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Abstract

A surge of research in intracellular delivery technologies is underway with the increased
innovations in cell-based therapies and cell reprogramming. Particularly, physical cell membrane
permeabilization techniques are highlighted as the leading technologies because of their unique
features, including versatility, independence of cargo properties, and high-throughput delivery

that is critical for providing the desired cell quantity for cell-based therapies. Amongst the
physical permeabilization methods, sonoporation holds great promise and has been demonstrated
for delivering a variety of functional cargos, such as biomolecular drugs, proteins, and plasmids,
to various cells including cancer, immune, and stem cells. However, traditional bubble-based
sonoporation methods usually require special contrast agents. Bubble-based sonoporation methods
also have high chances of inducing irreversible damage to critical cell components, lowering the
cell viability, and reducing the effectiveness of delivered cargos. To overcome these limitations,
several novel non-bubble-based sonoporation mechanisms are under development. This review
will cover both the bubble-based and non-bubble-based sonoporation mechanisms being employed
for intracellular delivery, the technologies being investigated to overcome the limitations of
traditional platforms, as well as perspectives on the future sonoporation mechanisms, technologies,
and applications.
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This review presents a comprehensive evaluation of the current state of sonoporation research
and its advantages and limitations. Particularly, this review covers the current bubble-based
sonoporation mechanisms and the novel upcoming non-bubble-based sonoporation mechanisms
and their respective technologies that are utilized to enhance intracellular delivery. This review
concludes with a perspective on how the field of sonoporation can advance.
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1. Introduction

Cells are marvelous machinery for manufacturing miraculous outputs from a variety of
cargos delivered to them. The creation of life itself is founded upon the intracellular delivery
of material into a cell. To control what is delivered to cells, various intracellular delivery
approaches have been discovered and are under continuous development.[-22] These recent
advances not only contribute to fundamental studies in areas of biology, bioengineering, and
medicine, but also benefit several life-changing technologies, such as cell-based therapies,
protein therapeutics, vaccines, as well as the reprogramming of cells.[22]

Among the current delivery approaches, the viral vector-based approach is often considered
the gold standard for the delivery of nucleic acids.[22] However, due to notable weaknesses
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such as biohazards, inconsistent results, and labor-intensive manufacturing,[22-24] physical
permeabilization approaches are being pursued,[*-12: 22] including electroporation,[25-26]
hydroporation,[27-32] mechanoporation,[2% 32401 and sonoporation.[41-42] These approaches
are noted as advanced due to their high throughputs, cost-effectiveness, and universal nature
to deliver a variety of cargos regardless of cell type.[3] Of the physical permeabilization
approaches, sonoporation wields great potential and has been demonstrated as an efficacious
technology for delivering a variety of functional cargos, such as biomolecular drugs,

proteins, and plasmids, to different types of cells, such as cancer, immune, and stem cells.
[43-48]

Sonoporation was discovered in the 1980s, a golden age of intracellular delivery, in

which quite a few physical permeabilization methods were invented.[49-58] Sonoporation
enhances the intracellular delivery of cargos into cells by employing acoustic waves

to disrupt their membranes.[22. 59-62] Traditional sonoporation approaches typically rely
on ultrasound-induced bubble dynamic behaviors, such as inertial cavitation, non-inertial
(stable) cavitation, and bubble translation.[49-52] However, the bubble-based sonoporation
approaches usually require special contrast agents,[63-68] which adds a new dimension

of complexity and cost to the use of sonoporation. Moreover, bubble-based approaches
have a high chance of inducing irreversible cell damage, lowering the cell viability, as
well as reducing the effectiveness of delivered cargos.[89-73] Therefore, several novel non-
bubble-based sonoporation approaches, such as those based on acoustic radiation force and
acoustic streaming-induced shear force, are being developed to overcome the limitations
of bubble-based sonoporation approaches. Although there are several review papers on
the mechanisms and applications of bubble-based sonoporation, [61-62. 74-88] they have
neglected some of the newly developed mechanisms. Therefore, this review article covers
recent innovations in bubble-based and especially in non-bubble-based sonoporation. The
following Sections review the sonoporation mechanisms, showcase some of the promising
technologies of today, and provide thoughtful perspectives on the future of sonoporation.

2. Bubble-based Sonoporation Technologies

Bubble-based sonoporation technologies leverage ultrasound-induced bubble dynamics to
open pores on membranes for intracellular delivery. This Section reviews the fundamental
mechanisms and critical features of the bubble-based sonoporation technologies. Recent
innovations that fuse bubble-based sonoporation and microfluidics are also reviewed.

2.1. Bubble-based mechanisms

To open pores on the cell membrane for intracellular delivery, multiple bubble-based
sonoporation mechanisms have been established (see Figure 1), which can be categorized
into three groups, including inertial cavitation, stable cavitation, as well as acoustic radiation
force-induced cross-membrane bubble translation. In the following, these mechanisms and
their key features are reviewed.

2.1.1. Inertial cavitation—Inertial cavitation, one of the first sonoporation mechanisms
developed, is typically associated with cavitating bubbles. When acoustic pressures are
sufficiently high (e.g., 0.3-1.0 MPa at ~1 MHz)[89-92] bubble collapse can be induced
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by acoustic waves thus generating a strong ‘“jetting’ flow (/.e., fluid streaming),[93-94]
which can further rupture the membrane of an adjacent cell as illustrated in Figure

la. In addition to pressure, the inertial cavitation performance is dependent on acoustic
wave frequency,[90-92, 95-96] py|se repetition rate,[89] pulse duration,[8% initial bubble radius,
[91-92] hupble properties,[90: 951 temperature, 971 fluid properties,[99: 98] wave-type,[99-100]
and device energy efficiency.[99-100] Apart from the “jetting’ effect, inertial cavitation

is also associated with shock waves generated from the bubble collapse. These shock
waves propagate and generate intense fluid streaming, resulting in the perforation of a cell
membrane,[72 94, 101-103] 35 shown in Figure 1b. However, the strong ‘jetting’ flow and
shock waves have high chances to create non-recoverable cell membrane pores and lead
to low cell viability.[89-72] |nertial cavitation also involves other unstable byproducts, such
as temperaturel104] and reactive oxygen species!195-197] that could influence intracellular
delivery and viability.

