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Abstract
Ultrasound-mediated intracellular delivery is one of the popular technologies based on membrane rupture at present. To 
date, ultrasound directly acts on a large number of cells to achieve cargo delivery and has been widely used in drug deliv-
ery, disease therapy and other fields. However, the existing macroscopic methods can no longer meet the requirements 
of accurate tracking and analysis and are prone to extensive cell damage and even death. With the rapid advancements in 
microfluidic technologies, the combination of ultrasound and microfluidics (CUM) technology can effectively improve the 
delivery efficiency and cell survival rates. This new technology has rapidly become a new direction and focus of research. 
Thus, we analysed the mechanism of sonoporation and the effect of acoustic waves in a microfluidic channel. In addition, 
we reviewed the application of these new technologies in terms of structure and fabrication of ultrasound transducers and 
microfluidic devices. As regards our main objective, we hope to help researchers better understand the future developments 
and the challenges of new technologies. With this review, researchers can promote the development of new technologies to 
solve the current challenges of intracellular delivery and advance clinical applications.

Keywords  Ultrasound · Intracellular delivery · Membrane disruption · Microfluidic · Sonoporation

1  Introduction

Ultrasound, which has the advantages of strong penetra-
tion, contactless, mildness and non-invasive operation, can 
deliver genes, proteins, peptides and other cargoes into 
cells and has great potential in drug delivery [1–3], disease 
therapy [4, 5] and other fields. Ultrasound is a method of 

delivery by physical membrane disruption. Compared to 
biological and chemical methods, ultrasound minimises 
or completely avoids the side effects associated with viral 
vectors [6]. At present, most ultrasound-mediated intra-
cellular delivery adopts ultrasound in a chamber with a 
certain volume at a macroscopic scale [7–9]. Macroscopic 
methods, which analyse the average results of a large num-
ber of cells, do not meet the requirements of accuracy 
analysis and single-cell analysis [10, 11]. Considering cav-
itation microbubbles which have highly random and com-
plex activities at the macroscopic scale, it is impossible to 
predict when and where the microbubbles will destroy the 
cell membrane, making in situ microscopic observations 
of intracellular delivery difficult [12]. At the same time, 
as the intensity of acoustic fields varies with distance and 
local overheating, the intensity of the effect on the cells 
is varied, resulting in damage or death of most cells. The 
microbubbles produced by ultrasound cavitation have a 
wide size distribution and random positions, and uncon-
trollable distances from the cells, all of which directly 
affect the delivery efficiency [13, 14]. With the advance-
ments in nanotechnology and microfabrication, microflu-
idic technology is being used increasingly to overcome 
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these challenges. Microfluidic technology has the advan-
tages of low sample consumption, simple operation, multi-
functional integration, small size and easy portability 
[15–19]. The microfluidic intracellular delivery platform 
utilised microchannel with a T-junction cavity structure to 
induce elongation of recirculating flow, stretching the cells 
significantly and achieving highly efficient gene delivery 
into hard-to-transfect primary cells (up to 98%) [20]. To 
take full advantage of ultrasound technology and microflu-
idic technology, we need to combine the two technologies 
and study intracellular delivery at the micrometre scale. 
Compared with the macroscopic method, microfluidics can 
be accurately controlled to achieve repairable ultrasound-
mediated intracellular delivery at the single-cell level [21]. 
The combination of ultrasound and microfluidics (CUM) 
technology to achieve accurate cargo delivery is an impor-
tant research direction for drug delivery.

The CUM technology acts on the micron-sized chan-
nels of the microfluidic chip. It has obvious advantages in 
delivery efficiency, integration and in situ real-time moni-
toring. Although the cavitation effect of ultrasound waves is 
weakened in micro-channels, the microstructure vibrations 
processed in micro-channels under the action of ultrasound 
waves can generate acoustic streaming [22]. The cavitation 
effect causes great damage to cells or even death [23, 24], 
whilst the mild acoustic streaming method has higher cell 
viability. The acoustic streaming generated by ultrasound 
is used in the microchannel to achieve a delivery rate of 
65–85%, whilst the cell viability is ≥ 91% [25]. In addition, 
microfluidics has high-throughput processing capabilities 
[26] that can deliver up to 1 million cells/min intracellularly 
on each chip [27]. A high degree of integration in microflu-
idics allows the simultaneous high-throughput production, 
purification and characterisation of more than 1500 enzyme 
variations in a single experiment [28]. Microfluidics can 
monitor the content changes of cells and other substances 
in situ in real time, and quantitatively analyse and charac-
terise them [29–31]. Microfluidic are able to combine cell 
seeding procedure, perfused culture platforms, and subse-
quent manipulation for cargoes loading inside the cells in the 
context of ultrasound-mediated intracellular delivery [32].

Applications of the CUM technology in the field of intra-
cellular delivery have developed rapidly; however, these 
applications have not been surveyed in the past. This article 
focuses on intracellular delivery in vitro and introduce the 
application of ultrasound-mediated intracellular delivery 
combined with microfluidics in detail. In this paper, the 
mechanism of ultrasound-mediated intracellular delivery, 
the advantages and applications of the new CUM technol-
ogy, and future development trends are reviewed. This arti-
cle focuses on the new theoretical advances derived from 
the new CUM technology. With this review, we hope to pro-
vide a useful reference for the study of ultrasound-mediated 

intracellular delivery, providing future inspiration for inno-
vative ideas.

2 � Microfluidic‑Based Sonoporation Method

The most important feature of the CUM technology is that 
the micro-channels are micron-scale. The main factor that 
affects fluid behaviour in microchannels is not gravity, but 
factors, such as diffusion, surface tension and viscosity [33]. 
Under the same ultrasound field, it has been shown that 
cavitation events in narrow microchannels are often weaker 
than those in larger channels [34]. At the same flow rate, the 
narrow channel has a greater fluid dynamic pressure drop 
than the large channel, which will also reduce the cavitation 
effect. Fortunately, researches have shown that microjet-
ting formed by transient cavitation is highly damaging to 
cells, and microfluidics can just reduce or even avoid the 
damage to cells caused by transient cavitation. In addition 
to the common cavitation effect (Fig. 1), the microfluidic-
based sonoporation method also includes the acoustic radia-
tion force related to the width of the microchannel and the 

Fig. 1   Schematic diagram of the sonoporation for stable cavitation 
and transient cavitation. The main forms of ultrasound acting on cells 
include: pushing, pulling, ballistic motion, microstreaming, microjet-
ting, secondary radiation force, shock waves and acoustic streaming
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wavelength, and the acoustic streaming related to the micro-
fluidics (Fig. 2).

2.1 � Stable Cavitation and Transient Cavitation

Microfluidic-based sonoporation method has the same 
cavitation effect as the macroscopic. The propagation of 
ultrasound waves in the fluid will form alternating pres-
sure changes in space and time. When the acoustic pressure 
exceeds a certain threshold, the structure of the liquid will be 
destroyed to form bubbles. The process of alternating growth 
and contraction of bubbles in a liquid caused by ultrasound 
is called cavitation, which can be divided into stable cavita-
tion and transient cavitation. The cell is susceptible to the 
action of adjacent cavitation bubbles, which has a mechani-
cal effect on the cell and alters the membrane permeability 
(Fig. 1). The central component of the cell membrane is a 
5 nm thick phospholipid bilayer with polar heads facing the 
aqueous environment and fatty acyl chains pointing inward 
to form a hydrophobic core [35]. After the cell membrane is 
subjected to stable cavitation and transient cavitation, per-
meability changes and exogenous substances are delivered 
into the cell [36]. Stable cavitation is the process of micro-
bubble growth and contraction that cause the surrounding 
fluid to form microstreaming, pushing or pulling the nearby 
cell membrane, thus altering their permeability. Transient 
cavitation is more severe than stable cavitation, and micro-
bubbles eventually collapse to form a microjetting that alters 
the permeability of the cell membrane. During stable cavita-
tion, the microbubbles alternately grow and contract, and the 
main effects on cells are pushing, pulling, ballistic motion, 
microstreaming and secondary radiation force. During tran-
sient cavitation, the microbubbles alternately grow, contract 
and finally collapse, and the effects on the cells include 
microjettings and shock waves [37–43]. The sonoporation 
efficiency can be improved to a certain extent by adjusting 

ultrasound parameters, including acoustic pressure, acous-
tic energy, isolation time, duty cycle, mechanical index, 
cavitation index, frequency, pulse duration, time interval 
after ultrasound exposure, pulse repetition frequency, etc. 
[44–50].

