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Abstract—Sonoporation, which typically employs acoustic 

cavitation microbubbles, can enhance the permeability of the 

cell membrane, allowing foreign matter to enter cells across the 

natural barriers. However, the diameter nonuniformity and 

random distribution of microbubbles make it difficult to achieve 

controllable and high-efficiency sonoporation, while complex 

extern acoustic driving system also limits its applicability. 

Herein, we demonstrate a low-cost, expandable, and portable 

acoustofluidic device for cell sonoporation using acoustic 

streaming generated by oscillating sharp edges. The streaming-

induced high shear forces can (i) quickly trap target cells at the 

tip of sharp edges and (ii) transiently modulate the permeability 

of the cell membrane, which is utilized to perform cell 

sonoporation events. Using our device, sonoporation is 

successfully achieved in a microbubble-free manner, with a 

sonoporation efficiency of more than 90%. Furthermore, our 

acoustic driving system is designed around the open-source 

Arduino prototyping platform due to its extendibility and 

portability. In addition to these benefits, our acoustofluidic 

device is simple to fabricate and operate, and it can work at 

relatively low frequency (4.6 kHz). All these advantages make 

our novel cell sonoporation device invaluable for many 

biological and biomedical applications such as drug delivery and 

gene transfection. 

I. INTRODUCTION 

Transient and reparable modulation of the membrane 
permeability that promotes uptake of foreign low molecular 
weight drugs, genetic drugs (pDNA, mRNA, siRNA), peptides 
and proteins into the target cell, is rather critical in various 
fields such as drug delivery, [1, 2] and gene transfection [3, 4]. 
Delivery techniques can be mainly divided into two categories, 
viral and non-viral vectors. The viral vector method has 
already been tested in clinical trials, but may offer many 
undesired side effects, such as viral toxicity, host immune 
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rejection, as well as being difficult to prepare [5]. Non-viral 
vector techniques employing either chemical or physical 
approaches are relatively straightforward and easily scaled-up, 
and they do not provoke specific toxic and immune responses. 

 Sonoporation, as a non-viral method, has attracted 
considerable attention, which can generate reversible 
membrane pore formation on cells [6]. In general, 
sonoporation is the use of sound (typically ultrasonic 
frequencies) for modifying the permeability of the cell 
membrane by interacting with cavitation microbubbles. These 
compressible microbubbles can respond to the ultrasound 
pressure waves, resulting inertial cavitation (formerly called 
transient cavitation) or noninertial cavitation (also called 
stable cavitation) occurs with the process of expansion, 
contraction, and/or collapse [7]. Typically, a contrast 
microbubble consists of a shell which is made of lipids, 
polymers, or proteins, and an inert gas such as SF6, C3F8, or 
C4F10 encapsulated in the shell [8]. Since the resonant 
frequency of the microbubbles is closely related to its diameter, 
few of the microbubbles oscillate at resonant frequency when 
the microbubbles are exposed to acoustic stimulation with a 
single frequency [9, 10]. Oscillating microbubbles of different 
diameters have different effects on the membrane permeability 
due to their resulting differences in amplitude. Therefore, the 
sonoporation efficiency is greatly influenced by the diameter 
uniformity of the microbubbles. In addition, the relative 
distance between the microbubble and cell also exerts a critical 
effect on the acoustic cavitation-induced sonoporation [11, 12]. 
Generally, larger distance can cause two main impacts: (i) it 
may impede direct mechanical contact between oscillating 
microbubbles and cell membranes, and (ii) it may reduce the 
influence of oscillation-induced microstreaming on the cell 
membrane. Consequently, how to control the relative distance  
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Fig. 1. The overview of a novel portable cell sonoporation device based on open-source acoustofluidics: (a) Microfluidic chip with a simple PDMS microchannel 
with sharp edges and a piezoelectric transducer. (b) Microstreaming flows formed in fluid as a steady flow driven by the absorption of high-amplitude acoustic 
vibration, which are utilized to generate high shear forces for cell trapping and sonoporation. (c) The schematic of the sonoporation events, indicating Calcein-
AM and PI can pass through the cell membrane via the transient pore. Photograph of the open source control platform designed around the Arduino prototyping 
board when the power is (d) off or (e) on.  

of these two experimental objects is necessary to achieve high-
efficiency sonoporation. Furthermore, the acoustic power 
applied for cavitation generation is basically at megahertz 
frequency, or at least a few hundred kilohertz. Compared to 
high-intensity sound energy used for sonoporation, low-
intensity sound energy has minimal thermal effects without 
biologically significant temperature increase [13]. 