2.1.2. Stable cavitation—To address the issue of inertial cavitation, several stable
cavitation mechanisms (see Figure 1c-e) have been established to better control the

process of opening pores on cell membranes.[198-112] These mechanisms typically leverage
oscillating bubbles induced by acoustic waves. As shown in Figure 1c, when oscillating
bubble-induced fluid streaming applies a strong enough shear stress (~15 to ~5,000 Pa)

61, 111, 113-116] for a Jong enough duration (microseconds to minutes), (61, 111, 113-116]

pores can form on the cell membrane. Unfortunately, this mechanism highly depends on
bubble-cell distancel8 117-119] and bubble size,[79: 85 120-121]1 which are difficult to control.
On the other hand, when an oscillating bubble is attached on a cell membrane, the bubble
expansion (or contraction) can apply forces to push (or pull) the membrane as illustrated in
Figure 1d and e. Studies show that this push-pull process can open micropores on the cell
membrane for intracellular delivery.[61. 70. 79,114, 122] However, this mechanism is dependent
on successfully attaching bubbles on cell membranes. Usually, it is difficult to attach the
same number of bubbles on individual cells.[116. 120, 123]

2.1.3. Acoustic radiation force on bubbles—In addition to inertial and stable
cavitation mechanisms, recent studies show that the primary Bjerknes force (/.e., primary
acoustic radiation force applied on a bubble) can push a bubble through the cell membrane,
[124] a5 llustrated in Figure 1f. The primary Bjerknes force highly relies on the bubble
radius, acoustic impedance, and acoustic energy density.[125-127] By translating a bubble
across a cell membrane, the membrane can be temporarily disrupted, thus permitting the
diffusion of extracellular cargo into the cell.[79. 124, 128-130]

2.2. Conventional bubble-based technologies

Conventional bubble-based technologies typically leverage sonicating bath systems with
similar configurations (in Figure 2a-c) by placing planar or focused acoustic transducers
at the bottom or top of a sonicating bath to send acoustic waves to a chamber (e.g., petri
dish, Eppendorf tube, or customized chamber) containing both bubbles and cells. For these
conventional technologies, acoustic waves transmit to the chamber from the bath, induce
bubble dynamic behaviors in the chamber, and further enable sonoporation.
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To better understand the mechanisms of conventional sonoporation technologies, Helfield et
al. investigated the effects of acoustic pressure, frequency, and treatment time.[102] By using
an acoustic pressure of 0.5 MPa at 1 MHz, their results (in Figure 2d) only show negligible
bubble oscillation. However, with higher acoustic pressures, their results show strong bubble
oscillations at 0.8 MPa as well as bubble shell cracking with gas release at 1 MPa. These
different bubble dynamic behaviors can also be confirmed from the bubble size histories
(Figure 2e), which periodically change due to the applied acoustic waves. Moreover, their
response frequency results (Figure 2f) indicate large nonlinear frequency components. By
leveraging the acoustic waves-induced shell cracking (7.e., inertial cavitation), they observed
the primary adherent cell cytoplasm intake of cargos (e.g., propidium iodide, PI) and more
interestingly nucleus intake of cargos (Figure 2g). However, the bubble-based sonoporation
may greatly affect cell viability. For example, after an 8 ps burst of acoustic waves with
pressures in a range of 0.4-1.6 MPa, the viability can drop to a range of ~55-80%.

Many groups have leveraged conventional bubble-based sonoporation for delivering various
cargos into different types of cells. For example, Butto et a/. utilized 2.5 MHz acoustic
waves with peak pressures ranging from 0.6 to 4.8 MPa for inertial cavitation as well

as delivering 2 MDa dextran and green fluorescent protein (GFP) to cancer and cardiac
cells.[43] They found that high peak negative pressures led to higher delivery efficiency
with lower viability, ~40% for cardiac cells and ~70% for cancer cells. Karki et al.
employed conventional sonoporation with 5-12 seconds of stable cavitation at 2.2 MHz

to deliver siRNA to murine T cells.[48] The efficiency of delivering siRNA to murine T
cells was approximately ~60% with a viability of ~60%. As found in previous studies, the
acoustic wave pressure, frequency, and treatment time can have significant effects on the
bubble dynamic behaviors and accordingly the sonoporation mechanism and performance.
Therefore, these factors should be considered when using bubble-based sonoporation
technologies.