In addition to the mechanical effects on cells, ultrasound 
cavitation can also induce chemical, thermal and various 
biological effects in cells. Researches have shown that reac-
tive oxygen species (ROS) are generated inside cavitation 
microbubbles [51]. The ROS easily diffuse to the surround-
ing aqueous phase through the microbubble shell and par-
ticipate in the permeabilization of nearby cell membrane. 
The high temperature produced by ultrasound cavitation may 
affect the physicochemical characteristics of the cell mem-
brane, making it more susceptible to membrane deformation 
and/or rupture. The relevance of heat effect in the sonoper-
meabilization of biological barriers remains controversial 
[52]. Under the action of ultrasound, biological tissues can 
also cause a variety of biological effects, such as endocyto-
sis and exocytosis. According to studies, cellular uptake is 
significantly influenced by acoustic pressure, a key factor 
in determining microbubble activity. Low acoustic pressure 
increased uptake mostly through promoting endocytosis, 
whereas high acoustic pressure encourages uptake via the 
development of membrane pores, termed as sonoporation 
[10]. Ultrasound not only enhances endocytosis for intracel-
lular delivery but also induces cell exocytosis [53].

2.2 � Acoustic Radiation Force

In microchannels, in addition to achieving sonoporation 
through stable cavitation and transient cavitation, sonopora-
tion can also be assisted by acoustic radiation force. Acous-
tic radiation force can propel cells to appropriate locations. 
The cells are subjected to acoustic radiation force and other 
forces, thereby alter the cell membrane permeability [7, 54, 

Fig. 2   Schematic diagram of 
sonoporation by acoustic radia-
tion force and acoustic stream-
ing in microchannels (not to 
scale). Ultrasound is generated 
by ultrasound transducers of 
different structures (e.g. conven-
tional piezoelectric transducer, 
linear, focussed, slanted or 
tapered interdigital transducers). 
Acoustic radiation force moves 
cells and particles to pressure 
nodes or antinodes within the 
microchannel. Acoustic stream-
ing induction methods include 
microbubbles, sharp-edge 
structures, adherent cells and 
pressure waves
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55]. Acoustic radiation force method is one of the mild and 
controlled methods.

When ultrasound waves are applied to the fluid contain-
ing the particle suspension in the microchannel, the latter 
will be affected by acoustic radiation force generated by 
the scattering of the acoustic waves on the particles. The 
acoustic radiation force is a crucial parameter in the field 
of acoustofluidics, where it is most frequently employed 
for acoustic particle and cell manipulation in microfluidics 
[56]. Acoustic radiation force is mainly driven by stand-
ing waves or surface waves on the fluid [57]. The particular 
ultrasound with the wavelength close to the height or width 
of the microchannel can create standing waves inside the 
microchannel. Particles in standing waves are subjected to 
acoustic radiation force, which causes them to move to pres-
sure nodes or antinodes (Fig. 2). In theory, particles can 
be concentrated anywhere in the microchannel as desired. 
Acoustic radiation forces can propel cells through a con-
stricted nozzle orifice. As cells are ejected from the nozzle, 
the combination of acoustic radiation force and mechanical 
force can open pores on the cell membrane [54]. In addi-
tion, acoustic radiation force can push cells to the side walls 
of micro-channels. Cells flow and/or roll along the walls 
of micro-channels. They experience shear forces induced 
by microscale acoustic streaming, the acoustic radiation 
force that pushes the cells to the walls of micro-channels, 
and forces from the membrane–microchannel wall reaction, 
resulting in changes in cell permeability [55].

2.3 � Acoustic Streaming

Acoustic streaming in micro-channels has the advantages of 
easy observation, controllability, accuracy, efficiency and 
mildness. Acoustic streaming can be regarded as any flow 
generated by the force arising from the presence of a gradi-
ent in the time-averaged acoustic momentum flux in a fluid 
[58]. Therefore, acoustic streaming belongs to the second-
order effect, which is different from acoustic radiation force 
of the first-order effect. This article focuses on microfluidic 
ultrasound-driven sharp-edge structures or microbubble-
induced microstreaming and surface acoustic wave-driven 
microstreaming. According to the structural characteristics 
of microfluidics (e.g. microbubbles formed by microcavities 
and sharp-edge structures formed by processing), various 
forms of acoustic streaming are formed in microchannels 
[25, 34, 59–64]. As acoustic streaming does not destroy the 
structure of the cell membrane, the cells can recover quickly, 
so the cells have high vitality, even reaching more than 97% 
[24, 34]. The shear stress induced by the acoustic stream-
ing is used directly in the microchannel to change the per-
meability of the cell membrane and deliver the exogenous 
substances to the cells. However, shear stress induced by the 
acoustic streaming is generally little. Intracellular delivery is 

the result of a combination with acoustic pressure [24, 60], 
thermal effects [29] and other factors. Oscillating sharp-edge 
structures or microstreaming direct current (DC) velocities 
drop rapidly on viscous boundary layers near microbub-
bles. If cells happen to be located in this region, the sig-
nificant shear stress caused by the velocity gradient is the 
main source of damage to cells. In fact, intracellular delivery 
results from a combination of frequency, acoustic pressure 
[24, 60], amplitude, thermal effects [29] and so on.

The most common is the acoustic streaming induced in 
a fluid by oscillating microbubbles excited by ultrasound in 
microchannels (Fig. 2). Ultrasound-driven bubble-induced 
acoustic streaming has been used in cell manipulation and 
lysis, particle sorting, micromixing and microfluidic pumps 
[65, 66]. It is particularly pointed out that the microbubbles 
here are not directly generated by the ultrasound cavitation 
effect, but are specifically generated by microfluidics. The 
microbubbles oscillate linearly and non-linearly to form 
acoustic streaming when driven by ultrasound. Microbub-
bles produce the strongest acoustic streaming when they 
oscillate at their resonance frequency. The resonance fre-
quency of the microbubbles is dependent on the microbubble 
size, its composition and surrounding medium [67]. For a 
spherical microbubble, Minnaeart's equation can be used 
to get the resonance frequency. Particularly, the resonant 
frequency of an air–water bubble at atmospheric pressure 
and room temperature may be calculated with the help of 
Eq. (1) [68].

where f
0
 and Rb are the resonant frequency (kHz) and radius 

(mm) of the microbubble, respectively.
When the microbubble column and the liquid column are 

formed in the microchannel, the resonant frequency of the 
microbubble is calculated by the Eq. (2) [69, 70].

where P
0
 is the pressure of the undisturbed bubble, � is the 

water density, L
0
 is the length of the water column, Lb is the 

length of the microbubble column, and 1 ≤ � ≤ � where � is 
the ratio of the specific heats of gas in the bubble.

The active methods generate microbubbles in microchan-
nels based on the types of external fields: acoustic, thermal, 
electrical, optical, mechanical, magnetic, etc. [68], such 
as using the T-shaped structure of microchannels to gen-
erate microbubbles [74]. The passive methods mainly use 
the geometry of microfluidics, such as manufacturing by 
photolithography or micro-milling technologies on the side 
walls of microchannels can be easily machined to obtain 
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rectangular cavities and triangular cavities [75–77]. Using 
triangular cavities in the channel walls, permeable porous 
barriers and proximal pneumatic channels produce micro-
bubbles with flexible tunability and stability (Fig. 3a) [71]. 
In addition to designing cavities on the sidewalls of micro-
channels, it is also to design cavities inside microchannels. 
Microchannels are designed with various sizes of “horse 
shoe”-shaped micro-cavity structures to produce microbub-
bles of various sizes, which are induced by ultrasound to 
form various acoustic streaming (Fig. 3b) [72]. Microbub-
bles generated by the array of micro-pores at the bottom of 
micro-channels form four various and flexibly switchable 
acoustic streaming driven by various ultrasound frequencies 
(Fig. 3c) [73].

