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A B S T R A C T

Acoustic tweezers are a highly promising technology for targeted drug delivery thanks to their unique capa
bilities: (i) they can effectively operate in both in vitro and in vivo environments, (ii) they can manipulate a wide 
range of particle sizes and materials, and (iii) they can exert forces several orders of magnitude larger than 
competing techniques while remaining safe for biological tissues. In particular, tweezers capable of selectively 
capturing and manipulating objects in 3D with a single beam, known as ‘single beam tweezers’, open new 
perspectives for delivering drug carriers to precise locations. In this review, we first introduce the fundamental 
physical principles underlying the manipulation of particles using acoustic tweezers and highlight the latest 
advancements in the field. We then discuss essential considerations for the design of drug delivery carriers 
suitable for use with acoustic tweezers. Finally, we summarise recent promising studies that explore the use of 
acoustic tweezers for in vitro, ex vivo, and in vivo drug delivery.
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1. Introduction

A major challenge in the drug delivery field is to effectively target 
and deliver therapeutic agents to their intended destinations. To address 
this challenge, extensive research has focused on modifying active 
pharmaceutical ingredients (API) or biological drugs to better control 
their pharmacological activity and their biological fate. One approach is 
to develop prodrugs which are APIs conjugated to targeting moieties 
that can specifically recognize a specific cell receptor. However, they 
often face rapid clearance and premature degradation in the body [1]. 
Therefore, the encapsulation of drugs into drug delivery systems (DDS) 
(e.g. nano- and microparticles) represents a strong alternative by pre
venting drug degradation and decreasing their clearance by prolonging 
circulation time in the blood (e.g. through PEGylation) [2]. These ad
vantages over traditional therapies can improve drug targeting to spe
cific sites, delivery of contrast agents for imaging, and overall drug 
safety [3]. While microparticles (MPs) are mostly employed for sus
tained drug release [4], chemoembolization [5] or inhalation therapies 
[6], nanoparticles (NPs) present the advantage of having a smaller size 
which facilitates their uptake by cells. Controlling the fate of NPs car
rying drugs in the body has been made possible by tailoring their shape, 
surface charge, or modifying their surface with specific ligands that can 
selectively recognize receptors within the target tissue [7]. However, 
after injection, DDS generally suffer from poor control over their journey 
towards the disease site.

When DDS are introduced into the body via local or systemic in
jections, they are subsequently subjected to random motion (Brownian 
motion) and flow in biological fluids [8]. Efficient delivery to tissues or 
cells is also impeded by biological barriers (e.g., extracellular matrix, 
mucus layers, cell membranes) that NPs must bypass to reach their 
target. To address these challenges, extensive research has been con
ducted to better control the transport of particles with the aim of 
improving their accumulation at the disease site. For this purpose, sci
entists have explored the possibilities offered by external stimuli (e.g., 
light, magnetic or acoustic fields) to drive drugs to specific locations.

After reviewing existing techniques for externally-driven drug 
transport, we report here how the unique capabilities of acoustic 
tweezers for biocompatible remote micro- and nano-manipulation could 
be combined with specifically designed drug carriers to address previ
ously unmet challenges. The second section compares existing external 
technologies for the transport of drugs/particles and introduces their 
respective advantages and drawbacks. The third section introduces the 
physics behind manipulation with acoustic tweezers as well as the latest 
developments. The fourth section focuses on the design of suitable drug 
carriers for acoustic transport. Finally, the last section provides exam
ples of first attempts to use acoustic tweezers for in vitro, ex vivo and in 
vivo drug delivery and offers perspectives for further exploration of this 
field.

2. State-of-the-art of externally-driven transport for drug 
delivery

In this section, we will describe state-of-the-art technologies that are 
commonly reported in the litterature for moving various particles in the 
context of drug delivery in order to compare them with the use of 
acoustic tweezers.

2.1. Light-driven transport

Optical tweezers. Micro- and nano- particles can be manipulated 
with light using so-called optical tweezers [9]. Optical tweezers rely on 
the optical radiation forces to manipulate objects with a tightly focused 
laser beam [10]. Optical tweezers have found many applications in 
physics and biology ranging from cooling and trapping of atoms [11–15]
to the characterization of molecular-scale biological motors [16] and 
DNA mechanical properties [17], as well as the manipulation of 

individual cells and microorganisms [18,19]. However, they face several 
significant drawbacks (see Table 1) that impede their application to drug 
delivery: (i) the poor penetration of light in opaque tissues limits their 
use to superficial or transparent tissues and in vitro applications, (ii) the 
force that can be applied by optical tweezers is typically restricted to the 
piconewton (pN) range [10], which limits their efficiency in counter
acting biological flow forces or enabling NP penetration, and (iii) their 
biocompatibility is constrained by photothermal damage and photo
toxicity [20–24].

Opto-thermophoresis. The use of light has found applications in 
photothermal or photodynamic therapies for cell death induction and 
triggered drug delivery for spatiotemporal controlled release of drugs 
[25]. It has also been investigated for displacing particles [26] or cells 
[27] mostly through thermophoretic motion. In the context of opto- 
thermophoresis (Table 1), a thermal gradient is created by irradiating 
a light-absorbing material with a laser at a suitable wavelength to locally 
increase the temperature. Positive thermophoretic motion, often 
referred to as ’thermophoresis,’ is the phenomenon characterised by the 
movement of a large molecule or colloidal particle within a solution in 
response to a macroscopic temperature gradient [28]. Typically, this 
migration occurs from areas of higher temperature to areas of lower 
temperature, driven by the increased kinetic energy of solvent molecules 
in the warmer regions, which effectively propels the colloidal particles 
towards the cooler side. However, it is worth noting that colloidal NPs 
can also exhibit an opposite behaviour known as ’negative thermo
phoretic motion’, where they move from “cold” to “hot” regions and 
accumulate near the focus of the laser, resulting in a form of particle 
trapping similar to what occurs with optical tweezers [28,29]. The latter 
is not completely understood but the role of solvent and NP composition 
strongly affects the direction.

Thermophoresis offers distinct advantages over traditional optical 
tweezers. Unlike optical tweezers, which rely on differences in refractive 
indices between colloidal particles and their surrounding environment, 
thermophoresis is less dependent on such variations. Furthermore, 
thermophoresis requires lower levels of light power and involves less 
complex optical setups facilitating potential translation for use in vivo 
[30].

However, there are significant drawbacks that can impede the clin
ical application of thermophoresis. Firstly, it often involves complex 
chemistry and necessitates the use of non-biodegradable metals such as 
gold or platinum. Secondly, as for optical tweezers, light penetration 
remains limited to a few millimetres to centimetres in the near-infrared, 
which currently restricts the applicability of this approach to superficial 
or transparent tissues. Finally, light can be absorbed by biological tis
sues, leading to photochemical or photomechanical damage to the 
healthy surrounding tissues as observed in pigmented tissues like the 
retina [31].

2.2. Magnetically-driven transport

Magnetic nanoparticles have found applications in the treatment of 
many diseases, including cancer and neurodegenerative disorders 
[32,33]. These applications harness NPs’ ability to induce cell death 
through heat generation (magnetic hyperthermia), to trigger drug 
release or to provide magnetic guidance for precise drug delivery.

One key advantage of using magnetic guidance with nanocarriers 
(Table 1), as opposed to relying on light, is that the human body is 
essentially “transparent” to magnetic energy and fields [34]. Conse
quently, magnetic particles, which exhibit greater responsiveness to 
magnetic fields than tissues, can be subjected to higher localized energy, 
enabling precise targeting. Therefore, magnetic NPs can accumulate 
within a region of interest where the magnetic field is applied. Most of 
the time, superparamagnetic iron oxide nanoparticles (SPIONs) are used 
as they are magnetised only when a magnetic field is applied, unlike 
ferromagnetic particles which retain magnetization even after the 
external field is removed.
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While magnetic guidance holds promise, it also presents certain 
limitations. As in the case of opto-thermophoresis, relatively complex 
systems are required since they must incorporate a superparamagnetic 
component in their structure along with the cargo of interest. Besides, 
particles cannot be accumulated in 3D as using a magnetic field implies a 
two-dimensional organisation of the objects which can limit their 
penetration in the targeted tissue. Finally, it is crucial to consider that 
patients cannot be exposed to a magnetic field for extended periods of 
time, which can significantly restrict therapeutic efficacy [35].

2.3. Assets of acoustic tweezers for drug delivery and comparison to other 
techniques

In comparison to light and magnetically-driven transport, acoustic 
manipulation techniques are of great interest for drug delivery appli
cations (Table 1) since they enable:

(i) the manipulation of a wide range of particles’ materials (as 
long as the density and/or the compressibility contrast of the object is 
sufficient compared to the surrounding fluid [36]) and sizes (from 
millimetric [37] down to micrometric [38] or even nanometric sizes 
[39], depending on the driving frequency (typically from MHz to GHz 
frequencies) and the trapping mechanism at play (i.e. radiation force or 
acoustic streaming, see section 3.1).

(ii) the application of higher forces magnitude (up to μN [40]) 
compared to their optical or magnetic counterparts. This capability is 
essential for controlling drug carriers, delivering drugs in strong flow 
environments and overcoming biological barriers.

(iii) high biocompatibility below cavitation and deleterious heat
ing thresholds defined by the mechanical and thermal indices.

(iv) non-invasiveness with good penetration of ultrasounds (US) 
into human tissues. Note that the penetration depth relies on the driving 
frequency, as detailed in section 3.1.

(v) strong spatial selectivity (i.e. the ability to target and move a 
specific object independently of other neighbouring objects) and 3D 
trapping capabilities since the acoustic wavefield can be engineered to 
obtain 3D localised traps [40–42].

(vi) ease of synthesis as the appropriate wavefields can be 

synthesised with recently developed holographic techniques, see sec
tion 3.3.

Table 1 summarises the possibilities and limits of the main manip
ulation techniques (i.e., magnetic field, light and acoustics) from the 
perspective of in vivo drug delivery. In section 3 the underlying physics 
of acoustic manipulation with acoustic tweezers will be described with a 
special focus on how acoustic tweezers can be designed for drug delivery 
applications. After the description of drug delivery systems suitable for 
acoustic manipulation (section 4), we introduce existing results on drug 
delivery with acoustical techniques in the last section (section 5).

3. Acoustic tweezers: Principles and capabilities

The effective in vivo manipulation of DDS for therapeutic applica
tions requires a comprehensive understanding of their interactions with 
acoustic waves. In this section, we will (i) introduce the fundamental 
physical principles underlying the acoustic manipulation of particles 
and fluid with acoustic waves and their consequence on the design of 
appropriate DDS, (ii) explain how the field can be shaped to manipulate 
DDS for targeted drug delivery, and (iii) discuss the capabilities and 
limitations of current acoustic technologies envisioned for relevant 
wavefields synthesis.

3.1. Physical principles

Acoustic waves are defined as small vibrations propagating through 
a supporting medium. They are generally divided into infrasound (fre
quencies below 20 Hz), sound (between 20 Hz and 20 kHz), and ultra
sound (above 20 kHz), depending on how the frequency content of the 
wave compares to the audible spectrum. To operate at the millimetre 
down to micrometre length scale in liquids, ultrasounds in the MHz to 
GHz range are required. At these frequencies, the vibrations are 
extremely small (typically on the nanometer scale) and fast (over 1 
million vibrations per second). In the absence of nonlinearities, the net 
effect produced by a sinusoidal acoustic wave on an embedded object 
would be null, meaning that the object would return to its initial position 
once the wave has passed through it. Hence, the manipulation of objects 

Table 1 
Comparison of externally-driven modes of transport for drug delivery systems.

Driving 
field

Technology Typical size of 
manipulated 
particles

Maximal 
forces

Addressable 
particles

Compatibility 
for in vivo application

Biocompatibility limitations

Light Optical 
tweezers

~100 nm to ~ 
10μm

~ 100 pN Optically transparent or 
absorbent 
Preferably with a higher 
refractive index than the 
surrounding medium

Limited to superficial or 
transparent tissues in the visible 
range 
Up to a few cm of penetration in 
the near-infrared range 

Thermal damages and 
phototoxicity induced by the 
laser

Opto- 
thermophoresis

~100 nm to ~ 
10μm

~ 100 pN Contrast in thermal 
conductivity and specific heat 
compared to the surrounding 
medium 

Limited to superficial or 
transparent tissues in the visible 
range 
Up to a few cm of penetration in 
the near-infrared range 

Thermal damages and 
phototoxicity induced by the 
laser

Magnetic Magnetic 
tweezers

~1 μm to 10μm ~ nN Magnetic and 
superparamagnetic beads

Only limited by the strength of the 
magnetic field required for deep 
penetration into the tissues

Careful choice of magnetic 
materials and surface coating is 
required to ensure 
biocompatibility

Acoustic Acoustic 
tweezers

~ 100 nm to mm ~ μN Particles with density and/or 
compressibility contrast 
compared to the surrounding 
medium

Trade-off between: 
(i) the spatial selectivity (which 
increases linearly with the 
frequency), and  
(ii) the penetration depth of US 
(which is inversely proportional 
to the frequency in soft tissues and 
thus decreases with the 
frequency).