With the development of micro- and nanofabrication 
processes, acoustofluidic (i.e., the combination of acoustics 
and microfluidics) device can serve as a promising technique 
to modulate the membrane and investigate the acoustic 
bioeffects [14, 15]. Meng et al. developed a sonoporation 
technique via acoustically activated microbubbles trapped in 
predefined sidewall microcavities inside the microchannel 
[16]. However, a weakness of these trapped microbubbles is 
their enlargement over time, which eventually shifts the 
resonant frequency of the bubbles. Furthermore, most existing 
acoustofluidic devices need a series of additional equipment, 
such as bulky and expensive function generators and 
amplifiers, to operate conveniently and effectively, which 
hinder the use of acoustofluidic technology at the point-of-care 
(POC),  and make them less approachable to researchers and 
clinicians who could benefit from it. Thus, to our knowledge, 
there is no report in literature to demonstrate that a portable 
open-source acoustofluidic device can achieve stable and 
controllable sonoporation events in a microbubble-free and 
low-power manner. 

Herein, in this study, we propose a novel portable 
acoustofluidic device based on the oscillating sharp edges that 
enables self-repairable sonoporation at the single-cell level. 
The oscillatory motion is driven by a low-power acoustic field 
without additional influences due to vibration-induced heat. 
The proposed method represents the first low-intensity 
acoustic-based approach to perform sonoporation process 
stably and controllably in a microbubble-free manner. 

Moreover, our acoustic driving system is based on the readily 
available Arduino prototyping platform, allowing for the 
integration of the key components for acoustofluidic device 
operation. Our acoustofluidic method is extremely versatile, 
and its operation is independent of the samples’ intrinsic 
properties (optical, magnetic or electrical properties). In 
comparison to the optical, magnetic or electric field-based 
approaches, our acoustofluidic approach is simple-to-fabricate 
and easy-to-operate. Overall, as the demand of cell-on-chip 
tools for drug delivery and gene transfection increases, our 
method will become a well-suited tool for biological research. 

II. METHODS AND MATERIALS  

A.  Cell sonoporation device design and working principle 

The acoustofluidic device (Fig. 1a) includes a simple 

polydimethylsiloxane (PDMS) microfluidic channel provided 

with sharp edges, and a piezoelectric transducer which 

generates acoustic energy. Both components are bonded to a 

~150 μm thick glass slide. Considering our experimental 

samples and fabrication accuracy, the width and depth of the 

microchannel are 1 mm and 100 μm, respectively, while all 

sharp edges are designed to be of a constant length of 500 μm 

and a tip angle of 30°. When activated at an optimal driving 

frequency, the acoustic transducer oscillates and causes the 

glass substrate to vibrate, which in turn oscillates the 

microchannel with sharp-edged structures. The oscillating 

sharp-edged structures can induce acoustic streaming effects 

in the fluid surrounding their tips. Once developed, the 

acoustic streaming effects can locally generate high shear 

forces that can enhance the permeability of the target cell 

membrane (Fig. 1b), thus resulting that Calcein 

acetoxymethyl ester (Calcein-AM) and propidium iodide (PI) 

can enter the cell through the transient pore (Fig. 1c). 

Moreover, to replace existing bulky and expensive acoustic 

driving system, we propose the readily available Arduino 
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prototyping platform. Specifically, as shown in Fig 1d, e, our 

novel acoustic driving system mainly includes two critical 

elements: the Arduino Uno (which can generate a low-voltage 

oscillatory square wave signal) and the motor driver (which 

is served as an intermediate to pass a high-voltage signal).  

Our acoustofluidic device can perform mechanical 

sonoporation on target cells based on the shear forces induced 

by the acoustic streaming. Firstly, to demonstrate this unique 

acoustic streaming phenomenon, a perturbation approach is 

employed to solve the governing equations for the motion of 

a linear viscous compressible fluid, which has been 

investigated in our previous works [17, 18]. when the standing 

acoustic waves propagate into the microchannel filled with 

microbead suspension, the microbeads are subject to two 

acoustic forces: an acoustic radiation force (ARF) arising 

from sound waves scattering on the microbeads, and a Stokes 

drag force generated by the induced acoustic streaming flow. 