The sharp-edge structure creates a pair of counter-
rotating vortices when oscillating in response to acous-
tic actuation. Using micromachining technologies, it is 
easy to achieve sharp-edge structures in microchannels 
(Fig. 2). The shape of the sharp-edge structure can be 

triangle, circle and square, and the position of the sharp-
edge structure can be located on the left and right sides or 
the upper and lower sides of the microchannel [78, 79]. An 
et al. designed a micromechanical oscillator consisting of 
polygonal-independent plates of variable thickness [80]. 
The oscillator was sandwiched between two layers of poly-
dimethylsiloxane (PDMS), with the lower layer guiding 
the fluids to the mixing location and the top layer direct-
ing the fluid to the outlet (Fig. 4a, b). When the on-chip 
piezoelectric transducer was powered by a MHz frequency 
signal, the sharp inner edge of the vibrating plate created 
a strong acoustic streaming field (Fig. 4c). The intensity 
of acoustic streaming formed by the combination of oscil-
lating microbubbles and sharp-edge was higher than that 
of oscillating microbubbles or sharp-edge alone. Rasouli 
et al. designed a microfluidic device that incorporates both 
sharp-edge structure and air microbubbles that could sig-
nificantly enhance acoustic streaming, thereby increasing 
the speed and uniformity of mixing (Fig. 4d) [81]. The 

Fig. 3   Microbubble generation and microbubble-induced acoustic 
streaming in microchannels. a A controllable microbubble generation 
system consisting of triangular cavities in the channel walls, perme-
able porous barriers and proximal pneumatic channels. Reproduced 
with permission from Ref. [71]. b Various size of “horse-shoe” 
shaped to produce microbubbles of various sizes. Reproduced with 

permission from Ref. [72]. c Microbubbles are generated by the 
array of microwells at the bottom of the microchannel. Four acoustic 
streaming modes of microbubble oscillation (i.e. transportation, in-
plane rotation, out-of-plane rotation and circular revolution). Repro-
duced with permission from Ref. [73]
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combination of microbubbles and sharp-edge produced 
stronger acoustic streaming than their simple superposi-
tion (Fig. 4e).

Surface acoustic wave (SAW) acts to form pressure 
waves in the fluid, and acoustic streaming can also be gen-
erated by viscous attenuation (Fig. 2). The SAW is gener-
ally generated by interdigital transducers (IDTs). IDTs are 
divided into linear, focussed, slanted or tapered structures 
according to the layout of the fingers. The IDT design 
determines the resonant frequency of the SAW device by 
the finger’s geometry. In addition, direction of propagation 
and bandwidth of the SAW generated are determined by 
other IDT structural characteristics such as an electrode 
pair number, electrode shape [83]. Linear structured IDT 
forms a broader and more homogeneous distribution of 
acoustic streaming, focussed structure forms a more con-
centrated, stronger distribution, and slanted or tapered 
structure forms two counter-rotating vortices. Kamenac 
et al. designed an interdigital slanted or tapered trans-
ducer and a Y-shaped microchannel for the generation of 
the SAW. The slanted or tapered IDT has a non-uniform 

finger spacing, where the applied high-frequency signal 
generates a narrow SAW beam. The narrow SAW beam 
enters the fluid volume and causes acoustic streaming [84]. 
The propagation path of the SAW was perpendicular to 
the microchannel and the two counter-rotating acoustic 
streamings were generated in the microchannel (Fig. 5a). 
The two laminar fluids in the Y-shaped microchannel 
passed through the acoustic streaming region and were 
uniformly mixed [60].

Recent research has shown that acoustic streaming is 
also induced when adherent cells attached to microchan-
nels oscillate (Fig. 2). The sharp-edge structures induce 
acoustic streaming driven by acoustic waves. Therefore, 
adherent cells attached to the substrate also induce acous-
tic streaming similar to the substrate raised edge structure. 
Salari et al. successfully used a specific type of the SAW 
(i.e. Lamb wave) to drive substrate oscillations to induce 
microstreaming in adherent cells. The helical streamlines 
induced around round (Fig. 5b) and flat (Fig. 5c) cells were 
theoretically and numerically analysed [82].

Fig. 4   Acoustic streaming induced by sharp-edge structures in micro-
channels. a Schematic diagram of the micromechanical oscillator 
device. b View of the inlet and outlet from the side. c Flow patterns at 
different driving voltages (the usage of 8 μm particles under fluores-

cence light). The scale bar is 500 μm. a–c Reprinted with permission 
from ref. [80]. d Schematic diagram of microbubbles and sharp-edge 
structure combination. e Acoustic streaming induced by sharp-edge 
and microbubbles. d, e Reproduced with permission from Ref. [81]
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3 � Combined Applications

In view of the many advantages of microfluidic technology, 
many studies have been carried out on the combination of 
ultrasound-mediated intracellular delivery and microfluid-
ics. This article describes in detail the applications related to 
intracellular delivery from both ultrasound transducers and 
microfluidic devices. The applications show that the com-
bination of ultrasound-mediated intracellular delivery and 
microfluidics has high delivery rate and high cell viability.

3.1 � Ultrasound Transducer

3.1.1 � Structural Features

The ultrasound transducer is the key device for generating 
the sound source in the whole device, which directly affects 
the effect of intracellular delivery. Ultrasound transducers 
can be classified by size and geometry. Ultrasound transduc-
ers for intracellular delivery in microfluidics can be classi-
fied into macroscopic and microscopic according to size, 
and focussed and non-focussed in terms of geometry. Most 
ultrasound transducers currently used to study intracellular 
delivery are macroscopic structures. These researches ana-
lyse the average results of large numbers of cells and cannot 
meet the needs of sophisticated analysis [10, 11].

The micron-scale focussed ultrasound transducer has a 
small area of action and even targets a single cell. Our group 
has successfully performed ultrasound gene transfection 
experiments on a microfluidic chip with a spherical self-
focussing Micro-Electro-Mechanical System (MEMS) ultra-
sound transducer (Fig. 6a, b) [85]. Ultrasound transducers 

were prepared by sputtering zinc oxide onto polyimide using 
a magnetron sputtering process to form micron-sized trans-
ducers (Fig. 6c). The microfluidic chip for ultrasound gene 
delivery was obtained by bonding 10 MEMS transducer 
arrays with PDMS micro-channels (height: 100 μm, width: 
200 μm). The simulation analysis showed that the MEMS 
spherical transducer could form ultrasound cavitation effect 
in the microchannel, and the ultrasound cavitation effect in 
the microchannel is verified by the iodine release method. 
Human renal epithelial cell line (293 T cells) exposed to 
ultrasound emitted green and red fluorescence after fluores-
cein diabetic acid (FDA) and propidium iodide (PI) stain-
ing, indicating that the cells were successfully perforated 
by ultrasound and the membrane integrity was repaired 
(Fig. 6d). Finally, gene introduction experiments were also 
performed on the biochip and the plasmid was successfully 
introduced into Hela cells. Thein et al. also used a 3 * 3 
transducer array to form an ultrasound micro-transducer 
array (UMTAs) (Fig. 6e) [86]. The transducers were lead 
magnesium niobate–lead titanate micro-transducer pillars 
fabricated into high aspect ratio (height: ∼ 120 μm and the 
cross-sectional area: 25 μm × 25 μm) (Fig. 6f) UMTA was 
operated by a 30 MHz IDT sinusoidal signal, and the radia-
tion pressure created by ultrasound promotes sonoporation 
in human melanoma cells (LU1205), with a permeabiliza-
tion threshold pressure of 0.12 MPa. The biochip technology 
developed by UMTA has proven cell site-specific sonopo-
ration with excellent spatial specificity and efficient lateral 
resolution (Fig. 6g). The above experiments demonstrate the 
potential of micron-scale ultrasound transducers to accu-
rately control and enhance the introduction of substances 
into cells.