No damage produced by the field 
below cavitation and deleterious 
heating thresholds. 
Biocompatible and 
biodegradable materials must be 
chosen among the large range of 
US-responsive materials
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with acoustic waves can only be achieved through the use of nonlinear 
cumulative effects (i.e., effects that are not null when averaged over 
time).

Two nonlinear effects can be used for the manipulation of particles 
with acoustic waves [36]: (i) the acoustic radiation force and (ii) the 
acoustic streaming. The acoustic radiation force represents a net force 
applied at the interface between two media bearing different acoustic 
properties (i.e., density and compressibility). This force results from the 
transfer of pseudo-momentum [43] from the wave to the particle and 
heavily relies on the acoustic contrast between the object to be manip
ulated and the surrounding medium. The acoustic radiation force is at 
the heart of trapping and manipulation with acoustic tweezers and has 
fundamental practical relevance for the targeted manipulation of DDS. 
The second effect, called acoustic streaming, is a flow resulting from the 
absorption of the acoustic wave by the supporting fluid. Essentially, the 
energy absorbed by the fluid is converted into a flow. This flow can be 
directly used to transport DDS in targeted areas by using the drag force, 
but it can also be detrimental when the desired effect is the acoustic 
radiation force, as the flow can release particles held by the acoustic 
radiation force.

It is interesting to note that the ratio of the respective magnitudes of 
the acoustic radiation force and the streaming drag force strongly depends 
on the size of the particle [44,45]. Indeed, Muller et al. [44] demon
strated – for boundary streaming – that below a critical radius, the 
acoustically-induced (i.e., acoustophoretic) motion of particles is 
dominated by acoustic streaming while above this value, the acoustic 
radiation force prevails. Furthermore, the acoustic wave frequency plays 
a fundamental role in the ability to manipulate particles, especially drug 
carriers under biological conditions in vivo. First, the dependence of the 
absorption coefficient of acoustic waves on frequency follows a power 
law, with an exponent close to one in soft tissues within the MHz fre
quency range, and equal to two in water for frequencies up to the GHz 
range. Therefore, the manipulation distance strongly depends on the 
frequency. In addition, the ability to manipulate a single object or a 
small cluster of objects independently of neighbouring objects, called 
spatial selectivity, requires focusing the energy in the close vicinity of 
the object [41,42]. As a wave cannot be focused at length scales that are 
significantly smaller than the wavelength (λ), and since λ = c/f , with f 
the frequency and c the sound speed, of the order of 1500 ms− 1 in water, 
the selective manipulation of objects at millimetric scales requires using 
MHz frequencies while the manipulation of micrometric objects requires 
frequencies in the GHz range. Thus, there is a trade-off between the 
manipulation distance and the selectivity.

3.1.1. The acoustic radiation force
Manipulating DDS using the acoustic radiation force requires a 

thorough understanding of the forces they experience depending on 
both their intrinsic properties and the characteristics of the incident 
acoustic field. Various types of wavefields can be considered to manip
ulate particles, and the expression of the radiation force differs signifi
cantly among them. Below, we consider three cases: (i) particles moved 
by standing waves with a wavelength larger than the particle size (the 
Long Wavelength Regime, LWR), (ii) particles moved by a progressive 
wave in the LWR, and (iii) particles moved by a wavefield whose 
wavelength is comparable to or smaller than the particle size, i.e. the 
Mie regime.

Acoustic radiation force for a standing wave in the long wave
length regime. Standing waves are characterised by absolute amplitude 
maxima and minima positions that do not evolve in time. They arise 
from the interference of progressive waves traveling in opposite di
rections, which can be generated either by opposite transducers or 
through reflections at boundaries. In 1962, Gork’ov [46] proposed a 
simple general formula for the radiation force experienced by a spherical 
particle in a standing wave in the LWR, that is to say when the wave
length λ is much larger than the particle radius a.

Under these assumptions, the acoustic radiation force Frad
̅̅→ can be 

expressed as the gradient of a potential U: 

Frad
̅→

= − ∇
→U, (1) 

with U = V

[

f1
<p2

in>

2ρf c2
f
− f2

ρf<v2
in>

2

]

, < f(t) >= 1
T
∫ t+T

t f(t)dt the time average 

of the function f , V the volume of the particle, cf the sound speed in the 
fluid, pin the incident acoustic field pressure, vin the incident acoustic 

field velocity, f1 =
(
1 − κp/κf

)
, f2 =

3(ρp/ρf − 1)
2ρp/ρf+1 , and ρp, ρf , κp and κf the 

density and compressibility of the particle (index p) and of the fluid 
(index f), respectively.

This expression shows (i) that the radiation force is nonlinear, as it 
depends only on the squares of the incident pressure and velocity fields, 
(ii) that it is proportional to the gradients of the acoustic potential and 
kinetic energies, and (iii) that the conversion of these acoustic energy 
gradients into a force increases with the compressibility and density 
contrasts between the particle and the surrounding fluid, and vanishes in 
the absence of such contrasts. This implies that only contrasted particles 
can be manipulated with the radiation force and that higher contrasts 
will lead to stronger forces.

Further insights into the force experienced by a particle in a standing 
wave can be gained by considering the simplified expression for the case 
of a plane standing wave pin = Acos(kz)sin(ωt), with the wavenumber 
k = ω/c, ω the angular frequency, and z the axis of propagation of the 
wave. Plane standing waves correspond to standing waves with constant 
amplitude and phase in planes orthogonal to the propagation axis. While 
this configuration is somewhat academic, it allows us to capture some 
essential physics. In this case, the expression of the force reduces to: 

Frad
̅→

= VkϕsEp
acsin(2kz) z→, (2) 

with c the sound speed, Ep
ac =< p2

in > /2ρf c2
f the acoustic potential en

ergy density, and ϕs =
5ρp/ρf − 2
2ρp/ρf+1 − κp/κf , the acoustic contrast factor, which 

is a function of the ratio of the density (ρp/ρf ) and compressibility (κp/κf )

contrasts.
First, this expression shows that the radiation force applied on a 

particle scales linearly with the applied acoustic power (acoustic energy 
density). Second, this expression indicates that this force decreases 
rapidly with the size of the trapped particle, as it scales with the volume 
of the particle. Finally, this expression highlights the role played by the 
acoustic contrast factor ϕs. If ϕs is positive, the radiation force has the 
same sign as the function sin(2kz), i.e. positive above the central node 
and negative afterwards. Thus, particles are pushed towards the pres
sure nodes (minima) (Fig. 1). This occurs for particles that are stiffer (i. 
e., less compressible) and denser than the surrounding fluid. However, if 
the contrast factor ϕs is negative (e.g. for particles that are more 
compressible and less dense than the surrounding fluid), particles are 
pushed toward the pressure antinodes (maxima). Therefore, particles 
with opposite contrast factors have opposite behaviours.

These three major parameters (i.e., acoustic power, particle size, and 
acoustic contrast factor) have strong implications for the manipulation 
of DDS. Indeed, DDS characterized by high density and compressibility 
contrasts are desirable to obtain a strong radiation force. Secondly, as 
the radiation force decreases rapidly with the size of the particle, small 
particles (compared to the wavelength) will experience lower radiation 
force upon the same incident wavefield. Finally, the trapped position 
inside a standing wave depends on the density and compressibility 
contrasts between the DDS and the surrounding fluid. Thus, the acoustic 
wavefield must be designed properly to trap DDS at the desired position.

Acoustic radiation force for a plane progressive wave in the long 
wavelength regime. For a plane progressive wave (i.e., a uniform wave 
traveling freely along a specific axis while maintaining constant 
amplitude and phase across planes orthogonal to that axis), there is no 
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gradient of the acoustic potential and kinetic energy, so the Gork’ov’s 
expression of the radiation force vanishes. But this is only due to the 
limitations of Gork’ov expression, which is not suitable for this type of 
waves. Gork’ov’s expression of the radiation force was later extended by 
Sapozhnikov & Bailey [46] for any type of incident wavefield (including 
standing and progressive waves). For a plane progressive wave oriented 
in the z→ direction their general formulation of the radiation force re
duces to: 

Frad
̅→

= VkϕpEp
ac(ka)3 z→, (3) 

with ϕp = 2/3(f2
1 + f1f2 + 3/4f2

2 )

The expression (3) shares some similarities with equation (2) as they 
are both proportional to the volume of the particle V, the acoustic po
tential energy Ep

ac and the wavenumber k. But: (i) the function ϕ of the 
density and compressibility contrast differs, and (ii) most importantly, 
an additional factor (ka)3 appears in equation (3) compared to (2). Since 
in the LWR, this factor ka = 2πa/λ is small (since a≪λ), the radiation 
force exerted by a plane progressive wave is some orders of magnitude 
smaller than its standing wave counterpart. Therefore, when shaping an 
acoustic field to manipulate small DDS compared to the wavelength, it is 
noteworthy to underline that if the incident wave is a combination of 
standing and progressive waves, the standing wave contribution will 
exert a much stronger force than the progressive one. This expression 
also shows that the particle is pushed in the direction of propagation of 
the acoustic wave.

To conclude, the above expressions (equations (1–3)) of the acoustic 
radiation force relies on several hypothesis: (i) an inviscid fluid, (ii) a 
harmonic incident wave, (iii) a dilute suspension, (iv) spherical particles 
and (v) a small particle size compared to the wavelength. Gork’ov’s 
expression of the radiation force has, however, been extended by various 
authors to account for viscous [47], thermal [48], and transient [49]
effects, interaction between particles [50], as well as to treat the case of 
ellipsoidal particles [51]. These expressions remain nevertheless limited 
to the LWR. This regime is interesting to transport DDS collectively. 
Indeed, since particles are small compared to the wavelength in this 
regime, many particles can experience a similar wavefield and force and 
hence follow the same trajectory. However, the LWR is limited in terms 

of (i) selectivity (i.e., the ability to target and trap single objects inde
pendently of neighboring objects) and (ii) force, since the force is 
directly related to the size of the particle compared to the wavelength.

Acoustic radiation force calculation beyond the long wave
length regime. The calculation of the radiation force applied to a 
spherical particle, regardless of its size and position, was performed 
more recently by three groups [46,52,53]. Silva [52] and Baresh, 
Marchiano, & Thomas [53] developed a multipole expansion method (i. 
e., the acoustic wavefield was decomposed into a sum of spherical 
harmonics), while Sapozhnikov & Bayley [46] used an angular spectrum 
decomposition (i.e., the wavefield was decomposed into a sum of plane 
waves using a spatial Fourier transform of the wavefield in a source 
plane). The equivalence of the expressions derived by these different 
authors was demonstrated in [54]. These methods allow the calculation 
of the radiation force applied to a particle regardless of its position in the 
wavefield, enabling the estimation of the stiffness of the acoustic trap 
created by acoustic tweezers. It is important to underline that when the 
acoustic wavelength approaches the particle size, some intrinsic reso
nances of the particle can be excited, leading to trapping forces that can 
strongly differ (in amplitude and direction) and may even be opposite to 
the Gork’ov’s expression [55]. The regime in which the wavelength is 
similar to or larger than the particle size, known as the Mie regime, is 
interesting for the development of spatially selective tweezers capable of 
targeting single or small collections of DDS, as, in this case, the wave
field can be localized in the vicinity of the DDS by focusing the wave at a 
length scale comparable to the targeted object. In addition, the radiation 
force applied to a DDS is much stronger when its size is comparable to 
the wavelength than in the LWR [55]. Therefore, using the Mie regime is 
particularly valuable for manipulating DDS in complex environments, 
such as tissues or flows, where strong forces are required. The force can 
be further increased by exciting the DDS at its resonance frequency. 
However, the use of DDS resonances requires highly monodisperse 
systems as the resonance frequency depends on its size and shape.

3.1.2. Acoustic streaming
Origin. As previously mentioned, acoustic streaming results from the 

absorption of an acoustic wavefield by the medium and from nonlinear 
effects which convert this absorbed energy into a flow. In standard 
fluids, the absorption of acoustic waves is due to viscous and thermal 
dissipation, the former being dominant in liquids. This absorption scales 
as the square of the frequency in liquid such as water, while the ab
sorption in soft tissues scales as the frequency in the MHz regime, as 
described previously. The thermo-viscous absorption of the wave can 
either occur in the bulk of the fluid during the wave propagation but also 
near the boundaries due to the presence of a thermo-viscous boundary 
layer. In the first case, the resulting streaming is called “bulk” or “Eck
art” streaming, while in the second case, the streaming is called “Ray
leigh” or “boundary” streaming.