If the size of the microbeads is much smaller than the acoustic 

wave wavelength (D ≪ λ), the ARF can be approximated by 

the following expressions [19]: 

𝑭𝒓𝒂𝒅 = −𝛻𝑼𝒓𝒂𝒅 (1) 

𝑼𝒓𝒂𝒅 =
4𝜋

3
𝑟3 [𝑓1

1

2
𝜅𝑚 〈𝑝

2 − 𝑓2
3

4
𝜌𝑚〈𝒗

𝟐〉〉], 

and 𝑓1 = 1 −
𝜅𝑝

𝜅𝑚
 and 𝑓2 =

2(
𝜌𝑝

𝜌𝑚
−1)

2
𝜌𝑝

𝜌𝑚
+1

 

 

(2) 

where 𝑭𝒓𝒂𝒅  denotes the ARF, 𝑼𝒓𝒂𝒅  denotes the acoustic 

potential energy, 𝑟  designates the radius of the microbead, 

and 𝑝  and 𝒗 represent the first-order acoustic pressure and 

velocity at the microbead. The material compressibility 𝜅 and 

density ρ are subscripted by ‘𝑝’ and ‘𝑚’ for the microbead 

and the surrounding medium, respectively. 

The drag force acting on a cell can be described by the 

following formula [20]: 

𝑭𝒅 = 6𝜋𝜂𝑟(〈𝒗𝟐 − 𝒗〉) (3) 

where 𝜂  is the dynamic viscosity, 𝒗𝟐  is the time-averaged 

velocity of acoustic microstreaming. 

In addition, the shear forces deriving from the 

microstreaming can be estimated as follows [21] 
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(4) 

where 𝛽 , 𝛼  are the flow velocity in 𝑥 - and 𝑦 -directions, 

respectively. 

Fig. 2 shows the working principle of our portable 

sonoporation device using acoustic streaming generated by 

open-source acoustofluidics. When a piezoelectric transducer 

was excited by our novel Arduino-based-platform driving 

system, acoustic vibration is induced and then travels along 

the glass slide exciting the PDMS sharp edges enclosed in the 

microfluidic chip. The vibration amplitude of the PDMS 

microstructures within the microchannel is relatively uniform 

(Fig. 3), and leads to the formation of a series of localized 

microvortices around the tip of the sharp edge due to the 

viscous dissipation. The target cell could be trapped by 

vibration-induced streaming flows at a special trajectory, and 

the streaming-induced high shear forces could transiently 

modulate the membrane permeability that allows for PI to 

enter cells. Once sonoporation achieved, the operated cells 

could be pushed to the outlet by the external flow. 

B.  Fabrication of the microfluidic chip 

The sharp-edged sonoporation chip was designed and 

fabricated by the standard PDMS replica molding technique. 

The chip included two parts: a PDMS-based microchannel 

and a glass substrate. Fig. 4 shows the detailed fabrication 

process of the PDMS microchannel. Firstly, the chip mold 

was fabricated by a high-quality 3D printing machine 

(NanoArch P140, BMFPrecision, Shenzhen, China) using a 

 
Fig. 2. Conceptual overview of the proposed cell sonoporation device via 
acoustically oscillating sharp edges driven by open-source Arduino-based 

platform.  

 
Fig. 3. (a) The schematics of our measurement using the laser Doppler 

Vibrometer (LDV; UHF-120, Polytec GmBH, Waldbronn, 
Germany). (b) The vibration amplitude of four positions in the glass 

substrate, measured by the LDV, is relatively uniform. 
 

 
Fig. 4. Microfluidic chip fabrication: (a) The fabrication process of the 

microfluidic chip. (b) SEM image of the 3D printing mold and (c) the 
PDMS sharp edge after molding. (d) An optical image of our microchip. 
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photosensitive resin. Prior to PDMS casting, the printing 

mold was exposed to the silane vapor using 1H,1H,2H,2H-

perfluorooctyltrichlorosilane (Sigma Aldrich, USA) for 3 h, 

to allow the execution of the molding in an easier manner. 

Subsequently, a Sylgard 184 silicone elastomer base was 

mixed with a Sylgard 184 silicone elastomer curing agent 

(Dow Corning, Midland, MI, USA) at a ratio of 10:1 (weight: 

weight), which was cast onto the 3D printed chip mold, 

degassed under vacuum, and baked at 90 °C for 30 min. The 

cured PDMS was peeled from the chip mold, and the inlets 

and the outlets were punched using a biopsy punch (WH-CF-

13, Wenhao, Suzhou, China). Then, the microchannel was 

bonded to a 40 mm × 50 mm × 0.15 mm (width × length × 

thickness) glass substrate by plasma treatment (YZD08-2C, 

SAOT, Beijing, China). Finally, a piezoelectric transducer 

(81-7BB-27-4L0, Murata Electronics, Kyoto, Japan) was 

attached to the glass slide next to the PDMS channel with 

epoxy (84101, Permatex, Hartford, CT, USA). 

C. Cell and microbead preparation  

Human prostate cancer DU-145 cell were purchased from 

the national experimental cell resource sharing platform. 