IDTs are often used in microfluidics, and they are 
designed into different structural forms according to needs. 
Ramesan et al. performed sonoporation experiments with 
both straight IDTs and focussing-elliptical single-phase 
unidirectional transducers (FE-SPUDTs) (Fig. 6h, i) [34, 
87]. The IDTs consisted of 127.86° Y–X rotated lithium 
niobate (LiNbO3) single crystal piezoelectric substrates on 
which 40 alternating finger pairs of IDTs were photolitho-
graphically patterned. High-frequency surface waves could 
propagate through the fluid coupling layer and the glass bot-
tom of the plate to the fluid domain within the plate. Cells 
adhered to the glass bottom were exposed to both acoustic 
radiation force and acoustic streaming-induced shear stress, 
which led to the reorganisation of lipid structures in the cell 
membrane. Due to the short duration of action, rapid cell 
self-healing was observed, leading to high cellular viabili-
ties (> 97%). They exposed Hela cells to high-frequency 
(> 10 MHz) surface waves for 10 min, and studies revealed 
that this technology could transport siRNA to cells at a rate 
of around 40%. Ramesan et al. experimentally found that 
the acoustic transmission path of the straight IDT was more 

Fig. 5   The SAW and oscillating cells create acoustic streaming in 
microchannels, respectively. a Schematic diagram of the acoustic 
streaming induced by the SAW. The SAW induced the formation of 
two vortices that mix the cell suspension (white) and the dye solution 
(green). Reproduced with permission from Ref. [60]. b Numerical 
simulation of round and flat cells-induced acoustic streaming. Heli-
cal-shape streamlines were induced around the two cells. The helical 
streamlines of the round cell have a greater pitch than those of the flat 
cell. b, c Reproduced with permission from Ref. [82]
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Fig. 6   Ultrasound transducers of different structures for intracellular 
delivery. a Schematic diagram of the MEMS ultrasound transducer 
microfluidic chip gene transfection experiment. The microchannels 
are sealed by screws that create a compressive force between the two 
PMMA surfaces. Due to the large elasticity of PDMS, it deformed 
under the compression and sealed the microchannel. b Microfluidic 
biochip. c Schematic diagram of a self-focussing ultrasound trans-
ducer prepared by magnetron sputtering on polyimide. d Active cells 
fluoresce green through FDA (left). PI intracellular DNA binding 
penetrates the cell membrane of damaged cells and emits red fluo-
rescence (middle). Superimposed Figs (right). a–d Reproduced with 
permission from Ref. [85]. e Schematic diagram of PMN-PT Micro-
transducer sonoporation of UMTAs. f Brightfield image of the trans-
ducer array and the top electrode above (left). LU1205 cells grow 
above a micro-transducer (right). g UMTA-biochip was coated with 

LU1205 cells expressing GFP (left). LU1205 cells located above the 
micro-transducers (right). e–g Reproduced with permission from Ref. 
[86]. h Schematic illustrations of the IDT inside (top) and perspec-
tive (bottom) view. i Schematic side (top) and perspective (bottom) 
views of the FE-SPUDT. j Using a laser Doppler vibrometer, the 
root-mean-square surface displacement of the SAW for 10 MHz IDT 
and 30 MHz FE-SPUDT was determined. k The straight IDT and FE-
SPUDT of the sonoporation. h–k Reproduced with permission from 
Ref. [34, 87]. l Schematic diagram of the microscopic high-intensity 
focussed ultrasound device and microscopic high-intensity focussed 
ultrasound-mediated temperature-sensitive liposomes release. m 
MHIFU device. n The fluorescence image revealed that the drug had 
penetrated the cellular nuclei following exposure to MHIFU at 42 °C, 
but nuclear fragmentation and myofilament destruction occurred at 
50 °C. l–n Reproduced with permission from Ref. [29]
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broadly distributed, but the FE-SPUDT was more effective 
at coupling vibrational energy to suspension cells spread 
throughout the well (Fig. 6j). In contrast to the particle 
aggregated formed by IDT along the nodal lines of standing 
waves, it appeared that FE-SPUDT does not produce lin-
ear particle aggregates. In the FE-SPUDT platform experi-
ment, when cancer cells were exposed to 30 MHz surface 
wave for 10 min, the gene knockout efficiency was about 
80%, but the cell viability was significantly improved, about 
91% (Fig. 6k). The focussed transducer had a high sound 
intensity due to the focussing effect, and at the same time, 
the area of action was small, which was more suitable for 
in situ analysis of single cell. Meng et al. employed minia-
ture high-intensity focussed ultrasound (MHIFU) to ther-
mally trigger drug release to deliver cargoes (Fig. 6l) [29]. 
A single-phase unidirectional transducer (SPUDT) was 
fabricated by depositing 40 pairs of circular electrodes on 
a 1 mm thickness, 128° Y-rotated, X-propagating LiNbO3 
substrate to concentrate acoustic energy into a focussed area 
(Fig. 6m). In the experiment, the solution containing tem-
perature-sensitive liposomes and 4T1 cells was irradiated for 
3 min using 30 MHz surface acoustic wave, increasing drug 
release efficiency. Fluorescence images showed increased 
cellular uptake with increasing temperature (Fig. 6n). The 
increase in drug release efficiency was mainly due to the 
local temperature increase of MHIFU and the mechanical 
effect caused by acoustic streaming. The biggest feature of 
the device was the ability to monitor the interaction between 
cells and ultrasound in situ in real time.

3.1.2 � Waveform Types

By reasonably distributing the ultrasound transducer and 
controlling the drive voltage and signal frequency, different 
waveforms can be generated and controlled. Different types 
of ultrasound waveforms can satisfy different intracellular 
delivery needs. According to the frequency of the acoustic 
wave, it can be divided into low frequency, medium fre-
quency and high frequency; according to the distribution 
of the acoustic wave, it can be divided into focussing and 
non-focussing; according to the relationship between the 
wavelength of the acoustic wave and the thickness of the 
substrate, it can be divided into bulk acoustic wave, surface 
wave and mixed wave [88].

The cells in the microchannel are moved to pressure 
nodes or antinodes using acoustic radiation force. Adjust-
ing the frequency of the applied acoustic waves relative to 
the separation between the matching layer and the reflec-
tion layer determines the number of pressure nodes and anti-
nodes within the microchannel [89]. Carugo et al. coupled 
a square piezoelectric transducer (length: 20 mm, width: 
6 mm, height: 1 mm) below a glass micro-capillary, and 
used ultrasound waves in the glass micro-capillary (length: 

30 mm, width: 6 mm, inside height: 300 μm, glass thickness: 
300 μm) to form standing waves, which could adjust the 
position of cells and achieved better intracellular delivery 
(Fig. 7a) [90]. When no contrast agent is present, cardiac 
myoblasts H9c2 were sonoporated using standing waves to 
control cell position and the intensity of acoustic radiation. 
When the capillary reached resonance when the ultrasound 
frequency was 2.27 MHz, the fluid inside the glass micro-
capillary would generate a local standing wave. Under the 
influence of acoustic radiation force, the cells were pushed to 
the acoustic pressure node on a single focus plane suited for 
microscope inspection. Ultrasound without contrast media 
was observed to promote uptake of drugs (apigenin, luteolin 
and doxorubicin).

Surface wave-based standing wave tweezers are gener-
ated using IDT. Four sets of IDTs are utilised to produce 
two-dimensional pressure nodal fields for cell capture and 
patterning [89]. Meng et al. designed two pairs of IDTs to 
distribute around the microbubbles and cells to accurately 
control the single-cell sonoporation process (Fig. 7b) [21]. 
The IDT was fabricated by depositing a periodic array of 
IDTs on the surface of a 128°Y–X LiNbO3 substrate using 
a standard UV photolithography (Fig. 7c). In both the hori-
zontal and the vertical directions, the finger width and the 
spacing of the IDTs were 40 μm, which corresponded to 
a quarter wavelength of the SAW. A microbubble cluster 
with a diameter of 3.5 μm was delivered to the target cell 
MCF-7 by relative phases in successive X and Y directions. 
After the microbubble cluster reached the vicinity of the 
cell MCF-7, a pulse signal of 24 MHz was applied in the X 
direction to induce the rupture of the microbubble (Fig. 7d). 
By accurately controlling the position of the microbubble 
cluster relative to the target cell, the effective size of col-
lapsed microbubble was measured to be less than 0.68 times 
the diameter of the microbubble cluster. According to the 
experimental statistics, the average sonoporation efficiency 
of the device was 82.4% ± 6.5%, and the cell viability was 
90% ± 8.7%.