Boundary or “Rayleigh” acoustic streaming. This type of 
streaming generates vortices in the vicinity of a vibrating boundary, 
which can either be a wall, a sharp edge or the surface of a vibrating 
particle or bubble (Fig. 2).

The first theoretical expression of boundary streaming was derived 
by Lord Rayleigh [59] in 1884. Since then, boundary streaming has been 
widely studied in various configurations [56,60,61]. Gradually, models 
and simulations have been refined to integrate thermal effects [62,63], 
time dependence [64], larger flow velocities behind the low Reynold 
number limit [65,66], or even fluid inhomogeneities [67]. Since the 
computation of the viscous boundary layer is numerically costly, 
simplified methods based on effective slip velocities have also been 
developed [68–73].

In the framework of drug delivery, this boundary streaming can be 
used to generate localised streaming vortices at the extremity of pointy 
transdermal patches [74] or to create plumes of particles in the vicinity 
of an oscillating bubble [75], as detailed in section 5.

Bulk streaming or “Eckart” acoustic streaming. Streaming flow 

Fig. 1. Graphical illustration of how particles are pushed towards the 
nodes or antinodes of a plane standing wave depending on their acoustic 
contrast factor ϕs. The background image of the upper graph corresponds to 
the absolute pressure amplitude, the black lines to the sinusoidal pressure field 
at two times separated by half a period, and the red arrows and green arrows 
show in which directions particles are pushed depending on their contrast 
factor ϕs. The graph below shows the sign of the function sin(2kz), which de
termines, along with the contrast factor ϕs, in which direction the particles 
are pushed.
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resulting from the absorption of an acoustic wave in the bulk of the fluid 
was first reported in the XIXth century [76]. It was then rationalized by 
Eckart [76,77], who proposed an analytical expression of the flow 
produced by a plane wave of finite extent insonifying a cylinder by using 
a vorticity approach. Later on, a simpler expression of the streaming 
source term that can be readily injected into classical flow equations (i. 
e., Navier-Stokes) was derived by Nyborg [68] using a time-averaging 
technique. Nevertheless, while being very simple and theoretically 
exact, this expression contains terms that do not contribute to acoustic 
streaming and that can induce large numerical errors, as pointed out in 
[68,78].

This difficulty was overcome by Riaud et al. [78], who proposed a 

simple expression for the streaming volumic force fstr
̅→

in a liquid, that 
does not generate numerical artefacts: 

fstr
̅→

= α < I→> /cf ,

where α =
ω2μ(43+

ξ
u)

ρf c3
f 

is the acoustic wave attenuation coefficient, < I→ >=

< pin vin
̅→

> the time averaged intensity vector, cf the sound speed in the 
fluid, ω the angular frequency, μ and ξ are the shear and bulk viscosities 
of the fluid, and ρf its density.

This expression clearly shows that the streaming is proportional to 
the wave intensity and attenuation. In liquids, the wave attenuation 
scales as the square of the frequency and increases with the viscosity. 
Nevertheless, the dependence of the resulting flow velocity on the fluid’s 
viscosity is complex [78], since increasing viscosity enhances the force 
but also increases the flow resistance. It is important to note that all the 
aforementioned expressions of bulk streaming were derived under the 
approximation of laminar (i.e., characterised by low Reynolds number) 
flows. More recently, researchers have worked on extending bulk 
acoustic streaming expressions beyond this approximation, both theo
retically [79–82] and numerically [83]. Other effects, such as the role 
played by the near field [84] or the driving frequency [83] on bulk 
streaming jets have been thoroughly investigated. In particular, it was 
shown in this last study that (i) small jet radii can only be obtained by 
increasing the actuation frequency and (ii) the maximum speed of the 
streaming jet scales as the frequency to the power 3/2, hence offering 
the possibility to generate extremely high-speed microjets of several 
metres per second at GHz frequencies, as also reported experimentally 
[39,85]. In addition to streaming jets produced by plane waves, re
searchers have investigated the bulk streaming produced by Bessel 
beams and in particular acoustical vortices [86–89]. They have 
demonstrated that this type of waves was able to produce a combination 
of toroidal and poloidal flows.

In the context of drug delivery, bulk streaming appears highly 
interesting for creating localized jets (Fig. 3) able to transport drugs or 
particles to a specific location and to help cross biological barriers. The 
demonstration of precise particle trapping and displacement of micro
particles by GHz streaming jets has been demonstrated by Guo et al. 
[90].

3.1.3. Implication of the physics on the choice of DDS
The physical principles introduced in this first subsection have sig

nificant implications for the design of DDS. The manipulation using the 
acoustic radiation force requires particles with (i) high density and 
compressibility contrasts relative to the surrounding fluid and (ii) a 
significant size compared to the wavelength. Indeed, the magnitude of 
the radiation force increases with the density and compressibility con
trasts and scales with the particle’s volume (in the long-wavelength 
regime, LWR). In contrast, for manipulation using acoustic streaming, 
small DDS (i.e., with a size relative to the wavelength) with low density 
and compressibility contrasts will be favored as they are minimally 
influenced by the radiation force and will follow the streaming flow. 
Naturally, these physical requirements for efficient particle transport 
must be balanced with biological considerations such as biocompati
bility, the ability to cross biological barriers, and the capacity to carry 
drugs (see section 4) to achieve the best compromise for drug delivery 
applications.

The underlying physics also provides essential guidance in selecting 
the appropriate wavefield for drug delivery, a topic that will be 
addressed in the next subsection. Since acoustic tweezers refer to the 
manipulation of objects using the acoustic radiation force, the next 
subsection will focus on shaping the acoustic field to optimize the 
manipulation of DDS with the radiation force.

3.2. Shaping of the wavefield for DDS transport

Different types of wavefields have been considered to generate 
acoustical traps using the acoustic radiation force (Fig. 4).

3.2.1. Collective manipulation with non-localized standing waves
First, non-localized standing waves have become very popular for 

patterning [93–100], sorting [101–106], and manipulating objects 
[107–109] in microchannels. Such standing waves can result either from 
the interference of progressive waves of the same frequency propagating 
in opposite directions or from the excitation of cavity mode (Fig. 4A). 
They are of high practical interest for in vitro manipulation since (i) 
microchambers cavity resonances can be used to produce high ampli
tude standing waves, (ii) the trapping force is some orders of magnitude 

Fig. 2. Illustrations of boundary streaming. (A) 3D measurement of tracers motion induced by Rayleigh streaming inside a cavity. Adapted from [56]. (B) Micro
streaming vortices around sharp edges. Adapted from [57]. (C) Microstreaming patterns around a non-spherically oscillating bubble. Adapted from [58].
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larger than the one produced by a progressive wave in the LWR and (iii) 
particles trapped at the nodes or antinodes of the standing wave can be 
manipulated collectively. However, they remain of limited interest for in 
vivo targeted drug delivery applications. Indeed, their synthesis would 
require positioning opposite transducers or a transducer and a reflector 
all around the area of interest, and that for each dimension of manipu
lation or to use natural acoustic cavities existing in the human body. 
Secondly, the wave invades the whole space between the transducer and 
the reflecting boundaries, resulting in (i) the energy being spread and 
(ii) the wave collectively affecting all objects along its path, thereby 
preventing spatial selectivity. Multiple particles trapped at different 
nodes of a standing wave will consequently follow the same trajectory 
(Fig. 5A). For targeted drug delivery, spatially selective single-beam 
tweezers are therefore highly desirable to concentrate the energy only 
in the vicinity of the DDS and hence obtain larger forces, while avoiding 
side-effects.

3.2.2. Selective manipulation with localised waves
Two main approaches have been envisioned to create acoustic traps 

with spatial selectivity. The first strategy relies on spatial localization 
through the use of laterally (Fig. 4B) or 3D focused wavefields (Fig. 4C) 
[40–42,110–114] aiming to localise the energy where the object needs 
to be trapped. The second approach relies on the use of pulses [92,115]
that will interact only at a specific location, thus locally generating a 
trap. Note that the second strategy is not a single beam approach since it 
requires the interactions between multiple pulses propagating in oppo
site directions.

Spatial localization with focused wavefields. The use of focused 
waves to trap objects is at the core of optical tweezers [9]. This idea was 
then investigated in the field of acoustics early on by Wu [110] and then 
extensively by Shung and co-workers [111]. But as discussed in section 
3.1.1, particles that are denser and stiffer than the surrounding medium 
tend to be trapped at pressure nodes and thus to be expelled from 

Fig. 3. Image of a bulk streaming microjet produced experimentally with a 750 MHz transducer. The flow is visualised by adding some ink to the water close to the 
transducer located on the left side. Note that the gravity field is horizontal and oriented toward the left of the picture. Adapted from [85].

Fig. 4. Common wavefields used for particle trapping with acoustical tweezers. (A) Non localized standing waves: (i) 2D standing wave resulting from the interaction 
of 2 orthogonal plane waves, (ii) Cavity modes. Adapted from [91]. (B) Temporally localized waves resulting from the intersection of two wave pulses. Adapted from 
[92]. (C) Spatially localized waves: (i) laterally focused waves (cylindrical Bessel beams), (ii) 3D focused beams (focused wave, focused vortex). Adapted from [36].
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pressure maxima in the LWR. Consequently, many particles and mi
croorganisms of interest (e.g., droplets, solid particles, cells, bacteria, 
etc.), which are denser and stiffer than water cannot be trapped at the 
focal point of a focused wave (at least in water [116]). This tendency 
could be modified in the Mie regime. However, an extensive study by 
Gong & Baudoin [55,116] showed that while it is possible to obtain a 2D 
lateral trap in water for this type of particles in the Mie regime, (i) this 
can only be achieved at very specific frequencies close to the particles’ 
resonance frequency, and (ii) no axial trap can be obtained (i.e., in the 
direction of the wave propagation).

Therefore, an ideal beam for selective particle trapping of this type of 
particles with a single beam would require a focused beam bearing 
minimum pressure at the focal point and surrounded by a high intensity 
pressure shell. This can be achieved by using specific beams called 
focused acoustical vortices [36]. These waves are helical waves spinning 
around a phase singularity axis. They are called vortices as their phase 
structure mimics a vortex (Fig. 4C). It was first shown theoretically 
[112] and then experimentally by Baresch, Marchiano & Thomas 
[40,112] that these vortices exhibit 3D trapping capabilities with a 
single beam. Selective trappings of micrometric particles [41,42] as well 
as cells [42] have also been demonstrated with this type of beam in 
microfluidic chambers (Fig. 5B). So far, most of the experimental 
demonstration of targeted drug delivery using acoustic tweezers relies 
on this type of beam, as detailed in section 5. We can also note that so- 
called cylindrical Bessel beams can be used to produce a high intensity 
central beam with only lateral focalisation, if only lateral trapping of the 
objects is required.

Spatial localization with pulse interaction. This approach relies 
on pulses generated by opposite transducers interacting locally to create 
a localized standing wave [92,115]. The idea is that, since the acoustic 
force is much larger for standing waves than for progressive waves in the 
LWR (see section 3.1.1), the two opposing progressive waves will only 
weakly influence the particles they encounter during their propagation 
and will strongly affect only those at the points where the pulses inter
fere. The advantage of this approach is that spatial localization can be 

achieved using simple, large-bandwidth transducers. The limitations 
are: (i) selectivity is constrained by the pulse duration, which is itself 
limited by the transducer bandwidth; (ii) large-bandwidth transducers 
are less efficient for wave synthesis than their resonant counterparts, 
thus limiting the amplitude of the synthesized wave; and (iii) this 
principle mainly works in the LWR, since otherwise other particles 
would be affected by the propagating pulse, thereby reducing selec
tivity. Finally, this approach is not a single beam approach and hence 
requires opposite transducers for each trapping direction, which might 
be difficult to implement in practice for in-vivo targeted drug delivery 
applications.

The advantages and limitations of the different types of wavefields 
for drug delivery are summarized in Table 2.

The next natural question is the technology that can be used for the 
synthesis of appropriate wavefields for DDS manipulation.

3.3. Technologies for the synthesis of wavefields for particles trapping and 
manipulation

Different technologies can be used to create appropriate wavefields 
for particle trapping (Fig. 6).

Bulk transducers (Fig. 6A). First, plane waves of finite lateral extent 
can be generated by simple bulk transducers made of a piezoelectric 
layer activated by two electrodes deposited on each side of the piezo
electric layer. This transducer can be complemented by a backing layer 
made of an acoustical absorber to increase the bandwidth to generate 
pulses. This backing layer increases the bandwidth but at the same time 
reduces resonance phenomena by absorbing part of the energy, even
tually leading to reduced efficiency. It is also possible to insert a quarter 
wavelength acoustic matching layer to improve the energy transmission 
to the fluid. These types of bulk transducers can be combined or put in 
contact with the walls of a cavity to synthesise standing waves. The bulk 
transducers can also be combined with an acoustic lens to turn the plane 
wave into a focused wave or a passive hologram to generate a complex 
wavefield as described below.