Recent bubble-based microfluidic technologies

Various bubble-based microfluidic platforms that fuse microfluidics and different bubble-
based sonoporation mechanisms have recently been developed to better control cell-bubble
interaction as well as achieve better intracellular delivery performance. For example, Meng
et al. developed a novel stable cavitation-based microfluidic device (Figure 3a), which
leverages a microfluidic channel to trap an array of bubbles for sonoporation.[!15] In their
device, when 107 kHz acoustic waves with pressures in a range of 7.4-64.1 kPa were

used, they found strong vortex streaming (Figure 3b) generated from oscillating bubbles
could attract and trap cells near the bubble shells. The vortex streaming also increased
shear stress (~177 Pa) on cells, thus increasing the membrane permeability. As shown in
Figure 3c, after 30-90 s of exposure time, cancer cells pre-stained with Calcein-AM (green)
showed PI (red), confirming the enhanced membrane permeability. Through a series of
experiments, they found that their device achieved Pl delivery efficiency in the range of
~70-90% with viability in a range of ~80-100%. Given these features, their device is still
limited by the number of bubbles that it can trap as well as the number of cells trapped

by bubble oscillation-induced vortex streaming. In addition to trapping bubbles, Centner
et al. leveraged a spiral microfluidic channel to enhance cell and bubble residence time in
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the sonicating bath region of interest.[131] As shown in Figure 3d and e, their setup can

be considered as a modified version of the conventional bubble-based setup in Figure 2,

by changing the chamber containing cells to a spiral microfluidic channel with flowing
cells. Compared to conventional setups, their device can achieve sonoporation for cells in a
continuous flow for potential high-throughput applications.

In addition to technologies directly leveraging cavitating bubbles, Meng et a/. demonstrated
a technology (Figure 3f) that uses surface acoustic wave-based acoustic tweezers to
precisely move a bubble to a target cell and then enable inertial bubble cavitation for
sonoporation.[132] As shown in Figure 3g, by tuning input phases and amplitudes from
multiple interdigital transducers, the controlled standing waves translated a bubble along
a complex path to the desired location. Given that their device employed high-frequency
surface acoustic waves, which are typically difficult to induce cavitation,[99-100] Meng et
al. leveraged an intense pulse of 24 MHz surface acoustic waves to successfully induce
inertial cavitation. After sonoporation, PI (red) successfully entered the transiently porous
cell (see Figure 3g). They found their approach could achieve an efficiency of ~80% and a
viability of ~90% for delivering PI to cancer cells. Although their technology is useful for
controlled sonoporation of a target cell adhered on a substrate, it may not be suitable for
high-throughput applications.

3. Non-bubble-based Sonoporation Technologies

3.1.

Recently, there has been a rising interest in developing non-bubble-based sonoporation
technologies to address the challenges associated with bubble-based sonoporation. This
section will review the non-bubble-based sonoporation mechanisms together with their
related forces for enhancing membrane permeability, such as acoustic radiation force applied
on cells and shear force induced by acoustic streaming. Afterwards, representative non-
bubble-based sonoporation technologies are reviewed in four different categories, which are
based on the acoustic wave types (such as bulk acoustic waves, Lamb waves, and surface
acoustic waves), wave frequency ranges, and particular attributes (e.g., high-throughput,
localized, and /n vivo sonoporation).

Non-bubble-based mechanisms

When acoustic waves propagate in a fluid containing cells, these cells experience both

the acoustic radiation force and the acoustic streaming-induced shear force.[133-138] These
forces can increase the membrane stress to thereby open pores on the cell membrane. For
cells adhered on substrates, the energy of acoustic waves propagating through substrates
can also apply forces on cells and further contribute to the membrane stress.[116] Figure

4 provides schematics for different non-bubble-based sonoporation mechanisms, which
leverage the aforementioned forces in different ways for opening pores on cell membranes.

Figure 4a-c illustrate non-bubble-based sonoporation mechanisms that utilize the primary
acoustic radiation force, which mainly depends on the cell radius, the acoustic contrast
factor, and the acoustic potential gradient.[227] More details of the acoustic radiation force
and its capabilities can be found in literature elsewhere.[126-127, 133, 139-142] Aq j||ustrated in
Figure 4a, the acoustic radiation force generated from a bulk acoustic wave transducer (gray
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area) pushes a cell through a constricting nozzle orifice.[143] As a cell is ejected from the
nozzle, the combined acoustic radiation force with the reaction force from the constricting
nozzle can open pores on the cell membrane. In addition to pushing cells through a nozzle,
recently, a bulk acoustic wave resonator leveraged acoustic radiation forces to push cells
to a pressure node located at the center of the microfluidic channel,[144-145] a5 illustrated
in Figure 4b. The applied forces through acoustic waves increase the membrane stress,
further leading to a change in permeability. Figure 4c shows a more recent mechanism
based on the acoustic resonator concept, which pushes cells to a pressure node located

at the channel wall.[43] As cells are flowing and/or rolling along the channel wall, they
experience both forces directly from the applied acoustic waves as well as forces from the
membrane-channel wall reaction.

Figure 4d-f illustrate the mechanisms for the sonoporation of cells adhered on substrates
by using different types of acoustic waves, such as Lamb waves, surface acoustic waves,
and localized bulk acoustic waves. Fundamentals of different wave types can be found

in previous studies.[126. 146-147] | these sonoporation mechanisms, the primary acoustic
radiation force, the acoustic streaming, as well as the forces applied through the cell-
substrate interface could all contribute to the cell membrane stress and the opening of
membrane pores. As illustrated in Figure 4d, antisymmetric Lamb waves in the kHz range
(or low-frequency flexural waves) generated from a piezoelectric transducer can efficiently
propagate along a thin-wall substrate to deliver wave energy to a cell adhered on the
substrate for sonoporation.[148] In this mechanism, the cell experiences forces directly
applied through the membrane-substrate interface. Moreover, the leaky Lamb waves (..,
waves that leak into the fluid domain) apply acoustic radiation force on the cell as well

as a shear force through the generated fluid streaming. In addition to low-frequency