The interaction of ultrasound waves with elastic objects 
can generate steady-state microstreaming in surrounding 
liquids. Salari et al. found that the interaction of ultrasound 
with adherent cells also induced acoustic streaming (Fig. 7e) 
[82]. At this time, the surface acoustic wave propagated by 
the ultrasound transducer on the glass substrate was not Ray-
leigh waves but Lamb waves. Lamb waves were waves where 
the thickness of the substrate was less than the wavelength 
of sound. The experimental setup consisted of thin-walled 
polydimethylsiloxane microchannels and piezoelectric trans-
ducers closed to microchannels mounted on a glass sub-
strate. The experiments observed oscillating cell-induced 
acoustic streaming along with the substrate by monitoring 
the flow tracer around breast cancer cells MDA-MB-231 
(Fig. 7f). The strongest microstreaming was induced by cells 
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at 98 kHz frequency ultrasound drive with velocity up to 
mm s−1. Subsequently, Salari et al. proposed new acousti-
cally excited in vitro microfluidics for intracellular delivery 
(Fig. 7g) [25]. Lamb wave-mediated mechanical oscillations 
in microchannels using ultrasound at a frequency of 96 kHz 
were used to generate microsteaming near adherent cells. 
When cells were in microsteaming, they take up cargoes of 
different sizes through endocytosis, and the cell viability 
was 91% (Fig. 7h). The experiments successfully delivered 
dextran molecules of different sizes (3 kDa, 70 kDa and 
500 kDa) into PC3, MDA-MB-231 and MCF-7 cells, with 
an unprecedented 65–85% delivery rate of 500 kDa dextran. 
The experiments also delivered GAPDH siRNA to MDA-
MB-231 cells with a delivery efficiency of about 45%.

Recent researches have shown that hypersonic and sound 
also have the potential for intracellular delivery. For the first 
time, Duan et al. used hypersonic to successfully enhance 
the cellular uptake of different sized drug molecules without 

the addition of any chemicals [64]. Hypersonic waves have 
a higher frequency than ultrasound waves, and the acoustic 
waves attenuate faster and travel shorter distances in viscous 
fluids, but generate greater liquid driving force. Therefore, 
the permeability of the cell membrane could be regulated 
by hypersonic-induced acoustic streaming (Fig. 8a) [91]. 
As acoustic pressure is proportional to frequency, hyper-
sonic produces greater acoustic pressure than ultrasound and 
can place greater stress on the cell membrane. Therefore, 
the use of hypersonic-induced acoustic pressure could also 
increase the probability of the formation of transient pores 
in the cell membrane (Fig. 8b) [64]. Duan et al. also suc-
cessfully applied hypersonic to induce transient nanopores 
in lipid membrane and vesicles, and successfully performed 
intracellular delivery of nanomaterials and bioactive sub-
stances (e.g. recombinant proteins) [62, 63, 91–93]. Acous-
tic streaming could also be generated for lower-frequency 
sound waves [78, 94–96]. The sound transducer drives the 

Fig. 7   Intracellular delivery of different waveforms by ultrasound 
transducers. a Using local standing waves to control cell position 
and sonoporation. Reproduced with permission from Ref. [90]. b 
Schematic diagram of single-cell sonoporation with surface waves 
distributed around it. c Device diagram of single-cell sonoporation. 
d Experiments showed microbubble clusters moving to target cells 
(left). No obvious changed in cell morphology (upper right). The 
targeted cell generated red fluorescence (bottom right). b–d Repro-
duced with permission from Ref. [21]. e Schematic diagram of acous-
tic streaming generated by the oscillation of adherent cells driven by 

Lamb wave (not to scale). f In the microstreaming of fluorescent par-
ticle tracers at different heights from the substrate surface, the heights 
of maximum microstreaming velocity were 14–21  μm. The MCF-7 
cell was shown in bright-field view. e, f Reproduced with permis-
sion from Ref. [82]. g Acoustic streaming induced by Lamb wave-
driven oscillation of the baseplate and adherent cells promoted cel-
lular uptake of cargoes (not to scale). h Bright-field and fluorescence 
pictures demonstrating the delivery of 500  kDa dextran into MDA-
MB-231 cells. g, h Reproduced with permission from Ref. [25]
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sharp-edge structure to oscillate to form a microstreaming. 
The shear stress induced by acoustic streaming is propor-
tional to the microstreaming velocity. Appropriate shear 
stress is obtained by adjusting the driving voltage of the 
sound transducer. Song et al. used acoustic streaming gener-
ated by oscillating sharp-edge for sonoporation. The device 
achieved sonoporation at a frequency of 4.6 kHz with a 
delivery efficiency of over 90% [97]. If the microstreaming 
is too high, the induced shear stress can damage or even 
lyse cells [94].

3.2 � Microfluidics

3.2.1 � Device Structures

The flexible design of the microcavity structure enables the 
production of microbubbles to control intracellular delivery 
in microchannels. Microbubbles are produced by ultrasound 
cavitation or directly pass into the contrast agent [98], whilst 
microbubbles are randomly distributed in microchannels and 
the diameters of the microbubbles are different. Microbub-
bles have no effect on the permeability of the cell membrane 

when the cells are far away from the microbubbles. As cavi-
tation events are random processes, it is challenging to estab-
lish efficient and controllable intracellular delivery of ultra-
sound. Controlled transient cavitation requires sophisticated 
equipment, which is costly and inefficient [99, 100]. Stable 
cavitation can be well regulated in microfluidics. Meng et al. 
developed a device using a combination of microfluidics 
and ultrasound that can adjust the membrane permeability 
in parallel by oscillating microbubble arrays (Fig. 9a) [23]. 
The microchannels were designed to be multi-rectangular 
cavities of uniform size on both sides, producing uniform 
arrays of microbubbles when fluids pass through. Stable 
harmonic and high harmonic signals were detected in the 
microchannel under 107 kHz ultrasound exposure, indicat-
ing that microbubbles were undergoing stable cavitation. As 
the effective distance of the microstreaming caused by the 
oscillation of the microbubble is 3.25 times the diameter of 
the microbubble [101], the microbubble was able to capture 
cells within this range. The oscillating microbubble uniform 
array could realise parallel sonoporation of MDA-MB-231 
cells on both sides of the microchannel (Fig. 9b). Experi-
ments showed that when the acoustic pressure was 53.6 kPa 

Fig. 8   Intracellular delivery of 
hypersonic waveforms. a Sche-
matic diagram of hypersonic-
assisted molecular delivery 
system using acoustic streaming 
(left). Optical image of the GHz 
resonator (top right). Cell defor-
mation under the stimulation of 
the acoustic streaming (bottom 
left). Reproduced with permis-
sion from Ref. [91]. b Sche-
matic diagram of hypersonic-
assisted molecular delivery 
system using acoustic pressure 
(top left). The top view and 
the sectional view of the SEM 
images of the GHz resonator 
(top right). Cargoes were deliv-
ered under hypersonic-induced 
high-intensity acoustic pressure 
(bottom left). The smith chart 
of the resonator device and the 
resonant frequency is 1.6 GHz 
(bottom right). Reproduced with 
permission from Ref. [64]
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and the treatment time was 90 s, the sonoporation efficiency 
was 96.6% ± 1.74% and the cell viability was 80.11 ± 1.19%.

Different microstructures can also be designed to accom-
plish intracellular delivery of different needs in microchan-
nels. Zhao et al. designed a microfluidic chip for single-cell 
rapid drug screening based on acoustic streaming effect. 
The microfluidic chip combined high-frequency acoustic 
waves with concentration gradients and contained 6 inde-
pendent microchannels, each of which contained a cell trap 
structure (Fig. 9c) [24]. To induce acoustic streaming, the 
sharp-edge structures of the trap structures were driven by 
acoustic waves (> 10 MHz). The tiny shear stress generated 
by the acoustic streaming disrupted the lipid structure that 
made up the cell membrane to sufficiently induce transient 
gaps between lipid molecules. The shear force caused by 
the acoustic streaming had little damage to the cells, and the 
cell viability reached 93% after ultrasound exposure. The 
experiment delivered different concentrations of Ara-C to 
THP-1 cells to study the effect of different concentrations on 
the cells. Through shear forces generated by acoustic pres-
sure and acoustic streaming in a non-invasive manner, the 
cell membrane permeability was gradually altered, and the 
drug affects cell viability in less than 30 min, faster than 

conventional methods (> 24 h) (Fig. 9d). Bourn et al. pro-
posed a trap array design on a microfluidic platform for trap-
ping multiple tumour spheroids for drug delivery (Fig. 9e) 
[102]. To catch the greatest number of tumour spheroids fea-
sible, it was optimised according to the trap array structure 
designed by Carlo et al. [103]. Each trap was able to capture 
the flow-through tumour spheroids with a diameter of about 
320 μm. Co-delivery of 3 μM doxorubicin (DOX) + micro-
bubbles (MBs) + ultrasound (US) reduced spheroid viability 
to 48 ± 2%, compared to 75 ± 5% observed with 3 μM DOX 
alone (Fig. 9f). Therefore, co-administration of MBs + US 
with DOX has been shown to enhance drug efficacy in both 
free and liposomal formulations.