Fig. 5. Illustrations of (A) the absence of spatial selectivity of acoustic tweezers based on non-localized standing waves, and (B,C) the selective manipulation of 
particles using (B) focused acoustic vortices and (C) pulsed acoustic waves respectively. Spatial selectivity refers to the ability of trapping and manipulating a targeted 
particle independently of other neighboring particles. (A) (i) Standing wave synthesized using two sets of opposite InterDigital Transducers (IDTs) (see section 3.3). 
Adapted from [108]. (ii) Image illustrating the absence of selectivity of non-localized standing waves: two particles trapped at two different nodes cannot be moved 
independently and will follow the same trajectory. Adapted from [107] (B) (i) Representation of a focused vortex generated by interdigitated transducers (see section 
3.3) selectively trapping a single particle at the focal point; (ii) Selective displacement of a 75 µm polystyrene bead between other particles using a focused vortex. 
Adapted from [41]. (C) (i) Two sets of opposite IDTs with large bandwidth used for the synthesis of interacting pulses. (ii) Image sequence showing the spatially 
selective manipulation of a particle using interacting pulses. Adapted from [115].
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Table 2 
Comparison of different types of acoustic wavefields for particle trapping and drug delivery.

Type of 
wavefield

Subtype of 
wavefield

Spatial 
selectivity

Trapping 
capability

Single 
beam

Type of particle 
trapped

Radiation force 
magnitude 
(þ/þþ/þþþ)

Advantages for 
drug delivery

Limitations 
for drug delivery

Non– 
localized 
wave

Plane 
progressive 
waves

No No 
(only pushing)

Yes No trap + Simplicity Weak force 
No selectivity 
No trap (just pushing)

Plane 
standing 
waves

No
1D, 2D or 3D 
depending on the 
number of 
orthogonal pairs of 
transducers

No Any
++

(Cavity resonance 
but energy spread 
spatially)

Simplicity 
Relatively 
strong trap

No selectivity 
Not single beam 

Focused 
wavefield

Cylindrical 
Bessel beams

Only lateral 
focusing

Lateral trap 
(particle pushed 
along the 
propagation axis)

Yes
Any (depends on 
the order of the 
Bessel beam)

++

(Only lateral 
focalization)

Strong lateral 
trap combined 
with axial 
pushing

Only lateral trap

Focused 
beams

Yes 
(3D 
focusing)

3D for specific 
particles

Yes
3D trap only for 
particles less stiff 
and/or less dense 
than the 
surrounding fluid

+++

(3D focusing)
Simplicity 
Selectivity 
3D trapping 
capability 
Large force

Traps only specific 
objects 
Manipulation requires 
dynamic displacement of 
the focal point 
(mechanical motion of 
the transducer or 
dynamic field synthesis)

Focused 
vortex

Yes 
(3D 
focusing)

3D Yes 3D trap for 
particles more 
dense and more 
stiff than the 
surrounding fluid

+++

(3D focusing)
Selectivity 
3D trapping 
capability 
Large force

Manipulation requires 
dynamic displacement of 
the focal point

Locally 
interacting 
pulses

​ Yes 
(local pulse 
interaction)

1D, 2D or 3D 
depending on the 
number of 
orthogonal pairs of 
transducers

No Any
++

(Limited by the 
transducer 
bandwidth)

Simplicity 
Selectivity

Not single beam

Fig. 6. Figure illustrating different types of technologies used for the synthesis of wavefields. (A) Single bulk transducer; (B) Surface wave transducer; (C) 2D 
transducer array; (D) 3D-printed acoustic hologram; (E) Interdigital Transducers (IDTs) active holograms. (A),(B),(C),(D) and (E) are adapted from 
[117,108,118,119] and [41], respectively.
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Surface wave transducers (Fig. 6B). Surface acoustic waves (also 
called Rayleigh waves) are waves that propagate along the surface of a 
solid substrate, with their energy confined within a thin layer—on the 
order of one wavelength—at the substrate’s surface. The most common 
system used in the literature to synthesize this type of waves in the MHz 
to GHz range are the so-called Interdigital Transducers (IDTs), some 
arrays of intertwined metallic electrodes patterned at the surface of a 
piezoelectric medium. These IDTs were initially used for signal pro
cessing in telecommunications [120] but have also been used more 
recently to trap and manipulate objects in microfluidic set-ups 
[107–109]. While these surface acoustic waves are extremely interesting 
for 2D manipulation in microfluidic set-ups (since they are easily 
transmitted to thin layers of fluids lying above the surface), they appear 
less interesting for in vivo drug delivery applications wherein the 
manipulation of objects must be performed at larger distances and in 3D. 
However IDTs have been recently turned into active holograms for 
complex bulk waves synthesis (see last paragraph).

Transducers arrays (Fig. 6C). To generate complex wavefields, a 
classical method relies on the use of transducer arrays 
[113,118,121–125]. These transducer arrays enable the synthesis of 
complex wavefields by controlling the phase and the amplitude of each 
of the transducers with dedicated electronics. The phase and the 
amplitude to generate a target signal can be optimised by using the in
verse filter technique [126]. The major advantage of these transducer 
arrays is that the wavefield can be modified dynamically, which means 
that they could be used to dynamically control DDS. Their main limi
tations are the price (i.e., the cost of the array and the electronics) and 
the difficulty in miniaturising 2D arrays to achieve 3D high frequency 
field control, notably due to cross-coupling, impedance mismatch and 
microfabrication issues.

Passive holograms (Fig. 6D). To address the cost issue, cheaper 
ways have been investigated to shape wavefields. In particular, many 
recent investigations have focused on passive approaches to transform a 
plane wave into a complex wavefield. These passive methods include 3D 
printed acoustic phase holograms [119,127–131], diffraction gratings 
[132–134] and metamaterials [135]. These techniques are very conve
nient as the hologram can be obtained by inexpensive 3D printing or 
ablation techniques. Nevertheless, the resolution of these cost-effective 
methods can be limited by the precision of the engraving or printing 
technique. With this technique, many different types of wavefield 
including focused waves and acoustical vortices can be synthesized. 
Even 3D complex wavefields such as wavefields representing a flying 

bird can be obtained by combining multiple sources [131].
Active holograms based on Interdigitated Transducers (Fig. 6E). 

In the previous approach, the acoustic source and the acoustic hologram 
are two separate entities. Recently a new approach [41] has been pro
posed to turn directly the electrodes activating the piezoelectric material 
into a hologram. This approach relies on the IDTs introduced previously, 
but this time (i) these IDTs are used to synthesize bulk acoustic waves 
and (ii) the electrodes are shaped to generate a specific wavefield. This 
approach has been used to synthesize high frequency focused acoustical 
vortices for particle [41] and cell [41,42] manipulation. The main 
advantage relies on its simple fabrication, based on the deposition of a 
set of metallic electrodes on a piezoelectric medium which can be ach
ieved with high precision by classical photolithography techniques used 
in the semiconductor industry. This enables the easy synthesis of high 
frequency complex wavefields for the selective manipulation of small 
objects [38].

The advantages and limitations of the different types of wave syn
thesis systems are summarized in Table 3.

4. Drug carriers for acoustics

Building on the fundamental principles outlined above in section 3, 
this part aims to describe DDS that are commonly used in combination 
with ultrasounds (US) for drug delivery to propose a reflection on which 
of these systems could be used with tweezers.

While US have been extensively explored for imaging purposes 
[136], for crossing barriers [137] or for spatio-temporal drug release 
[138], the use of acoustic tweezers to control the motion of DDS is still in 
its infancy. In this part, we described existing US-responsive DDS that 
can be suited for use in combination with acoustic tweezers for 
controlled-motion while keeping the necessary properties to address 
drug delivery challenges. We also provide non-exhaustive examples of 
successful applications of these DDS in combination with US.

4.1. Requirements for acoustic-driven drug delivery

Drug delivery is generally described as the ability to transport an 
administered compound to a specific diseased tissue or cell, for thera
peutic or diagnosis purposes. Conventional delivery of drugs has been 
carried out using drug carriers, aiming to increase drug stability, phar
macokinetics parameters, safety and delivery efficiency [1391407].

The delivery journey. DDS must overcome three major limitations 

Table 3 
Comparison of different wave synthesis techniques for particle trapping and drug delivery.

Technology Simplicity 
(þ/þþ/þþþ)

Cost 
(þ/þþ/þþþ)

Type of wavefield 
synthesized

Maximum 
frequency

Dynamic 
evolution of 
the wavefield

Advantages for 
drug delivery

Limitation for drug 
delivery

Single bulk 
transducer

+++ +

(Commercially 
available)

Plane progressive 
wave

~GHz No Simplicity Only plane progressive 
wave can be 
synthesized with a 
single bulk transducer

Surface acoustic 
wave 
transducer 
(IDT)

++ ++

(Cheap but requires 
clean room 
equipments)

Surface wave ~GHz No Interesting for on 
chip operations 
(in vitro)

Not usable for in-vivo 
drug delivery 

Transducer 
array

+ +++ Arbitrary ~10 MHz Yes Strong flexibility 
for complex 
manipulation

Cost 
Complexity 
Limited frequency =>

limited selectivity
Passive 

holograms
+++ + Arbitrary Limited by the 

resolution of the 3D 
printer or ablation 
technique

No Simplicity 
Arbitrary 
wavefield =>

adaptability

Wavefield cannot be 
modified dynamically 
Selectivity limited by 
the resolution of the 
hologram

Active 
holograms

++ ++

(Cheap but requires 
clean room 
equipments)

Arbitrary (but with 
less precision than 
passive holograms for 
complex fields)

GHz No Arbitrary 
wavefield =>

adaptability 

Wavefield cannot be 
modified dynamically
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before reaching the target area: (i) multi-level biological barriers (sys
temic, microenvironmental and cellular); (ii) biotransformation caused 
by factors such as pH change, reductive environments and membrane 
permeation enhancement; and (iii) pharmacokinetic alterations due to 
factors such as protein binding, blood circulation (shear) stress, drug 
half-life and clearance. Biological barriers and environmental in
teractions can significantly affect delivery efficiency depending on the 
depth of the biological target (e.g. organ, sub-organ and cell) which 
influence the number of barriers to cross. Therefore, knowledge about 
the delivery target and the administration route is crucial when designing 
DDS. The delivery target must be identified in terms of both the drug’s site 
of action, which may occur at different levels (e.g. molecular, subcel
lular, tissue) and its mechanism of action (e.g. metabolic pathway). 
Additionally, the route of administration must be determined according to 
the location of the delivery target and the biological barriers that need to 
be crossed. The formulation of the drug carriers must be carefully 
controlled since their size, surface charge and shape can influence the 
crossing of barriers (e.g. cellular uptake, sequestration in the extracel
lular matrix (ECM), endosomal escape), the protein adsorption and their 
clearance pathway. The choice of the material for designing DDS is also 
of high importance as it can provide sensitivities to external stimuli that 
could help overcome those three major challenges (i.e., crossing bar
riers, protein adsorption and body clearance). Indeed, designing DDS 
with materials responsive to US can help better reach the diseased area 
through mechanical disruption of barriers or on-site drug release leading 
to higher delivery efficiency. The material choice also needs to be driven 
by safety concerns and thus oriented towards biocompatible and 
biodegradable components such as lipids, FDA-approved polymers (e.g. 
poly(lactic acid) (PLA), poly(acrylamide) (PAAm)) and proteins.

Two other key factors must be considered especially when designing 
DDS for use with acoustic tweezers: their ability to release the drug at 
the targeted location and their acoustic properties.

The release challenge. Once the DDS has reached its biological 
target, the drug must be released in a controlled and efficient manner. 
This challenge requires careful design of the DDS, particularly con
cerning the drug loading strategy which can be based on either: (i) co
valent linkage or (ii) physical encapsulation. A covalent bond between 
the drug and the carrier can facilitate the incorporation of stimuli- 
sensitive moieties [7,141] (e.g., pH, reductive environment or en
zymes) enabling drug release in specific areas. However, since 
covalently-bound drugs can be easily degraded on the surface of the 
carrier, physical encapsulation emerged as an interesting alternative by 
providing higher drug stability and improving solubility [142]. The 
loading strategy also depends on the chemical nature of the drug (i.e. 
hydrophilic or hydrophobic), as this will influence the choice of material 
and formulation method. Additionally, not every carrier is suitable for 
physical encapsulation. For example, microbubbles consist of a thin 
shell that allows only limited loading capacity around a gaseous core, 
which cannot be used for encapsulation [142,143].