Lamb waves, high-frequency surface acoustic waves can sonoporate cells adhered on a
substrate.[149] As illustrated in Figure 4e, the surface acoustic waves generated by an
interdigital transducer can propagate on the surface of a piezoelectric substrate[150-151]

and deliver acoustic energy to a cell adhered on the substrate. These surface acoustic
waves can apply forces on cells through the substrate-cell contact, leaky energy-induced
acoustic radiation force, as well as acoustic streaming-induced shear force. More details

of surface acoustic waves[126. 138-139, 146-147, 152-157] and acoustic streaming-induced shear
forces[126, 133, 139, 158-166] can he found in literature. Figure 4f shows a schematic of a
bulk acoustic wave-based mechanism for the sonoporation of a cell adhered on a substrate.
[167] particularly, when the acoustic transducer is small enough, it allows for localized
sonoporation of the cell above/near the transducer. To achieve localized sonoporation, some
recent studies have also introduced focused high-frequency acoustic waves (Figure 4g) to
generate a concentrated acoustic energy beam with enhanced acoustic radiation force to
permeabilize a target cell without influencing neighboring cells.[168-172],

Figure 4h and i illustrate non-bubble-based sonoporation mechanisms that rely on acoustic
streaming. As shown in Figure 4h, hyper-frequency (>1 GHz)[173-178] bylk acoustic waves
generated from a GHz acoustic resonator can generate intense acoustic streaming, which
applies a shear force on a cell adhered on a substrate. Studies show that the applied shear
force is strong enough to deform the cell and enhance the membrane permeability.[178] On
the other hand, surface acoustic waves generated by an interdigital transducer (e.g., tapered
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or focused transducer) can also enable strong surface acoustic wave streaming (Figure 4i)
and, therefore, apply a strong shear force to enhance the membrane permeability.[179-180]

In addition to the aforementioned non-bubble-based mechanisms, the acoustic energy
dissipation can lead to thermal energy, influencing the sonoporation performance. For
example, the temperature increase may affect the cell viability as well as the cell membrane
permeability.[22. 181-185] Therefore, researchers working on sonoporation are suggested to
characterize how their acoustic platforms influence the temperature condition as well as
how the temperature affects the sonoporation performance. In addition, the sonoporation
mechanisms can be used together with other intracellular delivery approaches such as
electroporation and viral vector-based approaches.[10. 186-192]

3.2. Low-to-mid-frequency, bulk acoustic wave- and Lamb wave-based technologies

In the low-to-mid frequency range (e.g., < 10 MHz), several sonoporation technologies
have recently been developed based on bulk acoustic waves and Lamb waves to achieve
intracellular delivery.[45. 143-145, 148] Ag shown in Figure 5a-d, Belling er a/. developed

a bulk acoustic wave resonator-based sonoporation device, composed of a glass capillary
coated with desired cargos and a piezoelectric transducer.[43] The acoustic waves generated
by the 3.3 MHz transducer can transmit into the fluid space inside the capillary and form
standing acoustic waves, which have a pressure node centered along the capillary wall
(Figure 5a). With this feature, the resulted acoustic radiation force can push cells on

the capillary wall coated with cargos, as they are flowing through the capillary (Figure
5b). Their studies show that the combination of the applied acoustic radiation force and
the reaction force from the cell-wall contact can enhance the membrane permeability as
well as enable direct contact between cells and coated cargos. Their results (Figure 5c¢)
show that Cy3-labeled DNA can be successfully delivered to the cytoplasm and even the
nucleus. To confirm the nuclear membrane rupture, the nuclear localization signal green
fluorescent protein (NLS-GFP) and 4,6-diamidino-2-phenylindole (DAPI) are used. Their
results (Figure 5d) show the spread of the NLS-GFP in post-treatment mouse embryonic
fibroblasts, indicating the rupture of the nuclear envelope. Surprisingly, even with the
nuclear envelope mechanically perturbed, the viability of this technology is >75% for
primary cells, given the negative effects that can come from tampering with the nuclear
envelope.[193-195] Although this method can achieve high-throughput (~2x10° cells/min)
intracellular delivery, the eGFP plasmid DNA expression is rather low (<28%) for primary
cells. This method shows great potential for moving the field of sonoporation forward as a
competitive, high-throughput intracellular delivery platform.

In addition to using bulk acoustic wave-based resonators, Lamb waves in the kHz range have
been utilized for sonoporation. Salari ef a/. established a Lamb wave-based sonoporation
platform,[148] composed of a piezoelectric disk for generating Lamb waves in a thin glass
substrate with a microfluidic chamber (Figure 5¢). The glass substrate can efficiently deliver
the 96 kHz Lamb wave energy to the microfluidic chamber. The wave energy further leads
to a microstreaming environment, which then pulls cargos closer to cells adhered on the
substrate and helps endocytosis for enhancing intracellular delivery performance.[148. 196]
With an exposure time of 20 minutes, their device can successfully deliver high molecular
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weight dextran (500 kDa) to various adherent cell lines (e.g., MDA-MB-231, MCF-7, and
PC3 cells) with efficiencies in the range of ~65-85%. This technology is useful for the
intracellular delivery to several cells per batch and can be scaled by the size of the chamber;
however, it has only been validated for cancer cells adhered on the substrate. It would be
valuable to see how this technology applies to primary cells and suspension cells.

3.3. High-frequency, bulk acoustic wave-based, localized technologies

Bulk acoustic waves at high frequencies (e.g., 10 MHz to 1 GHz) have smaller wavelengths
and generate higher acoustic radiation forces, compared to the waves in the low-to-mid
frequency range. With those features, several technologies based on high-frequency bulk
acoustic waves have been developed for sonoporation.[167. 169-170] These technologies
typically leverage customized transducers to generate strong localized bulk acoustic waves,
which achieve localized, precise delivery of different cargos into individual cells. For
example, Theo et al. developed piezoelectric micropillars, which were made of lead
magnesium niobate-lead titanate (PMN-PT) with microelectrodes, for achieving localized
sonoporation of target cells in small areas above the piezoelectric micropillars (Figure

6a and b).[1671 Their piezoelectric micropillars can emit 30 MHz acoustic waves with a
pressure of up to 0.4 MPa to oscillate the cells. When the applied pressure is above the
threshold pressure (~0.12 MPa),[167] their approach can lead to cell membrane failure and,
therefore, enhance the membrane permeability for intracellular delivery. As proved by their
experimental result (Figure 6¢), quantum dots can be successfully delivered to cells only in
the local areas above piezoelectric micropillars.