Intracellular delivery of different requirements can also 
be achieved utilising the structural characteristics of micro-
channels (e.g. the length of microchannels in millimetres). 
Centner et al. designed a concentric helical microfluidic 
device in the same area to maximise the length of the micro-
channel (height: 180 μm, width: 200 μm), thereby expos-
ing the cells to the ultrasound pulse long enough (Fig. 9g) 
[104]. A solution of red blood cells and microbubbles with 
an average diameter of 2 ± 1 μm was passed through the 
microchannel. Red blood cells were exposed to 2.5 MHz 

Fig. 9   Microfluidics of different structures for intracellular delivery. 
a Microbubbles were generated in rectangular cavities of the arrays 
designed on the sidewalls of the micro-channels. Ultrasound-driven 
microbubbles stabilised cavitation-induced acoustic streaming, 
trapped nearby cells, and applied shear forces to alter permeability. 
b Under the influence of an oscillating microbubble array, isolated 
single cells generate a red fluorescence. a, b Reproduced with per-
mission from Ref. [23]. c Design trap structures that capture cells 
in multiple independent micro-channels, and the acoustic streaming 
and pressure near cell traps were utilised to accelerate drug uptake by 
cells. d Acoustic pressure simulation near the cell trap (top left). Sim-
ulated acoustic streaming field close to the site of the cell trap (top 

right). Fluorescence picture of a single THP-1 cell treated concur-
rently with PI and GFP fluorescence following acoustic therapy (bot-
tom). c, d Reproduced with permission from Ref. [24]. e Schematic 
diagram of the structure of trap structure capturing multiple tumour 
spheroids. f Bright-field, DOX and dead cell (NucRed Dead) fluores-
cent emission from spheroids 48 h post exposure to DOX only, with 
MB + US. DOX and dead cell fluorescence brightness. e, f Repro-
duced with permission from Ref. [102]. g The microchannel struc-
ture was a concentric helical delivery device. Microchannel structure 
dimensions. Fluorescence image of red blood cells (bottom). Repro-
duced with permission from Ref. [104]
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ultrasound and tested by intracellular injection of fluores-
cein. Changes in ultrasound pressure and mean flow velocity 
increased fluorescein delivery by 73 ± 37% and 44 ± 33%, 
respectively. The results showed that this method was a fea-
sible method for the long-term drying of red blood cells at 
ambient temperature.

3.2.2 � Device Material

Microfluidic devices use different materials according 
to different applications, especially in simulating human 

microvessels and organs. The most commonly used mate-
rial is glass micro-capillary. Ankrett et al. utilised square 
borosilicate glass microcapillaries (length: 50 mm, inner 
width: 300 μm, wall thickness: 150 μm) as microchannels, 
which were acoustically coupled to piezoelectric transduc-
ers and fixed to glass on the platform. They investigated the 
effects of ultrasound-related physical parameters, fluid flow 
rate, temperature, amplitude and frequency on the activity 
of H9c2 cells (Fig. 10a) [105]. The acoustofluidic device 
was designed to place an ultrasound transducer on one 
side of a square glass microcapillary (internal dimensions 

Fig. 10   Intracellular delivery 
of microfluidic structures of 
different materials. a The device 
comprising of a squared cross-
section glass capillary coupled 
to the top of the PZT trans-
ducer and mounted on a glass 
platform. Reproduced with 
permission from Ref. [105]. b 
The device consists of a square-
section glass capillary placed on 
one side of the PZT transducer. 
Reproduced with permission 
from Ref. [55]. c The in vitro 
microvascular model is com-
posed of acrylic and PDMS 
materials, cultured by adding 
collagen type I solution and col-
lagen I solution. d Composite 
image of Hoechst, DAPI and PI 
after ultrasound-treated (left). 
c, d Reproduced with permis-
sion from Ref. [120]. e The 
in vitro microvascular model 
was prepared with PDMS, and 
pictures were captured using a 
TRITC filter after washing to 
determine DOX fluorescence. f 
In vitro results of the effect of 
untargeted dox liposomes and 
integrin-targeted dox liposomes 
on microbubble ultrasound. e, 
f Reproduced with permission 
from Ref. [121]
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of 5 cm × 80 μm × 80 μm) (Fig. 10b) [55]. The ultrasound 
transducer drove the capillary resonance at a frequency of 
3.3 MHz, and the cells were subjected to the shear force 
caused by the acoustic radiation force and the acoustic 
streaming, which together change the permeability of the 
cell membrane. The flowing cells were pushed against the 
DNA-coated glass capillary walls under the force of acoustic 
radiation, thereby delivering the DNA into the cells. The 
device delivered DNA to human hematopoietic stem and 
progenitor cells in a single channel at a rate of 200,000 cells/
min with a viability of over 80%.

Due to its good biocompatibility, PDMS is widely used 
in in vitro microvascular models that simulate the micro-
environment of human blood vessels [106]. Centner et al. 
delivered trehalose and contrast agent in red blood cells 
using ultrasound in a PDMS microfluidic chip, significantly 
increasing the recovery of living red blood cells [104]. Drug 
delivery in the in vivo models requires intravenous injection 
through blood vessels, whilst the in vitro models can utilise 
microfluidics to mimic the vascular microenvironment [107, 
108]. In vitro microvascular mimicking vessels are often 
used for intracellular delivery to reflect realistic in vivo mod-
els. Meanwhile, in vivo modelling suffers from the major 
barriers of high cost and long data collection period, which 
can be alleviated by microfluidics-based in vitro modelling 
[109]. Microfluidic-based in vitro models have found appli-
cations in various research areas, including the blood–brain 
barrier, blood–spinal cord barrier, and blood–retinal barrier 
[39, 110–115]. For instance, the model of the blood–brain 
barrier on microfluidic chips can be divided into sandwich 
design, parallel design and 3D tubular structure design 
[116–118]. The major cells comprising the blood–brain 
barrier are brain microvascular endothelial cells, which are 
supported by astrocytes, and pericytes. Endothelial cells 
have the main features of extremely low rate of transcytosis 
and forming restrictive paracellular diffusion barriers, which 
greatly limits the efficiency of substance transport [119]. 
Consequently, the structural features of the blood–brain bar-
rier impede the delivery of almost all large biomolecules, 
hindering drug transport to the brain. Over the past decade, 
efforts have been made to enhance blood–brain barrier per-
meability using biochemical or physical methods. Amongst 
drug delivery strategies, ultrasound therapy stands out due to 
its high efficiency and activity [120, 121]. Currently, micro-
fluidic technology is being employed to create in vitro mod-
els of the blood–brain barrier, blood–spinal cord barrier, 
blood–retinal barrier, etc., to investigate the drug delivery 
effects of ultrasound and microbubbles on endothelial cells. 
The development of microfluidic-based in vitro models is 
poised to play a pivotal role in advancing clinical medicine.