The acoustic properties. As mentioned in section 2.3, acoustic 
tweezers can trap and displace a large range of particle sizes (typically, 
from ~ 100 nm to 1 mm) and materials. If the radiation pressure is used 
as the manipulation force, the drug carrier must have a sufficient 
acoustic contrast (i.e., density and compressibility) compared to the 
surrounding medium. However, if the particles are moved based on the 
acoustic streaming, acoustic contrast is not required. Selective trapping 
additionally requires the use of particles with sizes comparable to the 
acoustic wavelength (see section 3).

4.2. Capabilities and limits of drug carriers for use with acoustic tweezers

Nano- and microtechnologies have been extensively explored for 
biomedical applications since the 1960 s and the discovery of liposomes 
as pharmaceutical carriers [144]. The development of materials for 
acoustics has revolutionised the perspectives of using US in the 
biomedical field, paving the way for innovative and transdisciplinary 

diagnosis and treatment strategies. Various types of polymeric or lipid 
carriers such as antibubbles, microbubbles, nanodroplets have been 
designed to meet specific acoustic requirements (i.e., compressibility 
and density) while also showing promise as systems for drug delivery 
applications (Fig. 7).

4.2.1. Polymeric systems
Polymeric systems represent promising candidates for designing so

phisticated DDS (Table 4 and Fig. 7) due to their ease of synthesis which 
allows precise control over their size, shape, architecture and charge. 
Multiple polymer functionalization strategies already exist to improve 
targeting efficiency, including post-functionalization of hyperbranched 
polymers [145] or the design of prodrugs [141,145], allowing for either 
monomer functionalization (grafting through), post-polymerization 
grafting (grafting from) or modification of the polymerization control 
agent (drug-initiated) strategies. Moreover, polymers can bypass bio
logical barriers and can be designed to become stimuli-sensitive [146]
(e.g., to temperature [147], magnetic fields [148] or pH [149]).

4.2.1.1. Polymeric capsules (i.e., hollow core). Poly(lactic-co-glycolic) 
acid (PLGA) hollow microparticles have been specifically designed to be 
responsive to ultrasounds. By evaporating encapsulated materials (e.g., 
camphor and ammonium carbonate) after the emulsification process, a 
hollow space is created inside the polymeric particle allowing it to be 
filled with air. This type of particle has demonstrated significant contrast 
enhancement (up to 24 and 25 dB when insonated at 5 and 7.5 MHz, 
respectively [150]). In an effort to improve drug loading which is often 
complicated by the presence of gas in the inner structure of particles, 
Kooiman et al. have developed oil-filled polymer microcapsules with a 
shell made of fluorinated end-capped PLA and a tunable core composi
tion for US-mediated delivery of lipophilic drugs. They were able to 
obtain microparticles with various core types: gas only, a mixture of oil 
and gas or oil only by adjusting the cyclodecane/hexadecane ratio 
during formulation. This type of system is highly promising for acoustic- 
driven drug delivery, as it can encapsulate (i) lipophilic drugs in the oily 
part inside the capsules and (ii) ultrasound-sensitive gas, offering an 
alternative to gas-only particles with limited encapsulation capacity. 
However, special attention must be given to residual solvent traces 
remaining after formulation, as they may hinder clinical translation 
[151].

4.2.1.2. Polymeric particles (i.e., plain core). Polymer nanoparticles 
have also been designed for acoustics using natural polymers like gelatin 
[152] as a shell component. Interestingly, gelatin can provide sufficient 
acoustic contrast for high-resolution US imaging. Gelatin-based NPs 
encapsulating doxorubicin were coated with a high-density peptide 
layer sensitive to cathepsin B, targeting breast cancer cells that often 
overexpress this enzyme [153]. The US sensitivity of the gelatin shell 
enabled real-time monitoring of the nanocarrier transport via videos of 
the nanoparticle flow in the blood after intravenous (IV) injection in 
mice.

4.2.1.3. Polymeric fibers (i.e., 3D network). In addition to polymeric 
particles, nanofibers have also attracted significant attention in the drug 
delivery field. This system benefits from a large surface area-to-mass 
ratio, as well as a tunable size (from 1 to 100 nm), diameter and 
shape [154]. Moreover, post-treatment of nanofibers can allow the 
formation of a porous 3D network suitable for carrying insoluble drugs. 
High drug loadings can also be achieved through physical encapsulation 
within the 3D fiber network by dissolving the drug into the polymer 
solution prior to electrospinning. However, the amount of drug loading 
is limited by the solubility and volume of the solvent used [155]. To 
date, nanofibers have mostly been employed with US for on-demand 
drug release. Song et al. developed nanofibers composed by PLGA and 
mesoporous silica nanoparticles (MSNs) encapsulating two model drugs: 
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fluorescein (FLU) in the PLGA matrix and Rhodamine B (RHB) in the 
MSNs. When US were applied for 30 min, a 1.7- and 3.8-fold increase in 
cumulative release of FLU and RHB, respectively, was observed 
compared to the non-irradiated group. The authors of this study 
attributed this enhanced drug release to the temperature increase during 
US exposure [156]. However, this type of system does not rely on 
contrast change and cannot be used for US-based imaging or with 

acoustic tweezers.

4.2.1.4. Site-specific ultrasound-mediated polymer degradation. Site-spe
cific ultrasound-mediated degradation has also been described for 
controlled drug release through mechanochemical reactions [157]. This 
approach relies on the presence of labile groups in polymer chains that 
can be disrupted by mechanical stress (e.g., shear fields, spontaneous 

Fig. 7. Overview of the most common drug delivery systems used in combination with ultrasounds.

Table 4 
Overview of the capacities and limits of DDS for acoustic-driven drug delivery.

Drug 
carrier

Average 
particle 
size range

Drug 
encapsulationa

Surface 
functionalization

Acoustic contrast 
(compressibility, 
density) 

Circulation 
time

Cell 
uptakea

Polymeric 
systems 

1 nm − 1 µm 
[211]

+++

[212]
Yes 
[213]

Poor [214]
Shell modification [153]
Hollow air cavities [150]
Mechanophores [159]

Long 
Minutes to few hours 
[215]

++

[215,216]

Echogenic liposomes (i.e.,gas 
core) 

~100 nm 
[217]

++

[218]
Yes 
[219220]

Medium 
Encapsulated gas in the 
core

Short 
Few minutes 
[221,222]

+++

[223,224]

Microbubbles 1–10 µm 
[225137]

+

[226,227]
Yes 
[228]

High 
Intrinsic gas core

Short 
Few minutes (< 10 
min) 
[191,217,229]

+

[230]

Nanodroplets < 1 µm 
[188,231]

+++

[199]
Yes 
[189,232]

High 
Intrinsic gas shell 
Phase change for ADV 

Long 
Few hours (2–6 h) 
[191]) [193233]

++

[234]

Antibubbles 1–10 µm 
[183205]

+

[206]
/2 High [208]

Gas shell rupture 
Controlled cavitation 

Short 
Seconds to min 
[203]

/2

a Qualitative evaluation from high (+++) to not yet achieved or demonstrated (− ); 2no data available.
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hot-spot generation) during US exposure. It was introduced through the 
“mechanophore” concept [158] where US irradiation induces confor
mational modifications in the polymer backbone by applying forces on 
specific mechanophore groups (e.g. benzocyclobutene, spiropyrans or 
dicyanocyclobutane) [159]. This can lead to a reduction in chain length 
and degradation into monomers, making it a promising approach for on- 
site drug delivery and release. Based on this principle, Li et al. designed a 
mechano-responsive polymeric micellar system consisting of the 
mechanophore Ferrocene (Fc) conjugated to methoxy poly(ethylene 
glycol)–co-polylysine which dissociates upon US exposure and releases 
Fe2+ and hydroxyl radicals (•OH) in a H2O2-rich tumor microenviron
ment. The authors demonstrated that the release of Fe2+ and •OH could 
induce ferroptosis and inhibit tumor growth in 4 T1 tumor-bearing 
xenograft mice [160].

Polymeric systems represent promising drug delivery systems for use 
with acoustic tweezers due to their advantageous properties in terms of: 
(i) delivery, such as high drug loading, surface functionalization with 
targeting moieties, biocompatibility and ease of synthesis; and (ii) 
acoustic capabilities through the implementation of US sensitivity (e.g., 
conformational modification) or the incorporation of US-sensitive gas in 
the core of the NP. However, designing polymeric drug carriers with 
sufficient acoustic contrast to allow effective manipulation with twee
zers remains highly challenging. In this regard, other types of drug 
carriers have been developed and investigated for acoustic-driven drug 
delivery such as microbubbles and nanodroplets due to their intrinsi
cally high acoustic contrast but also echogenic liposomes made of a 
gaseous core.

4.2.2. Liposomes
Liposomes (Fig. 7) have been the subject of intense investigation for 

decades [144] leading to significant advances in the drug delivery field 
such as long-circulating PEGylated liposomes, targeted liposomes or 
dual-drug liposomes for combination therapy. Liposomes consist of a 
lipid bilayer surrounding an aqueous core. Due to their biocompatibility, 
stability and ease of production, they are a leading choice for designing 
drug delivery carriers. However, the rapid clearance of liposomes [161]
remains a major challenge despite significant improvements with 
PEGylation which enhances circulation half-life and reduces 
opsonization.

4.2.2.1. Liposomes with gas core (i.e., echogenic). Liposomes hold 
promise for acoustic-driven drug delivery [162] as their structure allows 
the encapsulation of highly US-sensitive gas (Table 4), enabling the 
cavitation phenomenon. Cavitation can be divided into two major cat
egories: (i) inertial cavitation characterized by the rapid growth and 
collapse of the lipid bubbles, and (ii) stable cavitation which involves the 
constant motion of the bubble in response to acoustic oscillation (Fig. 8).

Gas-containing liposomes, also called echogenic liposomes, are US 
contrast agents that allow the use of lower intensities, thus reducing the 
risk of cell and tissue toxicities. They represent promising carriers for 
drug delivery as they can encapsulate various substances similarly to 
conventional liposomes, and drug release can be controlled by external 
US stimuli (i.e., single US pulse at high amplitude, or several low- 

amplitude US pulses). Besides, the application of US pulses induces 
cavitation, enhancing tissue or cell permeabilization (i.e., sonoporation) 
which leads to higher delivery efficiency [162]. The acoustic properties 
of echogenic liposomes can be optimized by modifying the rigidity of the 
lipid bilayer through changes in lipid composition and in the nature of 
the encapsulated gas. The choice of the gas core depends on the targeted 
liposome size as a higher gas volume results in larger particle size but 
also in a faster gas diffusion rate in the bloodstream. Rapid gas diffusion 
and leakage can occur in vivo leading to a decrease in the echogenicity of 
liposomes. Supercritical CO2 has been used as gas for the formulation of 
echogenic liposomes [164]. These liposomes have been prepared under 
high pressure and dissolved CO2 (i.e., gas-like) has been incorporated 
reaching a concentration of 1.15 mol/kg at 10 MPa. Furthermore, 
ionized CO2 was also encapsulated, using monoethanolamine during the 
physical process, resulting in a significantly higher acoustic response. A 
fluorescent model drug was physically loaded into both CO2-loaded (i.e., 
dissolved and ionized) liposomes and into conventional liposomes pre
pared with the Bangham method (Fig. 9A). Interestingly, echogenic li
posomes led to much higher releases (67–77 %) than liposomes prepared 
with the Bangham method (4 %) under a current of 0.25 A.

In addition to CO2, other gases have been loaded into liposomes such 
as perfluoropropane (C3F8). PEGylated lipids have been used to 
formulate C3F8-loaded liposomes [165] in order to increase stealth 
properties in vivo but also to increase their stability by reducing gas 
diffusion and leakage. A supplementary coating based on 1,2-Distearoyl- 
sn-glycero-3-phosphoglycerol (DSPG) has been added to acoustic lipo
somes containing 6 mol% of 1,2-Distearoyl-sn-glycero-3-phosphoetha
nolamine (DSPE)-PEG. This coating led to a significant increase in the 
echogenicity half-life of the liposome (63 min) compared to uncoated 
liposomes which exhibit a 31 % shorter half-life. This formulation 
strategy also enhanced the carrier’s stability and allowed for a longer 
imaging period in vivo by delaying the exponential decrease in the li
posomes’ echogenicity compared to standard liposomes (i.e., without 
extra coating), resulting in half-lives of 56.5 s for the standard formu
lation and 132 s for the optimized formulation (Fig. 9B).