In addition to piezoelectric micropillars, customized ultrasonic transducers (Figure 6d and €)
based on curved LiNbO3 piezoelectric materials have recently been developed to generate
focused high-frequency (~150 MHz) acoustic waves for single-cell sonoporation.[169-170]
Yoon et al. showed that their developed ultrasonic transducer can concentrate acoustic
energy in a narrow beam, whose diameter was smaller than the size of a cell, to achieve
single-cell sonoporation without disrupting the membrane of neighboring cells. Moreover,
by using a 3D translation stage, they can freely move the ultrasonic beam to any desired
location for sonoporation. As shown in Figure 6f, their approach can deliver two different
types of cargos to two neighboring cells, through a cell-by-cell manner. The precision that
their sonoporation device achieves can potentially benefit the reprogramming of induced
pluripotent stem cells into different types of cells within the same cell culture plate.

3.4. Hyper-frequency, bulk acoustic wave-based streaming technologies

Another novel sonoporation technology worth noting is the hyper-frequency (e.g., >1 GHz)
bulk acoustic wave-based streaming. The hyper-frequency bulk acoustic waves are generated
by GHz acoustic resonators, which are nanofabricated multilayered structures with thin
electrodes, a piezoelectric layer, and reflector layers (see Figure 7a and b).[173, 177-178]

Guo et al. found that the generated hyper-frequency acoustic waves could lead to strong
acoustic streaming, which further applied shear forces on cells attached on a substrate to
change the membrane stress and induce cell deformation.[178] Because of the membrane
stress change, their technology can increase the membrane permeability for intracellular
delivery. By periodically applying hyper-frequency acoustic waves (1.64 GHz frequency
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and 50% duty cycle) for 10 min, the GHz acoustic resonators can successfully deliver
high-molecular-weight dextran (40 kDa) to cancer cells adhered on a substrate (Figure 7c)
with the delivery efficiency of ~47% and viability of ~70%. However, this small-size GHz
acoustic resonator can only sonoporate cells near the resonator. To address this limitation,
an array of GHz acoustic resonators has been used with each resonator placed in a well of a
96-well plate.[173]

3.5. High-frequency, surface acoustic wave-based technologies

Surface acoustic waves in the frequency range of 10°s MHz to 10’s GHz[150. 197-201]

have gained increased attention due to their extensive value in manipulation, separation,
and concentration of organisms,[202-204] ce||s, [205-218] particles, [140. 212, 215, 219-229] gnq
nanomaterials.[230-232] Recently, surface acoustic waves have been leveraged to develop
various technologies for sonoporation.[132. 149, 179-180, 233] These technologies usually apply
acoustic radiation force and acoustic streaming-induced shear force on cells for increasing
the permeability. Figure 8a shows one of the recently developed surface acoustic wave-
based permeabilization technologies that can achieve acoustically-mediated delivery to cells
attached to a solid substrate.l149] In this technology, surface acoustic waves are generated
from a straight interdigital transducer and travel along a piezoelectric (LiNbO3) wafer.
These waves can propagate to the fluid domain in a well plate by transmitting through a
fluid couplant layer and the plate’s glass bottom. Hence, for cells adhered on the glass
bottom, they are subjected to both acoustic radiation force and shear force induced by
acoustic streaming, which can increase the membrane permeability. Through experiments,
Ramesan et a/l. found that the membrane quickly resealed itself after acoustic treatment,
contributing to the high cell viability (>97%). By using 10 MHz surface acoustic wave and
an exposure time of 30 seconds to 10 min, they found this surface acoustic wave-based
technology exhibited the ability to deliver SiRNA to cells with ~40% delivery efficiency.
Moreover, the authors point out that the delivery mechanism for this surface acoustic
wave-based technology is not based on endocytosis pathways, due to the lack of overlap
(Figure 8b) between the lysosomes and the delivered siRNA in the cytosol, and that the
delivery mechanism is based on creating temporary gaps in the membrane, rather than large
irreversible pores.

In addition to using surface acoustic waves generated from a straight interdigital transducer,
Ramesan et al. leveraged a focused elliptical single phase unidirectional transducer to
generate focused surface acoustic waves with concentrated energy for the permeabilization
of cells suspended in a glass well plate (see Figure 8c).[179] By using 30 MHz surface
acoustic waves with an exposure time of 10 min, this platform can deliver siRNA to cancer
cells by temporarily reorganizing the cell membrane, to achieve ~80% gene knockdown
efficiency and ~91% viability. Moreover, their experimental results (Figure 8d) confirm that
the delivery mechanism is not wholly dependent on the endocytic uptake process, due to the
low overlap between the lysosomes and the siRNA distributed in the cytosol.

Besides /n vitro acoustically-mediated permeabilization, Ramesan et a/. recently have
demonstrated the feasibility of surface acoustic wave technologies for /n vivo applications.
[233] Figure 8e depicts their setup for using surface acoustic waves to facilitate the delivery
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of drugs to cells in the mucosal tissue. In this setup, a layer of drug is coated on the
piezoelectric wafer, which is then pressed onto the tissue. The surface acoustic wave energy
can leak into the tissue, induce cell membrane stress, and further enhance drug delivery. By
controlling the input voltage, frequency (17-55 MHz), and exposure time (10-40 s), they
found the drug delivery penetration depth could be managed in a range of 0-1,000 um for
delivering the optimal dose to the epithelium or mucosa region. Their experimental results
(Figure 8f) show that the fluorescein isothiocyanate (FITC, 20-70 kDa) labeled dextran
could penetrate the porcine lip tissue approximately 600 um and achieve ~40-90% delivery
efficiency.

