal effects 
from SAW excitation provide an auxiliary role that does not 
compromise the biomolecular mechanism. Therefore, me‐
chanical forces are proposed as the dominant lysis mecha‐
nism, with thermal effects assisting in disrupting cellular 
membranes and facilitating the release of intracellular com‐
ponents. We further established that lysis efficiency is posi‐
tively correlated with input voltage and treatment duration. 
We achieved above 95% lysis efficiency for Gram-negative 
(E. coli) and Gram-positive (S. aureus) bacteria within 30 s 
and a 99.6% lysis efficiency for MC3T3-E1 mouse embryo 
osteoblast precursor cells within 30 s, indicating the suitabil‐
ity of the proposed method for rapid, reagent-free, cell type-
independent lysis applications. We verified the cell contents 
via gel electrophoresis and FC, which indicated the successful 
release of structurally intact nucleic acids and subcellular pro‐
teins. Compared with conventional SAW lysis techniques, 
our device eliminates the need for chemical additives or 
complex channel geometries and achieves high lysis effi‐
ciency across diverse cell types (mammalian cells and bac‐
teria). Future work may focus on scaling the device for 
high-throughput applications, integrating it with on-chip 
sample preprocessing modules, evaluating the specific func‐
tional attributes of the released biomolecules, and expand‐
ing its compatibility with specialized cellular samples to ad‐
vance point-of-care diagnostic platforms as well as food 
and environmental safety monitoring.

Supplementary Information  The online version contains supplemen‐
tary material available at https://doi.org/10.1631/bdm.2500463.
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