4.2.2.2. Liposomes with a liquid core. Other gases, such as sulfur hexa
fluoride, have been employed to enhance delivery in vitro and in vivo. 
[166]. However, liposomes with a gas core are still often associated with 
poor stability and a very short half-life in blood circulation (<10 min) 
after US exposure. To address these issues, new designs of acoustic li
posomes have emerged, replacing the gas core with a liquid core to 
overcome instability caused by rapid gas diffusion and leakage, which 
requires time-consuming protocols. This approach also had the advan
tage of relying on mechanical activation without the need of heating at 
high temperatures and with shorter US protocols. Such US-induced drug 
release has been based on the acoustic impedance and osmolarity of a 
liquid phase made of sugars diluted in aqueous buffers [166,167]. 
Interestingly, the addition of sugars in aqueous buffers has shown to 
shift the buffer acoustic impedance. The liquid-core liposome was then 
loaded with the lipophilic drug ketamine (Fig. 9C). Drug release studies 
demonstrated that 5 % and 10 % addition of sucrose in the buffer core 
led to significantly more ketamine release than without any sugar under 

Fig. 8. Description of the two types of cavitation (i.e., stable and inertial). Adapted from [163].
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1 min of US application at 250 MHz (40 and 60 % release, respectively, 
versus 20 % release without sucrose).

4.2.2.3. Liposomes with solid particles loaded in the core. Another inter
esting strategy to address gas diffusion and leakage from echogenic li
posomes has been developed [168] by replacing the gas core with a core 
containing stable solid nanoparticles. This strategy could also help 
overcome some limitations for drug delivery applications as the gas core 
typically does not allow the encapsulation of hydrophilic drugs. Under 
US exposure, the solid nanoparticles inside the liposomes produce 
movement leading to the destruction of the surrounding lipid bilayer. 
Following this approach, liposomes have been formulated using the 
emulsion solvent evaporation approach to encapsulate both PLGA 
nanoparticles and the anticancer drug mitoxantrone. Faster drug release 
from PLGA-loaded liposomes has been observed under physiological 
conditions (i.e., PBS, pH 7.4) upon US irradiation compared to non- 
irradiated controls (55.72 % and 8.94 %, after 2 h, respectively). This 
can be attributed to the vibrations produced by the PLGA nanoparticles 
that are encapsulated into the liposome’s core which leads to membrane 

disruption and thus faster release (Fig. 9D). This innovative approach 
has also demonstrated higher bioavailability in vivo compared to tradi
tional liposomal carriers.

Liposomes are the most widely used technology for designing drug 
delivery systems due to their biocompatibility, ease of synthesis, and 
high stability, despite their relatively rapid clearance from the body 
[161]. In addition, high drug loadings can be achieved with liposomal 
carriers and their small size (i.e., 100–200 nm) facilitates direct cell 
uptake. These systems also offer significant advantages for use with 
acoustic tweezers, as they allow the encapsulation of highly US-sensitive 
gas in the core, providing strong acoustic contrast for efficient trapping 
and manipulation with the tweezers. However, it should be noted that 
the gas core does not allow the encapsulation of hydrophilic drugs and 
may induce instability due to gas diffusion and leakage. Innovative 
strategies are currently under investigation to address this issue such as 
the use of sugar-based liquid cores [167].

4.2.3. Microbubbles
Microbubbles (MBs) are FDA-approved US contrast agents that are 

Fig. 9. (A) Schematic representation of the synthesis, US activation and drug release of: (a) echogenic liposomes loaded with dissolved CO2, (b) echogenic liposomes 
containing both dissolved CO2 and ionized CO2 by adding monoethanolamine during the high pressure CO2 formulation of liposomes, and (c) conventional liposomes 
obtained by the Bangham method. From [164]. (B) Kinetics of the relative echogenicity of standard liposomes (i.e., DSPC: DSPE-PEG2000 / 94:6) compared to 
optimized liposomes (i.e., extra coating; DSPC: DSPG: DSPE-PEG2k / 78:10:12). From[165]. (C) Schematic illustration of acoustomechanically activatable liposomes 
and hypothesised mechanism of action in the bloodstream. From [167]. (D) Illustration of US-triggered release mechanism from PLGA- and drug-loaded acoustic 
liposomes. From [168].
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described as gas-filled vesicles (1–10 µm) stabilised by surfactants (i.e., 
lipids, polymers of proteins)[137]. MBs have been extensively studied 
for theranostics and drug delivery purposes (Table 4 and Fig. 7) based on 
the principle of cavitation (i.e., compression and extension of the 
gaseous core upon exposure to US). They present interesting properties 
for drug delivery as their surface can be functionalized for active tar
geting (e.g., antibodies, aptamers) or PEGylated allowing longer resi
dence time in the blood circulation.

One important limitation of MBs is, however, their low drug loading 
capacity due to the gas core that is unable to incorporate drugs and 
because of their thin shell that only provides minimal internal space for 
accommodating substantial amounts of the therapeutic payload. In most 
cases, drug molecules reside on the outer surface of MBs, either by being 
electrostatically complexed (i.e., using cationic lipids for complexation 
with nucleic acids) [169] covalently-coupled [170] or encapsulated 
within liposomes or NPs that are then coupled to the surface of MBs 
(Fig. 10A) [171]. For instance, to further improve the transfection effi
ciency of cationic lipoplexes, Lentacker et al. have reported the attach
ment of cationic lipoplexes to MBs using biotin-avidin–biotin linkages. 
They showed that lipoplexes attached to MBs could transfect cells upon 
US exposure with a better efficiency than free lipoplexes or pDNA [171]. 
Furthermore, various gases have been studied for loading MBs as the 
stability of MBs primarily depends on gas leakage. Air-filled MBs have 
therefore been studied but often present very short lifetimes in the 
bloodstream with insufficient amount of stabilizers [172]. By selecting 
gases that are not soluble in water and in blood (e.g., perfluoropropane 
[173], perfluorobutane [174], perfluorohexane vapor [175], sulfur 
hexafluoride [176]), it is possible to increase the lifetime of MBs in the 
bloodstream.

As previously described in section 4.2.2, two types of cavitation are 
generally described, stable cavitation (occurring at lower US intensities) 
and inertial cavitation (occurring at higher US intensities). MBs have been 
used to enhance cell uptake of various molecules through sonoporation 
(Fig. 10B). This strategy makes use of these cavitation phenomena 
providing mechanical energy that enables cell membrane per
meabilization [177]. This concept has been used to deliver various types 
of molecules (e.g., nucleic acids [178179] and small molecules [180]) 
into cells. During stable cavitation, the MB’s core oscillates in response to 
the acoustic wave, inducing membrane permeabilization. In contrast, 
during inertial cavitation, pores are typically formed through a jetting 

shockwave caused by the asymmetrical implosion of the MB [181].
Owing to the implosion and fragmentation of MBs, such cavitation 

has also been explored to rupture biological barriers and to permeabilize 
the endothelium of blood vessels [184]. Both stable and inertial cavita
tions were reported to be able to disrupt the blood brain barrier (BBB) 
which hinders the entry of therapeutics into the brain [185]. One of the 
first studies reporting BBB opening for drug delivery was the one of Treat 
and colleagues who could achieve increased doxorubicin concentrations 
in the brain with Optison, a commercially available bubble-based 
contrast agent, and the use of focused US [186,187]. Since then, 
extensive efforts have been made to explore MB cavitation for BBB 
opening. Nevertheless, MBs’ implosion can induce shockwaves that 
cause damage to the blood vessels, thus cavitation must be better 
controlled through the optimization of several factors such as the bubble 
type, acoustic pressure or the animal model [186]. Safe BBB opening 
generally occurs in a narrow range of pressure (250–500 kPa). For a 
complete review about BBB opening through MB cavitation, readers are 
referred to [186].

Despite their limitations, MBs offer key advantages for use with 
acoustic tweezers and are one of the few particle types that has been 
already explored with this technology (see section 5). These key ad
vantages include high contrast for motion actuation, high versatility for 
drug delivery, biocompatibility and biodegradability. However, the 
encapsulation of therapeutic payloads in MBs remains a bottleneck. 
Besides, their size is rather large (1–10 µm) impeding direct cell uptake. 
Therefore, acoustic tweezers must be used in combination with inertial 
or stable cavitation near the target tissue or cells to enable drug delivery 
from MBs or transfection via sonoporation.

4.2.4. Nanodroplets
Nanodroplets (NDs) are sub-microns particles composed of a liquid 

core surrounded by a surfactant shell[188] (Fig. 7) usually made from 
biocompatible materials such as lipids (e.g., dipalmitoylphosphati
dylcholine (DPPC), distearoyl phosphatidylcholine (DSPC)), proteins (e. 
g., albumin) or polymers (e.g., PLGA, polycaprolactone (PCL))[189]. 
Besides their smaller size, their main structural difference with MBs 
relies on the nature of the particle’s core as MBs are constituted by a gas 
core. The liquid core of NDs is usually formed by liquid perfluorocarbon 
(PFC) and stabilized by the presence of a surfactant shell. Unlike the gas 
core of MBs, this liquid part enables easy physical encapsulation of drugs 

Fig. 10. (A) Schematic representation of MBs’ functionalization strategies. (B) sonoporation mechanism for cell penetration of MBs (inertial cavitation). Adapted 
from [182][183].
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(Table 4 and Fig. 11A).
NDs appear as promising carriers for drug delivery due to: (i) their 

small size (< 1 µm) facilitating cell uptake and (ii) their increased half- 
life in the bloodstream (i.e., 2–6 h compared to minutes for micro
bubbles) [189–191] preventing rapid phagocytosis and body clearance. 
However, NDs in solution have been characterized with poor acoustic 
contrast, primarily due to their incompressibility [192]. Therefore, 
several techniques have been developed in order to efficiently vaporize 
NDs leading to the formation of high-contrast MBs. In this context, 
acoustic nanodrops have been developed as precursors to MBs which can 
be vaporized on-demand into bubbles upon exposure to an acoustic 
field, a process known as acoustic droplet vaporization (ADV) (Fig. 11B). 
The ADV technique has been known to enhance acoustic contrast [193]
by providing less distortion of the acoustic field and better focus of the 

acoustic beam in the tissue. These acoustic improvements can induce a 
higher vascular permeability hence a better targeting efficiency [194]. 
The smaller size of NDs enhances their ability to extravasate from the 
leaky vasculature [190], which is characterized by pore sizes ranging 
from 100 to 1200 nm.

Nonetheless, successful ADV of nanodroplets still requires high 
acoustic pressure amplitudes for phase-shift and high frequencies due to 
their small size [190]. Besides, the vaporization mechanism is not 
clearly understood and controlled. Indeed, the coexistence of liquid 
perfluorocarbon droplets and gaseous microbubbles in the blood during 
ADV has been associated to significant side-effects, related to perfluo
rocarbon transfer from droplets to adjacent microbubbles leading to 
microbubble inflation [195] (Fig. 11C). Nevertheless, the formulation 
parameters can be tuned in order to better control the bubble inflation 

Fig. 11. (A) Schematic comparison of the structure of MBs and NDs. From [188]; (B) Illustration of the different acoustic phenomena observed after acoustic wave 
irradiation. Adapted from [190]; (C) Representation of microbubble inflation occurring during ADV. From [195]; (D) Schemes of: (i) electrostatic interactions be
tween microbubbles and microdroplets; (ii) intravenous (i.v.) injection of microbubbles and microdroplets leading to the formation of freely flowing clusters in the 
bloodstream; (iii) phase shift of microdroplets and deposition upon US irradiation leading to enhanced drug delivery. Adapted from [196].
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phenomenon. For instance, the nature of the surfactant shell can influ
ence the size of the bubble formed during inflation, as denatured 
protein-based shells (e.g., bovine serum albumin (BSA)) may physically 
limit the bubble’s growth compared to their lipid counterparts that 
allow for greater inflation. These improvements can help rescue the US 
signal without obstructing blood flow thereby improving imaging 
diagnostic tools as well as increasing the safety of NDs for use in drug 
delivery applications. The coexistence of nanodroplets and MBs formed 
during ADV has also inspired the development of innovative treatments 
such as acoustic cluster therapy (ACT) [196]. This approach is based on 
the administration of negatively-charged MBs and positively-charged 
microdroplets which can form small clusters of approximately 4 µm 
through electrostatic interactions (Fig. 11D (i)). These freely flowing 
clusters can be locally activated in vivo upon low-frequency US irradia
tion leading to the phase shift of droplets, local deposition and enhanced 
delivery (Fig. 11D (ii)-(iii)).