To further achieve intracellular delivery for cells in continuous flow, Kamenac et a/. have
recently established a device, which uses acoustic vortex streaming generated by traveling
surface acoustic waves in a microfluidic channel (Figure 9a and b).[189] As cells flow
through the channel, they are subjected to both the shear forces applied through acoustic
vortex streaming and the hydrodynamic shear forces induced by the Y-shaped microfluidic
channel. These forces can open pores on cell membranes and enhance the intracellular
delivery of a variety of cargos (Figure 9c). Moreover, their study shows that the membrane
pores can seal within 1 min post sonoporation. With their optimal operation parameters
(surface acoustic wave frequencies in a range of 80.3-82.3 MHz, a flow rate of 80 uL/
min, and an exposure time of 2 min), the delivery of FITC-labeled dextran (10 kDa)

and eGFP (27 kDa) can be improved by 3-fold and 6-fold, respectively. This technology
shows its strengths by delivering genetic materials to cancer cells in a continuous flow.

It would be valuable to see if this technology could be applied to primary cells. With

the success of using acoustic streaming induced by 80 MHz surface acoustic waves for
intracellular delivery, we envision that the potential of using acoustic streaming induced
by hyper-frequency >1 GHz surface acoustic waves[150. 197-201] for sonoporation is very
plausible.

4. Conclusion and Outlooks

Sonoporation technologies have been rapidly evolving in recent years, with the increasing
need for vector-free physical permeabilization approaches for various applications, such
as induced pluripotent stem cell regenerative therapies, cancer immunotherapies, and drug
delivery.[1-12. 22] Thijs article reviews current sonoporation technologies in two categories:
bubble-based and non-bubble-based sonoporation. Their mechanisms, representative
platforms, and key capabilities are reviewed with more efforts on recent bubble-based
microfluidic and non-bubble-based sonoporation technologies. Multiple bubble-based
sonoporation technologies have been established to control cell-bubble interaction as well
as achieve better intracellular delivery performance, but these technologies often require
the use of special contrast agents, are often dependent on bubble to cell distance, and are
dependent on the number of bubbles to cells, which can be difficult to control. Therefore,
there has been a push for developing advanced non-bubble-based sonoporation technologies
to precisely engineer the acoustic forces to achieve high-throughput, viable sonoporation.
Nevertheless, there are several drawbacks that must be overcome in order for sonoporation
to attain its potential as a competitive intracellular delivery platform.
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Primarily, a deeper understanding and establishment of theoretical models of sonoporation
platforms is essential to applying optimized acoustic wave-induced forces to effectively
achieve intracellular delivery. Although progress has been made in the past couple of
decades in developing theoretical models for understanding the different types of forces
applied by bubble-based[234-240] and non-bubble-based[133: 142, 158, 161, 241-243] gcoystic
waves, there are still several unknowns that need to be addressed. There are limited in-depth
theoretical understandings of the cellular response (¢e.g., stress and deformation of the cell
membrane) to the forces applied by the recent non-bubble-based technologies, which are
crucial to predicting and developing efficient sonoporation platforms. It would also be
valuable to understand how the contents inside the cells are influenced by acoustic waves. In
addition, theoretical studies on how the acoustic waves affect the transport of cargos into the
transiently porous cell are crucial to understanding the interplay between acoustic waves and
intracellular delivery. The aforementioned theoretical studies will be invaluable in guiding
the development of future sonoporation platforms.

Next, a more thorough experimental investigation of the potential byproducts of
sonoporation is needed to more accurately identify the underlying mechanism of non-
bubble-based sonoporation platforms. Particularly, a thorough investigation should be
undertaken for the kinetics of pore formation and repair with sonoporation, for the
thermodynamics of the acoustic forces on the cell membrane, and for any other sonoporation
induced intracellular delivery pathway, such as endocytosis. These experiments will serve
the sonoporation and intracellular delivery community by laying the foundation for future
sonoporation developers.

Finally, it is essential for sonoporation platforms to demonstrate versatility in practical
applications. These include, but aren’t limited to, applications such as precise /n vitro
biofabrication of regenerative tissue constructs from induced pluripotent or mesenchymal
stem cells, high-throughput ex vivo immune cell or hematopoietic stem cell therapy
generation, and novel non-bubble-based non-invasive controlled drug delivery /n vivo.
With the established sonoporation theoretical models, novel acoustic metamaterials that can
control acoustic waves in the subwavelength scale, and clever engineering and designing of
acoustic transducers, these platforms could come to fruition.

As summarized above, by shifting the research focus from conventional bubble-based
sonoporation technologies to advanced bubble-based microfluidic and non-bubble-based
sonoporation technologies, multiple limitations of conventional technologies can be
addressed and critical capabilities (such as single-cell sonoporation, high-throughput
intracellular delivery, and /n7 vivo drug delivery with controlled penetration depth) can be
achieved. Although these recent advances are still in their infancy, we anticipate that future
iterations of bubble-based microfluidic and non-bubble-based sonoporation approaches
will lead to multiple highly competitive and marketable physical permeabilization-based
intracellular delivery technologies. In the long run, the development of sonoporation
platforms can benefit both fundamental biomedical and biological research and various
applications such as cell reprogramming, cell-based therapy, and controlled drug delivery.
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Figure 1.
Schematics for illustrating the bubble-based sonoporation mechanisms. They illustrate