Cells were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) with 4.5 g/L glucose medium (Hycolne, 

American) supplemented with 10% FBS (Gibco, Life 

technologies, USA) and 1% penicillin/streptomycin solution 

(Gibco, Life technologies, USA) in the 5% CO2 incubator at 

37 °C. The cells were suspended in PBS solution and injected 

into the microchannel using a syringe pump (PHD ULTRA 

NANOMITE, Harvard, Cambridge, MA, USA) at 10 μL/min. 

Once the cells were injected into the channel, the syringe 

pump was shut off. The sonoporation experiment was carried 

out in a quiescent flow field. 20 μL of the polystyrene beads 

suspension was centrifuged, and then diluted to 200 μL using 

the deionized water (DI) at room temperature. 

 
Fig. 5. The finite element method (FEM) simulation results of 

vibration-induced acoustic streaming: (a) Acoustic microstreaming 

velocity vector field (unit: m/s) generated by vibrating sharp edges. 
(b) Simulated distribution of shear forces (unit: Pa). Scale bar: 100 

μm. 

D. Simulation procedures  

Based on the above equations and our previous works [16, 

17], acoustic streaming was imvestigated and analyzed using 

COMSOL Multiphysics (COMSOL, Stockholm, Sweden). 

The predefined Thermoacoustic Physics Interface was 

utilized to calculate the first-order acoustic fields , and the 

time-averaged second-order flow 𝒗𝟐 was calculated using the 

Laminar Flow Physics Interface. As shown in Fig. 5a, the 

simulation results of the acoustically oscillating sharp edges  

provided detailed streaming profiles with streamlines. Based 

on the perturbation approach, in-plane microvortices were 

generated by setting the oscillation function in the X–Y plane. 

These closely matched with our previous numerical analyses. 

Fig. 5b shows the simulated distribution of shear forces, 

which was created by vibration-induced streaming flows. 

 

III. EXPERIMENTS AND RESULTS 

A. Evaluation of novel driving system 

When replacing the bulky equipment needed to 

operate acoustofluidic devices, the primary concern is 

delivering the requisite input signal to the acoustic 

transducer. Based on this, a novel driving system was 

designed around the open-source Arduino prototyping 

platform due to its extendibility and portability. Fig. 6 

shows a schematic to illustrate the process of the high-

voltage oscillatory signal generation using the proposed 

Arduino-based system. Specifically, the low-voltage 

oscillatory ON/OFF signal was produced by the Arduino 

UNO board (part no. A000066, Arduino). Considering 

the experimental need, the output of the designed 

oscillatory square wave signal was 5 Vp-p with the 

frequency from 1 kHz to 10 kHz. This signal was then 

passed into a dual full-bridge motor driver control board 

(L298N2A, TronixLabs), which was utilized to serve as 

an amplifier and could output up to 50 Vp-p high-voltage 

signal. The final signal was used to drive the piezoelectric 

transducer. Furthermore, four buttons were designed to 

control the driving system: the first button was main 

power switch, the second one turned the signal ON or 

OFF and the remaining two buttons controlled the 

frequency rise and fall. An LCD screen displayed the 

real-time frequency, and the control knob could adjust 

screen brightness. 

 
Fig. 6. Schematic detailing the working mechanism of the novel driving 

system (frequency: 1 kHz–10 kHz, voltage: 5 Vp-p–50 Vp-p).  
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In acoustic-based cell manipulation, heat generation 

arising from the application of acoustic energy, which 

can potentially cause the damage to cells, are usually 

taken into consideration. A thermal imaging camera 

(ST9450, SART SENSOR, Hongkong, China) was 

chosen to monitor the temperature of our acoustofluidic 

device (Fig. 7). The temperature-monitoring experiment 

was performed by activating the transducer at a driving 

frequency of 4.6 kHz and a driving voltage of 40 Vp-p, 

which is the highest power used in this work. The highest 

surface temperature of the transduce was 24.3 °C, and 

was only increased from 21.9 °C to 24.3 °C during 20 

min operation. Since the transducer is the only heat 

source in the system, the temperature of the sample 

within the device cannot be higher than the transducer 

surface. Furthermore, the increased temperature is even 

lower than that of human body, and this level of heat 

generation is very unlikely to cause cell damage. 