The fabrication of NDs can be optimised for drug delivery applica
tions by considering the following factors:

(i) the design of the surrounded shell. The outer layer can be tailored 
by changing its chemical composition (e.g., polymer, lipid, proteins, 
etc.) and by modifying its surface with targeting moieties (e.g. hyal
uronic acid, peptides, folic acid (FA)) or stabilising agents (e.g., Tween 
20) to improve drug delivery efficiency. For instance, acoustic nano
drops have been synthesised using FA-functionalized PLGA and Fe3O4 
nanoparticles in the shell, with a core loaded with both per
fluoropentane (PFP) and the anticancer drug Dox (Fa-Fe@P-PFP-Dox) 
(Fig. 12A)[197]. FA molecules were grafted to the surface in order to 
achieve better targeting efficiency for nasopharyngeal carcinoma 
treatment. The covalent coupling of FA moieties onto the PLGA surface 
combined with low-intensity focused ultrasound (LIFU) irradiation 

significantly increased therapeutic activity. Indeed, the cumulative Dox 
release from FA-conjugated nanodroplets in phosphate buffer saline 
(PBS) was considerably higher with PFP encapsulation and under LIFU 
irradiation (Fig. 12B), demonstrating that both PFP encapsulation and 
external US activation are crucial parameters for achieving efficient on- 
demand Dox release. Furthermore, in vitro studies on HNE1 cells 
demonstrated greater cytotoxicity of FA-based nanodroplets upon LIFU 
treatment (Fa-Fe@P-PFP-Dox + LIFU) compared to droplets without FA 
decoration (Fe@P-PFP-Dox + LIFU) and those without LIFU treatment 
(Fa-Fe@P-PFP-Dox) (Fig. 12C). Notably, LIFU treatment alone did not 
affect cell viability. These FA-functionalized nanodroplets were also 
associated with higher cellular uptake and tumor accumulation in vivo.

The surrounding shell of NDs can also be decorated with solid par
ticles to improve drug payload. Similar to MBs, the use of NDs for drug 
delivery can be limited by relatively low drug payloads. To address this, 
azide-liposomes of 120 nm were attached to the dibenzocyclooctyne 
(DBCO)-functionalized surface of 547 nm nanodroplets via “click” 
chemistry leading to phase changeable droplet-liposome clusters 
(PDLCs) of 660 nm (Fig. 13A) [198]. This conjugation resulted in a 7- 
fold higher calcein encapsulation compared to azide-blocked DBCO 
nanodroplets without grafted liposomes. Using ADV, intracellular drug 
release could be achieved through vascular permeabilization of the 
vascular endothelium and disruption of the liposomes. After 5 and 10 
min of US application at 45 ◦C, PDLCs demonstrated higher calcein 
release (35 %) compared to DBCO-blocked droplets and azide liposomes 
(i.e., no covalent coupling) and to the physical mixture of droplets and 
liposomes (Fig. 13B).

(ii) the design of the liquid core. The liquid core of NDs allows the 
encapsulation of various drugs for delivery based on the ADV technique. 
Their transformation into MBs can then lead to drug release mediated by 

Fig. 12. (A) Schematic illustration of the formulation of NDs decorated with FA-PLGA moieties and a core composed of Dox and PFP gas; (B) Dox release from FA-Fe 
Dox-loaded NDs with or without LIFU treatment, and with or without a PFP gas core; (C) Relative cell viabilities of HNE1 cells after various treatments. Combined 
from [197].

L. Guerassimoff et al.                                                                                                                                                                                                                          Advanced Drug Delivery Reviews 220 (2025) 115551 

17 



bubble disruption (i.e., US-triggered cavitation). This approach has been 
developed to provide innovative and on-demand anticancer combina
tion therapy. NDs with a diameter of 332 nm, composed of a per
fluoropentane liquid core and a biocompatible lipid shell, were obtained 
by the double emulsion method [199]. Two anticancer agents, Paclitaxel 
(Ptx) and Dox, were successfully loaded into the liquid core (Fig. 13C) 
with encapsulation efficiencies of 74.6 % and 60.7 %, respectively. Upon 
US application (1.1 MHz pulses, 10 cycles, 9.6 MPa focal pressure), the 
release of both Ptx and and Dox was considerably enhanced compared to 
control conditions without US (34 and 76 % of increase, respectively), 
confirming successful droplet vaporization and payload release 
(Fig. 13D). The authors demonstrated in vitro and in vivo improvements 
using dual-drug loaded nanodroplets, showing higher cytotoxicity on 
the triple negative breast cancer cell line MDA-MB-231 compared to 
single-drug formulations, and a significant delay in tumor growth with 
US-activated droplets compared to non-activated droplets.

The nature of the liquid composing the core of NDs can also be 
modified to optimize their acoustic properties. The boiling point of the 
liquid must be carefully selected as it affects the circulation time in the 
body and the conditions under which the liquid vaporizes into gas. The 
most commonly used liquid for designing NDs is hydrophobic perfluo
rocarbon due to its low partition coefficient which reduces the risk of 
binding to blood proteins. Different perfluorocarbon molecules have 
been developed by altering the chain length to achieve varying boiling 
points. Two perfluorocarbon liquids, decafluorobutane (DFB) and 

octafluoropropane (OFP), have been used to achieve droplet vapor
ization [198] at 45 and 37 ◦C, respectively. The use of OFP compared to 
DFB has demonstrated more efficient vaporization, attributed to the 
lower activation threshold of the perfluorocarbon, and higher total 
calcein release after ADV. Besides, higher concentrations of perfluoro
carbon liquid can increase droplet size, which may reduce delivery ef
ficiency by decreasing extravasation efficacy and/or reducing half-life in 
the bloodstream. Interestingly, perfluorocarbon liquids have also been 
identified as stabilizing agents for high-ionic liquids in NDs which can be 
valuable for delivering high-ionic prodrugs [200].

The use of NDs for drug delivery is currently being intensively 
explored and remains promising thanks to their biocompatibility and 
high potential for extravasation and tissue penetration. Significant 
optimization of targeting and delivery efficiencies can be achieved by 
modifying both the core and shell compositions as well as by modulating 
the acoustic parameters (e.g. pressure, frequency, number of cycles, 
pulse mode). Acoustic tweezers have already been employed to 
manipulate droplets on hydrophobic surfaces [201], but further studies 
are needed to extend this manipulation to drug delivery, improve the 
understanding of the in vivo biodistribution of nanodroplets and enhance 
their colloidal stability.

4.2.5. Antibubbles
Antibubbles (ABs) derive their name from their structure, which is 

the opposite of a soap bubble (Fig. 7) [202]. While soap bubbles consist 

Fig. 13. (A) Schematic illustration of phase-changeable droplet-liposome clusters (PDLCs); (B) Comparison of calcein release upon 5 and 10 min of US irradiation 
from PDLCs, DBCO-blocked droplets and azide liposomes (i.e., no covalent coupling) and the physical mixture of droplets and liposomes. Combined and ; (C) 
Schematic representation of perfluoropentane NDs loaded with two anticancer agents (i.e., Ptx and Dox) and surrounded by a lipid shell; (D) Comparison of Ptx and 
Dox on-demand releases with or without US activation (10 pulses, 1.1 MHz, 10 cycles, 9.6 MPa focal pressure). Combined from adapted from [198][199].
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of a thin liquid film surrounding a gaseous core, anti-bubbles consist of a 
thin gaseous film surrounding a liquid core (Fig. 14). For decades, ABs 
were not considered for clinical use due to their short lifespan (ranging 
from seconds to minutes) even with surfactant stabilization [203]. 
However, efforts have been made to extend their lifetime, and pickering 
stabilization (i.e. stabilization of an emulsion using solid particles) with 
silica nanoparticles has resulted in ABs with a lifetime exceeding 10 h 
[204]. Methods to produce more stable microscale ABs have been 
described in the literature, with emulsification emerging as the standard 
method for their preparation [204,205].

Recently, ABs have been investigated for drug delivery purposes 
(Table 4) as alternatives to MBs, owing to their liquid core, which allows 
for higher drug encapsulation efficiency compared to MBs, where 
encapsulation is limited to the shell or achieved by grafting liposomes to 
their surface [206]. Another reason is their interesting acoustic prop
erties for US-mediated drug delivery, as they exhibit a similar contrast to 
MBs. At lower acoustic amplitudes, the cavitation of ABs can be pre
cisely controlled and used for imaging, while at higher acoustic ampli
tudes, they can rupture and release their therapeutic payloads [207]. 
Studies have shown that ABs exhibit symmetric oscillation at low 
acoustic amplitudes (200 kPa) and asymmetric oscillation at higher 
amplitudes (1 MPa), with limited negative excursion due to their 
incompressible liquid core [208]. Kotopoulis et al. evaluated the ca
pacity of ABs to encapsulate calcein for image-guided and US-triggered 
drug delivery. Antibubbles (size < 10 µm) were stabilized by silica NPs 
and were able to release calcein using clinical US settings, with stability 
and detectability comparable to commercially available US contrast 
agents [206]. Silica NPs provide stability in neutral and acidic envi
ronments. The same group also explored calcium carbonate (CaCO3) 
NPs as stabilizers for ABs encapsulating methylene blue, aiming to 
induce cargo release in acidic environments (e.g., for gastric drug de
livery) [209]. A burst release was achieved in pH 2 buffer (60 % 
released), while under neutral conditions, 70 % of the cargo remained 
encapsulated. Multicompartmental ABs have also been developed, 
enabling the encapsulation of multiple drugs [210].

Acoustic tweezers have not yet been explored for controlling the 
motion of ABs for drug delivery purposes. However, due to their ample 
inner space, which facilitates drug encapsulation, and their gaseous 
layer providing contrast, ABs hold great potential to be acoustically 
driven by tweezers to target specific tissues. Despite the progress made, 
further efforts are needed to improve encapsulation efficiency and 
prolong stability. Besides, only “model” drugs (e.g., calcein, methylene 
blue) have been investigated so far, leaving a gap in the encapsulation of 
therapeutically relevant drugs or nucleic acids.

5. Application of acoustic tweezers to drug delivery

Although there are currently few reports in the literature on the use 
of acoustic tweezers for drug delivery, this section outlines various 
successful examples investigated in vitro or using ex vivo or in vivo 
models.

Selective and contactless trapping of objects using acoustic tweezers 
has emerged as a promising technique for the manipulation of biological 
objects such as cells, particles and microorganisms.[235] Precise spatial 
control of drug diffusion is an effective strategy for achieving targeted 
drug delivery. The safety of US for cells and tissues, when operated 
below cavitation and deleterious heating thresholds − defined by the 
mechanical and thermal indexes − is well-documented and demon
strated daily in medical imaging. The key advantages of applying 
acoustic tweezers for biomedical applications are their (i) high 
biocompatibility, (ii) ability to operate in vivo in opaque media and (iii) 
capacity to exert large forces (up to µNewtons) [40] with low power 
(Table 1). Since the radiation force is proportional to the intensity of the 
beam divided by the wave speed, the significantly lower speed of sound 
compared to light (by a factor of 105) allows the manipulation of par
ticles using acoustic tweezers with much lower power than optical 
tweezers, resulting in considerably higher safety for patients.

5.1. In vitro and ex vivo investigations of acoustic tweezers for drug 
delivery

The unique capability of acoustic tweezers to manipulate particles in 
various media makes them highly attractive for guiding DDS to diseased 
areas. Therefore, it is crucial to first understand the acoustic manipu
lation processes in different biological media in situ.

Huynh et al. proposed a modeling study [236] focused on two 
different media: (i) simulated blood and (ii) a dual-layered fat-muscle 
model. The densities and speeds of sound in these environments (i.e., 
blood, fat and muscle) are slightly different (i.e., 1043, 909 and 1060 
kg/m3 and 1570, 1450 and 1585 m/s, respectively) which can affect the 
formation of acoustic traps and their ability to manipulate particles. 
Cellulose particles with a diameter of 0.56 mm were used as models to 
assess the formation of acoustic traps in these simulated media. These 
particles tend to be attracted to points where the potential energy (i.e. 
the energy created due to presence of particles into the acoustic field) is 
the lowest, moving towards the center of the acoustic traps (twin or 
vortex traps). The morphology and magnitude of acoustic traps were 
relatively comparable in the fat-muscle two layer-model and the single 
blood medium. These results are particularly relevant for studies 

Fig. 14. Schematic representations of a soap bubble (a) and of an antibubble (b). Adapted from [202].
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focusing on particle behavior and acoustic trap formation in various 
biological media, providing valuable insights for future in vitro and in 
vivo research with acoustic tweezers. Other key factors must be 
considered when using acoustic tweezers for controlled motion of par
ticles in vitro and ex vivo, such as the driving force (i.e., the acoustic 
radiation force or the acoustic streaming force), the frictional force (i.e., 
interactions between particles and biological fluid), and heat conversion 
(i.e., sound to heat), which could be harmful for tissues [236]. Baresh & 
Garbin have explored the potential of particle-covered microbubbles 
(so-called armoured bubbles) for drug delivery. These particle-covered 
microbubbles are of high interest because (i) they exhibit a strong 
acoustic contrast, (ii) they carry some micro/nano particles and (iii) 
they are stable against dissolution [237]. Another in situ study [75]
focused on the directed payload delivery from microbubbles coated with 
500-nm polystyrene particles (PPs) in an agarose-based hydrogel using 
acoustical vortices. The authors demonstrated that these bubbles could 
only be trapped laterally (no axial trap). However, axial stabilization 
was possible by counteracting the Archimedes force with the radiation 
force. Furthermore, upon US activation, they observed different release 
patterns of PPs depending on the size of microbubbles over a distance 
greater than a few bubble diameters: (i) “plumes”, (ii) multidirectional 
and (iii) bidirectional patterns (Fig. 15). These patterns were influenced 
by the vibrating mode of the acoustically excited bubbles. The “plumes” 
release pattern was described as a violent ejection of particles, with final 
speeds 3 to 5 times higher than typical microstreaming flow velocities 
observed around oscillating bubbles.