mechanisms based on (a) the jetting effect caused by a bubble undergoing inertial cavitation,
(b) the shock waves generated from a collapsing bubble, (c) the acoustic streaming induced
by a stable oscillating bubble, (d) the pushing effect on the cell membrane induced by
bubble expansion during oscillation, (e) the pulling effect on the cell membrane induced by
bubble contraction during oscillation, (f) the force applied on the cell membrane by a bubble
that is pushed through the membrane under an acoustic radiation force.
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Figure 2.
Conventional bubble-based sonoporation technologies. (a-¢c) Schematics for illustrating the

typical setups, which usually have a sonicating bath and a chamber containing cells and
bubbles. (a) The typical setup with an ultrasonic transducer at the bottom of the bath and

a chamber (e.g., sealed petri dish) with cells adhered on the chamber wall. (b) The typical
setup with an ultrasonic transducer at the bottom of the bath and a chamber (e.g., Eppendorf
tube) with cells in suspension. (c) The typical setup having a chamber (e.g., customized
sealed chamber) with suspension/adherent cells at the bottom of the bath and an ultrasonic
transducer at the top of the bath. The transducers in (a) to (c) can either be planar or focused
ultrasonic transducers. (d) Experimental results showing that bubbles in acoustic fields can
have different dynamic behaviors, such as limited oscillations with small deformation at

the acoustic pressure of 0.5 MPa (top row), asymmetric compression/expansion oscillations
at 0.8 MPa (middle row), and acoustic wave-induced shell cracking at 1 MPa (bottom

row). White arrows point to the bubbles with gas release induced by shell cracking. (e)

The histories of normalized bubble areas for quantitatively characterizing different dynamic
behaviors observed in (d). (f) The response frequencies of bubbles showing nonlinear
components. (g) Quantitative characterization of sonoporation induced propidium iodide
(PI) intensity changes in the cytoplasm and nucleus with respect to time. The experimental
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results were acquired using endothelial cells, an acoustic frequency of 2 MHz, and a
peak-negative acoustic pressure of 0.9 MPa. (d-g) Reproduced with permission.[192] 2017,
Ultrasound in Medicine and Biology.
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Figure 3.
Recent sonoporation technologies that fuse bubble-based sonoporation and microfluidics.

(a) A schematic of a device that can trap an array of microbubbles along the sidewalls of
microfluidic channels and apply acoustic waves to induced stable cavitation (.., oscillation
of trapped bubbles). The bubble oscillation further generates vortex streaming, which can
trap cells near the bubble shells and apply shear forces to increase the bubble permeability.
(b) A microscopic image showing vortex streaming caused by oscillating bubbles. (c)
Sonoporation results of MDA-MB-231 cells by using the bubble-based microfluidic device.
Calcein-AM (green) is used to show viability and propidium iodide (PI, red) is used to
indicate the membrane permeability change. (a-c) Reproduced with permission.[!15] 2019,
Advanced Science. (d) A schematic of a setup that fuses the conventional sonicating bath
and a microfluidic channel for continuous sonoporation. (e, top and bottom) A photo

and a schematic of a spiral microfluidic channel for cells to flow through. The spiral
configuration allows for controlling the cell residence time in the microfluidic channel so
that cells experience sufficient treatment time. (d-e) Reproduced with permission.[311 2020,
Biomicrofluidics. (f) A schematic of a setup that leverages surface acoustic wave-based
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acoustic tweezers to precisely move a microbubble to a target cell and then apply an acoustic
pulse to enable inertial bubble cavitation at the cell location for sonoporation. (g, left) A
stacked image showing a bubble can be translated following a complex path to a target cell.
(g, right) A captured fluorescence image showing that Pl (red) can successfully enter the
transiently porous cell, after inertial bubble cavitation. (f-g) Reproduced with permission.
(1321 2014, Applied Physics Letters.
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Figure 4.

Schematics for illustrating non-bubble-based sonoporation mechanisms. To increase the
membrane permeability, different mechanisms have been used, including (a) using travelling
acoustic waves to eject a cell through a nozzle orifice for sonoporation, (b) using standing
acoustic waves in a half wavelength resonator to push cells to the center of the resonator

for sonoporation of cells flowing through the resonator, (c) using standing acoustic waves

in a quarter wavelength resonator (or a thin resonator) to push cells to the wall of the
resonator for sonoporation of cells flowing through the resonator, (d) using Lamb waves (or
flexural waves) propagating along a thin-wall substrate for sonoporation of cells adhered on
the substrate, (e) using surface acoustic waves propagating along the surface of a substrate
for sonoporation of cells adhered on the substrate, (f) using travelling bulk acoustic waves
for sonoporation of adherent cells in the area above the acoustic transducer, (g) using
focused bulk acoustic waves with concentrated energy for localized sonoporation of a single
cell adhered on a substrate, (h) using acoustic streaming induced by hyper-frequency bulk
acoustic waves for sonoporation of adherent cells in a small area near the wave source, and
(i) using acoustic streaming induced by focused surface acoustic waves for sonoporation of
cells in a glass well plate.
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Figureb5.
Sonoporation technologies based on low-frequency bulk acoustic waves and Lamb waves.