B. Observed trajectories 

As shown in Fig 8, to experimentally visualize and 

characterize the vibration-generated streaming flows, 

fluorescent polystyrene beads with diameters of 2 μm were 

treated with our device. When the piezoelectric transducer is 

cut off, no acoustic streaming is induced. Once the transducer 

was activated at 10 Vp-p, vibration-induced streaming flows 

could be observed (though not evident) at the tip of the sharp 

edge. As the driving voltage increased to 40 Vp-p (10 Vp-p 

step, 4.6 kHz), the corresponding streaming velocity is 

significantly increased. Considering larger voltage may lysis 

the operated cells, we finally obtained the best driving voltage 

for cell sonoporation at 40 Vp-p. 

 
Fig. 7. Temperature monitoring using by thermal camera: (a) 
Temperature before our acoustofluidic device is activated, and 

temperature after our acoustofluidic device is activated continuously 

for (b) 10 minutes and (c) 20 minutes. (d) Temperature comparison 
between our acoustofluidic device and a human hand. 

C. Modulation of Cellular Permeability 

Suspended DU-145 cells mixed with PI (P4864, Sigma 

Aldrich, USA) and Calcein-AM (C1359MSDS, Sigma 

Aldrich, USA) in a solution were injected into the 

microchannel. PI was chosen to determine the sonoporation 

events since it could only cross the damaged cell membrane, 

which is considered as a quick and reliable approach in the 

sonoporation research. As red fluorescence is emitted when 

PI is bound to RNA or DNA. Calcein-AM was also added to 

verify the cell viability, as it only stains living cells to 

generate green fluorescence. Fig. 9a shows that PI has been 

absorbed by the target cells through transient membrane pores 

based on the acoustically oscillating sharp edge at 4.6 kHz 

with the voltage of 40 Vp-p. Once our device was excited, the 

target cells could be attracted toward the tip of the sharp-

edged microstructure owing to the radiation forces, and 

trapped cells could perform sonoporation events based on the  

 
Fig. 8. Experimentally observed trajectories of the fluorescent beads 

in our acoustically oscillating asymmetrical sharp edge at 4.6 kHz with 

the different driving voltage of 10 Vp–p, 20 Vp–p, 30 Vp–p and 40 

Vp–p, respectively. Scale bar: 100 μm. 

 
Fig. 9. Sonoporation events via acoustically oscillating sharp-edged 

microstructure: (a) Trapped single cells emit red fluoresce under the 
action of the oscillating sharp edge, indicating the sonoporation events 

occurred. (b) Single cells trapped around the tip of sharp-edged 

microstructure emit green fluoresce, confirming the cell viability. Plot 
of (c) sonoporation efficiency and (d) cell viability ratio evaluated 

under the different condition: acoustic waves + sharp edges, acoustic 

waves and no acoustic waves. Scale bar: 100 μm. 
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streaming-induced shear forces. Furthermore, due to the large 

amount of sharp edges (100 pairs) arranged in our custom-

designed microchannel, target cells injected into the device 

can increase the possibility of the improvement of the 

sonoporation efficiency when subjected to the streaming-

induced shear forces repeatedly.  Fig. 9b shows the target cells 

also emitted green fluorescence, which indicated the proposed 

method caused no significant damage to the cells. In addition, 

The sonoporation efficiency was assessed by the fluorescence 

imaging method and was calculated using the following 

formula: Sonoporation efficiency (%) = Count cell-PI/Count 

cell-Calcein-AM × 100% (Count cell-PI, red cells; Count 

cell-Calcein-AM, green cells). As shown in Fig. 9c, compared 

to only applying the acoustic field, the average sonoporation 

efficiency could be significantly increased via acoustically 

oscillating sharp edges. Meanwhile, Fig. 9d shows the 

average viability of permeabilized cells was similar to the 

control group, thus also indicating the proposed method is 

noninvasive. 

IV. CONCLUSION AND FUTURE WORK 

In this paper, we proposed, for the first time, a novel 

acoustic-based, on-chip cell sonoporation device based on the 

oscillating sharp edges driven by the portable and extendable 

Arduino prototyping platform. We also demonstrated that, 

compared to the existing methods, the proposed 

acoustofluidic device for cell sonoporation has the following 

advantages: i) it offers the feasibility of achieving 

sonoporation events in a microbubble-free manner, which can 

effectively solve the problem about the instability and 

randomness of cavitation bubbles, ii) it demonstrates the 

capability of exciting our acoustofluidic chip via the Arduino 

based platform, which can replace the complex external 

equipment typically associated with acoustofluidic device 

operation. iii) it demonstrates the feasibility of noninvasive, 

noncontaminated, tunable and stable on-chip cell 

sonoporation manipulation, with a sonoporation efficiency of 

more than 90% and iv) it has been shown to be a simple-to-

fabricate and easy-to-operate acoustofluidic device. Finally, 

our future work will be focused on the further practical 

applications for cell sonoporation. 
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