To examine the interaction between microbubbles and 
vascular endothelium under ultrasound, Juang et al. sug-
gested a perfusable in vitro model with a realistic 3D 

geometry (Fig. 10c) [120]. The structure of the in vitro 
microvascular model consisted of 12 channels (each 
channel length: 7 mm, width: 150 μm, height: 150 μm), 
which was equivalent to the size of blood vessels. The 
in vitro microvascular model was composed of acrylic and 
PDMS materials. A microvascular model with an average 
diameter of 1.41 μm, seeded with endothelial cells and 
perfused with cell culture media in vitro. Coupled to the 
in vitro microvascular network was 1 MHz, single-ele-
ment, lightly focussed transducer (diameter: 2.01 cm, focal 
distance: 7.61 cm, focal gain: 2.64). Experiments revealed 
that increased drug delivery and cell death were both 
detected with acoustic pressure, with the impact being 
more prominent at higher pressures (Fig. 10d). Park et al. 
used in vitro microvascular models to study the effects 
of drug delivery (Fig. 10e) [121]. Microvascular models 
were inserted into microbubbles and exposed to ultrasound 
to analyse the effect of loading non-targeted and targeted 
doxorubicin-encapsulated liposomes, respectively. With 
an average microvessel diameter of 39.9 ± 8.58 μm, PDMS 
microvessel models for hydrogel injection ports and cell 
culture media reservoirs were fabricated in vitro. A sin-
gle-element spherically focussed piezoceramic transducer 
(radius: 63 mm and aperture: 64 mm) was used to generate 
ultrasound waves at 1.1 MHz and a peak negative pres-
sure of 800 kPa. Dox liposomes (diameter: 78 nm) and 
microvascular (diameter: 1 μm), which were impermeable 
to microvascular cells, were introduced into the microvas-
cular. Experiments were performed to compare the effects 
of cell damage with and without targeted DOX liposomes, 
microbubbles and ultrasound exposure (Fig. 10f). When 
targeted doxorubicin-encapsulated liposomes were sub-
jected to low-energy sonication to stabilise micro-vesicle 
cavitation, cells suffered the most damage, with an average 
mortality rate of 52 ± 6.7%. In vitro microvascular model 
flow velocity and ultrasound intensity have an impact on 
the delivery efficacy, especially blood flow velocity is an 
important factor in low-intensity ultrasound [122].

PDMS is also used in organ-on-a-chip that simulates 
human physiological activities [123, 124]. Organ-on-a-
chip is a technology that enhances cell function by produc-
ing high levels of tissue function in vitro using advanced 
microfabrication techniques in order to more accurately 
predict the effects of drugs or other compounds the human 
body [125–127]. Organ-on-a-chip can manipulate the 3D 
extracellular environment spatially and temporally by lev-
eraging microfabrication, miniaturisation and controlled 
engineering technologies [128]. Beekers et al. used an 
organ-on-a-chip microfluidic platform to study ultrasound 
intracellular drug delivery [129]. This platform showed the 
potential to develop in vitro three-dimensional intracel-
lular delivery.
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4 � Combination with Other Methods

Microfluidics is highly scalable and works well in combi-
nation with other technologies. Combining ultrasound with 
other physical methods in microfluidics can enhance intra-
cellular delivery.

4.1 � Applications with Electroporation

Electroporation is a delivery technology that is currently 
commercialised [130, 131]. Mindaugas et al. investigated 
various sequential or simultaneous combinations of sonopo-
ration and electroporation on cells in vitro. Experimental 
studies demonstrated that simultaneous electroporation and 

sonoporation act on cells to achieve the most efficient intra-
cellular delivery of bleomycin [132]. In addition, they also 
found the combination of electroporation and sonoporation 
to enhance the antitumor treatment effect of bleomycin deliv-
ery in vivo [133]. In microfluidics, electroporation improves 
delivery efficiency and cell viability in terms of electrode 
geometry [134–136] and channel geometry [137–139] vari-
ation. Therefore, in the application of microfluidics com-
bining sonoporation and electroporation, the advantages of 
both can be better played. Longsine-Parker et al. proposed 
a microfluidic delivery device that achieves high efficiency 
and high throughput. The device consisted of two parallel 3D 
electrodes (height: 30 μm, apart: 50 μm) on a glass substrate 
and a PDMS polymer overlay over the electrodes (Fig. 11a) 
[140]. Two 3D microelectrodes were placed on both sides 

Fig. 11   Cases in combination 
with other delivery methods. 
a Schematic diagram of the 
microfluidic electro-acoustic 
processing device concept. Cells 
were exposed to electric fields 
on both sides of the channel and 
ultrasound at the top as they 
flow through the microfluidic 
channel. b Brightfield images 
(left), fluorescence images of 
live cells stained with Calcein 
AM (middle), fluorescence 
images of perforated or non-
viable cells stained with PI 
(right). a, b Reproduced with 
permission from Ref. [140]. c 
Schematic diagram of AESOP's 
operational principle. Cells 
were subjected to acoustic 
microfluidic vortices and 
uniformly exposed to electric 
fields as they flow through 
the microfluidic channel. d 
The fluorescence images are 
in order: YOYO-1 labelled 
DNA, DAPI, Membrane Stain, 
Overlay. e The histogram of 
fluorescent intensity of YOYO-1 
labelled plasmid DNA delivered 
into K562 cells using commer-
cial electroporation system and 
AESOP. f The corresponding 
%CV of intracellular delivery 
for commercial electropora-
tion system and AESOP. c–f 
Reproduced with permission 
from Ref. [27]
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of the PDMS microfluidic channel for electric field genera-
tion, and an ultrasound transducer was placed on top of the 
microfluidic channel. In the experiments, Hela cells were 
subjected to micro-electroporation and micro-sonoporation 
at 100 kHz ultrasound and an applied voltage of 8 Vpp. 
Cells flowed through the microfluidic channel simultane-
ously under the action of electric field and ultrasound, and 
the delivery efficiency reached 95.6% (Fig. 11b). The effi-
ciency of micro-electro-sonoporation was 11% higher than 
sonoporation and 18% higher than micro-electroporation. 
The cell viability of micro-electro-sonoporation was 97.3%, 
which was 8% higher than that of micro-electroporation and 
the same as that of sonoporation. The results showed that the 
transfection efficiency could be improved by micro-electro-
sonoporation, and the level of cell viability was slightly 
higher or similar to that of the single method.

Aghaamoo et al. also designed a microfluidic platform 
for intracellular delivery that combines ultrasound-induced 
acoustic streaming with micro-electroporation, termed 
Acoustic–Electric Shear Orbiting Poration (AESOP) 
(Fig.  11c) [27]. The platform consisted of depositing 
chromium (Cr) and gold (Au) on a glass slide over which 
PDMS microfluidic channels with sidewall micro-cavities 
are bonded. First, the cells and the solution flowed into 
the microfluidic chip, forming microbubbles in the side 
cavity. Then the piezoelectric transducer under the chip 
worked, so that the microbubbles in the side cavity oscil-
lated to form acoustic microstreaming vortices. The cells 
underwent moderate and uniform mechanical shearing in 
the vortices, thereby creating small pores in the cell mem-
brane. Finally, the pores were uniformly enlarged under the 
action of the electric field, so that the exogenous large plas-
mids could enter the cells uniformly and rapidly. The device 
was capable of delivering various molecular sizes (< 1 kDa 
to 2 MDa) into adherent and suspension cell lines. From 
the fluorescence image statistics, the delivery efficiency 
was > 90%, the cell viability was > 80%, and the throughput 
processing capacity reached 1 million cells min−1(Fig. 11d). 
Aghaamoo et al. also compared the performance of AESOP 
with a commercial electroporation system. According to 
the results (Fig. 11e, f), AESOP reduces the %CV by half 
compared to the electroporation. The low %CV achieved 
by AESOP groups not only confirms delivery of uniform 
doses across the cell population, but also is an indicator of 
performance consistency when working with different cargo 
concentrations.

4.2 � Other Delivery Methods

Intracellular delivery with other methods combined with 
microfluidics has advantages but also faces many chal-
lenges. Microinjection uses the advantages of microfluidics 
for single-cell analysis to perform accurate cell puncture in 

microfluidics, with higher resolution, lower cost and lower 
throughput than traditional methods [141–143]. Optopora-
tion uses the laser to accurately locate the focal position to 
obtain the best position with the cells, but the laser equip-
ment is expensive and has low throughput [100, 144, 145]. 
In microfluidics cell squeezing technologies, there is use of 
microchannel geometries to extrude cells and force changes 
in cell permeability and later use of progressive squeezing 
to improve delivery efficiency [146–148]. Due to the con-
stant geometry of the constriction, shear stress exerted by the 
channel walls on cells of different sizes may vary by orders 
of magnitude, and there is also the problem of easy clogging 
of the channel [25]. How to combine other delivery methods 
with ultrasound brings their respective advantages into play.