(@) A schematic of a bulk acoustic wave resonator-based sonoporation device, composed

of a glass capillary coated with cargos and a piezoelectric transducer. (b) Microscopic
image showing that the acoustic radiation force can push Jurkat cells on the capillary wall
coated with cargos, as the cells flow through the capillary. (c) Confocal microscope images
showing that Cy3-labeled DNA (TRITC channel, orange) can be delivered to a Jurkat

cell. The nucleus is stained with 4,6-diamidino-2-phenylindole (DAPI, blue). (c, bottom)
Fluorescence intensity plots showing the distributions of DAPI and TRITC across the cell
and indicating that TRITC can be delivered to the nucleus. (d) Confocal images of mouse
embryonic fibroblasts that were virally transduced with a nuclear localization signal green
fluorescent protein (NLS-GFP), treated with the acoustofluidic device, fixed, and stained
with DAPI (red). The NLS-GFP allowed for the observation of perturbations to the cell
nuclei. The acquired overlay images indicate nuclear envelope rupture, allowing for the
delivery of DNA into the nucleus. (a-d) Reproduced with permission.[43] 2020, Proceedings
of the National Academy of Sciences. (e) A Schematic of a Lamb wave-based sonoporation
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device that consists of a surface bonded piezoelectric disk, a polydimethylsiloxane (PDMS)
chamber, and a glass substrate with adherent cells. The Lamb wave generated by the
transducer can propagate along the glass substrate, temporarily permeabilize the cell, and
induce microstreaming to enhance both the delivery of cargos to the cell membrane and
endocytosis. Reproduced with permission.[148]1 2021, Lab on a Chip.
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Figure 6.
Sonoporation technologies based on high-frequency bulk acoustic waves. (a) A schematic

of a sonoporation device that utilizes lead magnesium niobate-lead titanate (PMN-PT)
micropillars to generate high-frequency (~30 MHz) bulk acoustic waves for the sonoporation
of cells seeded on gold electrodes above the micropillars. (b) A bright field image of
fabricated 3x3 micropillars with gold electrodes as well as cells adhered on the electrodes.
(c) Quantum dots (CdSe/ZnS QD) can be successfully delivered to green fluorescent protein
(GFP) expressing human melanoma (LU1205) cells seeded above the micropillars. (a-c)
Reproduced with permission.[167] 2011, Biosensors and Bioelectronics. (d) A schematic of
a platform that uses focused high-frequency (~150 MHz) ultrasonic waves for single-cell
sonoporation. By using a stage to precisely control the ultrasonic transducer’s position, this
platform can be used for the sonoporation of any target cell adhered on the petri dish. (¢) An
image and a schematic of the ultrasonic transducer, which relies on a curved lithium niobate
(LiNbOg) layer to generate focused ultrasonic waves with concentrated energy in a narrow
ultrasonic beam. (f) Experimental results showing that two different proteins, mTurquoise2
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and mCherry, that can be successfully delivered to two neighboring cells. (d-f) Reproduced
with permission.[169-1701 2016, 2017, Scientific Reports.
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Figure7.
Sonoporation technology based on acoustic streaming induced by hyper-frequency bulk

acoustic waves. (a) A schematic of a setup that uses a pentagon-shaped GHz acoustic
resonator to generate hyper-frequency bulk acoustic waves, which further induce acoustic
streaming. The acoustic streaming can apply shear forces on cells adhered on a substrate

to deform the cell for temporary membrane permeabilization. Reproduced with permission.
[178]1 2021, Advanced Science. (b, left to right) A photo of a GHz acoustic resonator, a
scanning electron microscopy (SEM) image of the resonant area, and a cross-section SEM
image of the GHz acoustic resonator. Reproduced with permission.[173: 1771 2020, ACS
Applied Materials and Interfaces and 2017, Small. (c) Microscopic images showing HeLa
cells with 40 kDa fluorescein isothiocyanate (FITC) dextran after sonoporation using the
GHz resonator for 10 min. Reproduced with permission.[178] 2021, Advanced Science.
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Figure 8.
Surface acoustic wave-based permeabilization technologies. (a) A schematic of a platform

that uses a straight interdigital transducer (IDT) on a lithium niobate (LiNbO3) wafer to
generate surface acoustic waves (SAWSs) for the acoustically-mediated delivery to cells
adhered on the glass bottom of a well plate. In this platform, the energy of the surface
acoustic waves is coupled to the glass well plate using a fluid couplant. (b) Confocal
microscopy images of HeL a cells with and without the surface acoustic wave-based
sonoporation. Compared to the group without surface acoustic waves, the siRNA cargos
are more efficiently delivered to the cells in the group with surface acoustic waves. (a-b)
Reproduced with permission.[2491 2018, Nanoscale. (c) A schematic of a platform that uses
a focused elliptical single-phase unidirectional transducer (FE-SPUDT) on a LiNbO3 wafer
to generate focused surface acoustic waves for the permeabilization of suspension cells in a
glass well plate. (d) Confocal microscopy images of Jurkat cells with and without surface
acoustic wave-based sonoporation. For the group treated with surface acoustic waves, the
delivered siRNA cargos are found to overlap less with the lysosomes. (c-d) Reproduced
with permission.[1791 2021, ACS Applied Bio Materials. (€) A schematic of a setup for

the delivery of drug to the mucosal layer by using surface acoustic waves. (f) Microscopy
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images showing the distributions of fluorescein isothiocyanate (FITC) albumin (green) in
multiple layers of the porcine lip tissue at different depths, after surface acoustic wave-based
sonoporation. (e-f) Reproduced with permission.[233]1 2018, Lab on a Chip.
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Figure.
Sonoporation technology relying on acoustic streaming induced by surface acoustic waves.

(@) A schematic of a platform that uses acoustic streaming induced by traveling surface
acoustic waves for the sonoporation of cells flowing through a microfluidic channel. (b)
An acquired microscopy image showing acoustic streaming induced by traveling surface
acoustic waves. (c) Experimental results showing fluorescein isothiocyanate (FITC, green)
dextran can be delivered to HeLa cells. The 4,6-diamidino-2-phenylindole (DAPI, blue)
stain is used for the cell nucleus. The Alexa 594 red stain is used for indicating dead cells.
(a-c) Reproduced with permission.[18%] 2021, Processes.
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