Applications of ultrasound-mediated intracellular deliv-
ery combined with microfluidics are summarised (Table 1). 
Although some of the articles only studied sonoporation, 
it has the potential for intracellular delivery and is also 
categorised as delivery. This paper summarises delivery 
method, ultrasound frequency, cell type, cargo delivered, 
delivery efficiency and cell viability. The statistical results 
of ultrasound frequency, delivery efficiency and cell viability 
are minimum and maximum of all results for this delivery 
method. Table 1 demonstrates that acoustic streaming is the 
delivery technique with the best cell viability. It is important 
to note that intracellular delivery is a complex process that 
may be the result of a combination of one or more delivery 
methods.

5 � Current Challenges and Future 
Perspectives

At present, there are more and more research on the com-
bination of ultrasound-mediated intracellular delivery and 
microfluidics, and this field has a lot of room for develop-
ment and potential. With the advancements in technologies 
in ultrasound and microfluidics, intracellular delivery will 
play a more important role in biological applications. The 
future development trend can be summarised as mechanism 
research, device structure, delivery method and application.

(1) In terms of mechanism, with the new progress of 
high-speed real-time optical imaging technology, microflu-
idics can in situ observe and detect the situation of micro-
channels in real time [152, 153], and even the whole process 
of delivery [154]. Using boundary element method, Boltz-
mann and other numerical methods simulate the process 
of sonoporation. However, the mechanisms of intracellu-
lar delivery are not well understood [155]. As the biggest 
challenge is that there are huge differences in ultrasound 
cavitation, cargo release and uptake and biological responses 
on the time scale, and there are huge differences between 
microbubbles, cells and cargoes on the spatial scale. There 
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is currently no model to describe the interaction between 
the three. The CUM technology has significant advantages 
in contactless delivery, in situ real-time observation, etc., 
and is a powerful tool to study the mechanism of sonopora-
tion. In the future, it is necessary to integrate multiple disci-
plines, such as physics, biophysics, biology, chemistry and 
pharmacology, for research. (2) In terms of devices, micro-
fluidics and ultrasound transducers have rich and flexible 
designs, diverse structures and sizes ranging from macro to 
micro, which can meet the needs of different applications. 
With the advancements in microfabrication technology 

and lab-on-a-chip technology, the device delivery system 
is being promoted towards miniaturisation, complexity and 
large-scale integration. Delivery system devices typically 
employ PDMS and/or LiNbO3 materials to fabricate micro-
channels and piezoelectric transducers. These materials 
are costly and unstable under extreme reaction conditions. 
Simultaneous fabrication of microchannels and MEMS 
transducers requires processes, such as photolithography 
and magnetron sputtering, in a clean room, which is time-
consuming and costly to limit the wide adaptability of the 
device. The application of 3D printing in microfluidics may 

Table 1   Applications of ultrasound-mediated intracellular delivery combined with microfluidics

Delivery method Ultrasound fre-
quency

Cell type Cargo delivered Delivery efficiency Cell viability References

Stable cavitation 
and/or transient 
cavitation

107 kHz–24 MHz ∗HeLa
∗MCF-7
∗H9c2 cardiac 

myoblasts
∗Human 

umbilical vein 
endothelial

∗Colorectal 
cancer (CRC) 
spheroids

∗Human red 
blood

∗MDA-MB-231
∗Human umbili-

cal cord
endothelial
∗293 T

∗Doxorubicin
∗Trehalose
∗DOX-

Liposomes
∗Dextran (Sigma)
∗Plasmid

16% ± 16–82.4% ± 6.5% ∗–
∗90% ± 8.7%
∗95%
∗–
∗–
∗> 80%
∗96.6% ± 1.74%
∗–
∗–

[21, 23, 85, 98, 
102, 104, 105, 
120–122, 129, 
149, 150]

Acoustic radiation 
force

2.27 MHz 
-30 MHz

•H9c2
•Jurkat
•PBMC
•CD34+HSPC
•LN443
•Human mela-

noma (LU1205)

•Doxorubicin
•Luteolin
•Apigenin
•Cy3-DNA

2–62% • > 70–83%
•85%
•90%
•92%
•65–85%
•–

[54, 55, 86, 90]

Acoustic stream-
ing

96 kHz–83 MHz ∗HeLa
∗MCF-7
∗Jurkat
∗THP-1
∗293 T
∗PC3
∗MDA-MB-231
∗YUMM 1.7
∗Mouse 4T1 

breast tumour

∗Temperature-
sensitive 
liposomes

∗Fluorescein 
dextran

∗Cytarabine 
(Ara-C)

∗Gold nanopar-
ticles

∗Therapeutic 
molecules

∗FITC-labelled 
dextran mol-
ecules

∗Glyceraldehyde 
3-phosphate 
dehydrogenase

65–85% ∗> 97%
∗92%
∗> 91%
∗93%
∗> 97%
∗> 91%
∗∗92%
∗–

[24, 25, 29, 34, 60, 
87, 151]

Ultrasound and 
other physical 
methods

20 kHz–100 kHz •HeLa
•Jurkat
•K562

•Plasmid
•Dextran

 > 80–95.6% • > 80–97.3%
• > 80%
• > 80%

[27, 140]
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solve these problems to some extent [156]. (3) In terms of 
efficiency, high cell viability and high delivery efficiency 
are important indicators for evaluating the effectiveness of 
delivery devices. The delivery method based on microfluid-
ics has achieved good results in specific cells and delivered 
cargoes, and the efficiency and cell viability are higher than 
traditional methods. The size variation of exogenous spe-
cies spans multiple orders of magnitude from nanometres 
to micrometres. The safe and efficient intracellular delivery 
of biologically active macromolecules into living cells is a 
challenging but critical process for research and therapeutic 
purposes in biotechnology [8, 9, 146, 157, 158]. In addition, 
the ease of delivery varies by cell types, such as primary 
cells, progenitor cells and stem cells, which are difficult to 
transfect. In the future, to solve the problems of flexibility 
and throughput of the device, it is necessary to make full 
use of the microfluidic-based sonoporation method to deal 
with different situations. However, the modes of cavitation, 
acoustic radiation force and acoustic streaming may exist at 
the same time, and the primary and secondary relationship 
of the three in microfluidics and the role of sonoporation are 
still unclear. At present, the application of ultrasound wave 
and microfluidics is only combined with electroporation and 
has not been studied with mechanical, thermal, optical and 
other physical methods. (4) In terms of applications, intra-
cellular delivery is used in the research of disease mecha-
nism, drug screening, disease treatment, regenerative medi-
cine and other fields. At present, the main research focuses 
on the basic research of in vitro intracellular delivery, and 
there is still a certain distance from the delivery application 
of in vitro cell therapy. With the advancements in 3D bio-
printing technology, the future will develop from the current 
simple models to more complex organ chips applications. 
Organ chips that simulate the physiological activities of 
organs have more complex structures [159, 160] and pose 
higher challenges to ultrasound and microfluidic devices.

6 � Conclusions

Over the past few decades, ultrasound as an effective delivery 
method has shown great potential in bioengineering, biophys-
ics and biomedicine due to its strong penetrability and con-
tactless operation. Microfluidic technology has the advantages 
of low cost, high throughput and high integration and has been 
widely used in various fields of biology and medicine. This 
article reviewed the recent application of the CUM technology 
in intracellular delivery. Ultrasound mainly acted on cells in 
the physical way of cavitation effect, acoustic streaming and 
their combination to cause mechanical, chemical, thermal and 
biological effects, to achieve the delivery of cargoes into cells 
from the outside. Combined with microfluidics, it avoided the 
insufficiency of macroscopic damage to cells, but it weakened 

the cavitation effect of ultrasound in microchannels. Using 
microbubbles and sharp-edge in microfluidic microchannels 
to generate microstreaming enables more efficient delivery 
and higher cell viability. The applications of intracellular 
delivery were introduced in detail from the aspects of ultra-
sound transducer devices and microfluidic devices as well as 
in combination with other methods. From its rapid advance-
ments, it could be seen that the use of acoustic streaming in 
microfluidics cell delivery was currently a research hotspot 
and one of the most effective ways. Finally, we discussed 
the challenges and directions that ultrasound and microflu-
idics will face in the future. We believe that the mechanism 
research of sonoporation will make a breakthrough. In the 
future, with the advancements in lab-on-a-chip technology, 
the application of the CUM technology in intracellular deliv-
ery will play an important role in solving challenging prob-
lems in the biological field.
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