Ex vivo studies have been conducted using holographic acoustic 
tweezers to manipulate nanocarrier clusters of 100 nm [238]. The 
biocompatibility of these nanoclusters was confirmed in two different 
mouse cells lines, 4 T1 (breast cancer) and NIH3T3 (fibroblasts), 
showing high cell viability of up to 90 % with increasing particle con
centration up to 200 µg/mL. The authors also demonstrated successful 
3D manipulation and rotation of nanoclusters on porcine ribs with a 
thickness of 30 mm (Fig. 16A-B) using a multielement system composed 
of 30 ultrasound transducers (UTs) with single-side arrangement. They 
showed that rapid trapping of the particles could be achieved at the 

trapping point. Interestingly, the temperature at the focal point only 
slightly increased (from 24.4 to 27.6 ◦C over 15 min), further confirming 
the safe use of this type of tweezers for bioapplications. However, this ex 
vivo model lacks real flow conditions. Moreover, the distance between 
the tweezers and the targeted area in this model was 75 mm, which 
remains too short for application in the human body. Nevertheless, this 
study paves the way for directed drug delivery through the simple 
manipulation and accumulation of particles to a desired site.

Acoustic vortex beams have also been explored for transdermal drug 
delivery. The transdermal route offers a more convenient administration 
method, allowing for self-administration and reducing the pain associ
ated with injection. A study by Li et al., reported on a transdermal 
transmission system developed in a water bath at 37 ◦C, consisting of a 
donor chamber filled with physiological saline solution and a receptor 
chamber containing the drug solution [239]. These two chambers were 
separated by a cellulose membrane, which mimicked the porous struc
ture and mechanical strength of the transdermal barrier (Fig. 16C). A 
focused acoustic beam with a maximum acoustic pressure of 200 kPa 
enhanced the permeability of the cellulose membrane to glycerin (50 %) 
and hyaluronic acid (0.9 %) by enlarging its pores through the appli
cation of a transverse acoustic radiation force at the piconewton level.

An acoustic patch has also been designed for efficient transdermal 
drug delivery [74]. It was developed using a piezoelectric transducer 
and acoustic metamaterials that can be loaded with drug molecules 
(Fig. 17A). These acoustic metamaterials generate localised acoustic 
streaming to transport therapeutics from the porous human epidermis to 
deeper tissues. This model was tested in an ex vivo model using fresh 
mouse skin tissues to evaluate stratum corneum penetration and control 
of the drug release. The patch was loaded with Rhodamine B as a model 
drug, and the release was investigated after the application of acoustic 
waves for 3 min at a power density of 2.4 W/cm2. Fluorescent imaging 
analysis of mouse skin sections revealed a maximum penetration depth 
of 500 µm and a dye diffusion depth of 1000 µm. The acoustic patch also 
demonstrated the ability to control drug release over specific time pe
riods under multi-burst stimulation by tuning the acoustic power density 
(Fig. 17B-C). These results are promising for in vivo application of the 
patch, particularly regarding the achieved penetration depth and dye 
diffusion, aiming for controlled and targeted drug release.

5.2. In vivo investigations of acoustic tweezers for drug delivery

The use of acoustic tweezers for in vivo applications has not yet been 
widely explored, as several challenges still need to be addressed, 
including achieving high tissue penetration, ensuring biocompatibility 
and safety, developing adaptable animal setups, and generating a strong 
trapping force [240]. Moreover, applying acoustics to in vivo tissues 
must overcome the issue of tissue aberration, i.e. acoustic wave distor
tion caused by tissue heterogeneities. The transdermal acoustic patch, 
previously mentioned in section 5.1, was also tested in vivo on C57BL/6 
mice [74]. The delivery efficiency of Rhodamine B was compared among 
4 groups (Fig. 18): (i) transdermal patch with acoustic treatment (+); (ii) 
transdermal patch without acoustic treatment, corresponding to passive 
diffusion (− ); (iii) subcutaneous (SC) injection and (iv) blank. Using In 
Vivo Imaging Systems (IVIS), the authors managed to demonstrate that 
mice treated with the acoustic patch (+) exhibited a larger diffused area 
of the dye (i.e., higher photon intensity) and longer dye retention time 
(Fig. 18A) within the skin compared to the other three groups. Bio
distribution studies revealed that mice treated with acoustics (+) 
retained larger amounts of dye in muscle tissue than the other groups 
(Fig. 18A-B). This may be explained by increased dye diffusion and 
uptake due to acoustic waves into the blood vessels of the SC tissue, 
leading to higher amounts of dye diffusing towards muscle tissues. This 
acoustic patch represents a promising example of an acoustic-driven 
DDS, providing more efficient delivery than SC administration and 
passive diffusion strategies.

Strong flow conditions within the bloodstream represent an 
Fig. 15. Release images and patterns from microbubbles coated with PS beads: 
(i) “plumes”, (i) multidirectional and (iii) bidirectional. Adapted from [75].
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Fig. 16. (A) Ex vivo porcine rib dimensions and experimental set-up, including the acoustic tweezers; (B) Time-lapse of manipulation in the XOY plane (i) and 
rotation in the XOZ plane (ii). Scale bar: 2 mm. Adapted from [238]; (C) Schematic of the transdermal transmission system, composed of two different chambers 
separated by a cellulose membrane (left) and photograph of the transmission system (right). Adapted from [239].

Fig. 17. (A) Schematic illustration of the transdermal patch for application on the human body; (B) Schematic of the multi-burst stimulation and its effect on skin; (C) 
Evolution of power density and controlled release rate and amount of Rhodamine B during 3 bursts. Adapted from [74].
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important obstacle to the successful implementation of acoustic twee
zers in living organisms. In this context, DDS must have a strong acoustic 
contrast compared to the surrounding biological fluid to generate suf
ficient trapping force driving them towards the US beam axis. Therefore, 
studying the use of acoustic tweezers to trap and manipulate particles in 
the blood circulation is of great interest for future drug delivery appli
cations. Tornado-inspired acoustic vortex tweezers have been developed 
to trap and manipulate lipid-based microbubbles in the blood circulation 
in vivo [240]. These tweezers have been designed to enable non-invasive 
intravascular trapping of particles by generating a potential well, 
allowing the use of relatively low-frequency ultrasound (3 MHz) 
(Fig. 19A). Trapping performance was studied in mice using a skin-fold 
dorsal window chamber model (Fig. 19B). The authors successfully 

demonstrated the trapping of microbubbles without disrupting blood 
flow and no occlusions of small vessels was observed, paving the way for 
in vivo delivery of microbubbles through the bloodstream (Fig. 19C). Key 
acoustic parameters for acoustic trapping under flow conditions in vivo 
were identified: (i) the pressure, which should not be exceeded to avoid 
MB collapse and (ii) the frequency, which could be lowered to enhance 
penetration. However, it is important to note that this in vivo study did 
not simulate pathological conditions such as diabetes or ischemia, which 
could significantly alter the acoustic properties of the targeted region 
and potentially affect the efficacy of acoustic vortex tweezers.

The feasibility of trapping of particles in blood vessels has also been 
tested using single-beam acoustic tweezers and curved surfaces with a 
thickness of 0.8 mm to mimic blood vessels [241]. These acoustic 

Fig. 18. In vivo biodistribution studies comparing acoustic-driven transdermal drug delivery, SC injection and passive diffusion. (A) Quantification of Rhodamine B 
dye release over time for the 4 different groups (mean ± s.e.m., n = 3 mice per group, independent experiments). (B) Quantification of Rhodamine B dye in mouse 
muscle, liver, and kidney 24 h after the indicated treatments (mean ± s.e.m., n = 3 mice per group, independent experiments). From [74].

Fig. 19. (A) Schematic representation of the generation of a potential well by tornado-inspired acoustic vortex tweezers for enhanced trapping and manipulation of 
microbubbles in the bloodstream in vivo. (B) Illustration of the experimental set-up consisting of a window chamber mice model and the acoustic platform. (C) In vivo 
fluorescence images of small and large vessels (20 and 200 μm in diameter, respectively) acquired before, during, and after application of tornado-inspired acoustic 
tweezers. From [240].
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tweezers have been able to manipulate microparticles in this model, 
confirming the potential translation of acoustic tweezers for in vivo ap
plications in small animals, such as rats and mice. Additionally, vortex 
beams have been used to trap and move particles in vivo in pigs (Fig. 20) 
[37]. Glass spheres with a 3 mm diameter were successfully guided 
through three preprogrammed paths within the urinary bladders of live 
pigs using a vortex beam power of 10 W. This beam was able to pene
trate body wall thicknesses ranging from 18 to 31 mm. After US irra
diation, each pig was evaluated for tissue safety and no injury was 
observed along the bladder wall.

These examples are highly promising for the use of acoustic tweezers 
in the field of drug delivery, particularly regarding their ability to trap 
and guide particles, which could significantly enhance targeting effi
ciency in vivo. However, the biological application of acoustic tweezers 
for improving drug delivery efficiency remains highly challenging. Key 
considerations include the biocompatibility and safety of acoustic 
tweezers, as well as the design of the experimental setup and the dy
namic flow conditions in living organisms, which could greatly impact 
their efficacy.

6. Conclusions and perspectives

In this review, we have highlighted the assets of acoustic tweezers for 
drug delivery through theoretical insights and practical examples. 
Firstly, acoustic tweezers enable the manipulation of a wide range of 
biocompatible and biodegradable materials. Secondly, acoustic manip
ulation can be effectively performed deep within tissues, with strong 
trapping forces reaching up to microNewtons.

6.1. Challenges for use of acoustic tweezers in drug delivery

Nevertheless, several challenges (Fig. 21) must be addressed before 
acoustic tweezers can be clinically implemented for in vivo drug 
delivery:

(i) the acoustic field must be carefully engineered to trap the targeted 
drug carriers in complex environments, including dynamic flow condi
tions, while ensuring their directed transport to target sites. In this 
respect, laterally focused or 3D-focused beams are of primary interest.

(ii) the appropriate wavefield synthesis technology must be selected to 
combine precision with operational simplicity. Emerging holographic 
techniques may help address these challenges.

(iii) careful selection of drug carriers is crucial; they must exhibit 
biocompatibility, demonstrate effective drug release capabilities, and 
possess sufficient acoustic contrast to be manipulated by ultrasound 
forces. To this aim, they must fulfil specific criteria. First, their size must 
allow mobility in biological fluids. Larger systems might induce ob
structions in small-caliber blood vessels and also result in limited 
cellular uptake. For this purpose, liposomes and nanodroplets appear 
as the most interesting systems due to their size of a few hundred 
nanometers and ease of formulation. Second, the drug carriers must 
have sufficient contrast (i.e., density and/or compressibility) to be used 
with acoustic tweezers. For this, microbubbles and antibubbles are 
promising due to their intrinsically low density and high compressibility 
despite their larger size. Finally, the DDS must allow for sufficient 
encapsulation of the agent to be delivered. While microbubbles show 
great promise due to their clinical approval as imaging agents, their 
strong acoustic contrast and their active exploration in ultrasound- 

Fig. 20. Schematic representation of the experimental set-up allowing the acoustic manipulation of 3 mm- glass spheres in the urinary bladder of live pigs. 
From [37].
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triggered drug delivery, their gaseous core limits their ability to 
encapsulate high drug loads. Antibubbles and liposomes, which 
contain a liquid core, may address this encapsulation limitation.

6.2. Clinical considerations

The design of new drug delivery systems has to address clinical 
challenges [242] and to overcome major limitations, including but not 
limited to: (i) dose-related issues (e.g., amount, frequency), (ii) phar
macokinetic profiles, (iii) drug side-effects (e.g., local irritation, in
fections, burst release), (iv) patient compliance (e.g., confort, pain, self- 
administration, hospital stays).

The use of acoustic tweezers to deliver drugs could solve dose-related 
problems by improving targeting efficiency and the amount of drug 
delivered during an injection. By reducing the potential number of drug 
injections, the use of this new non-invasive technology could help 
reduce adverse effects and improve patient compliance. Finally, it is 
essential to remember that acoustic tweezers operate at frequencies and 
amplitudes that are within the clinical range of ultrasound, which 
minimises the risk of adverse effects in tissues. As demonstrated in the 
last part of this review, acoustic tweezers have the potential to work 
effectively in vivo for particle manipulation and targeted drug delivery. 
However, other in vitro and in vivo studies are required, as well as a more 
advanced exploration of the fundamentals of acoustic tweezer technol
ogies to enable easier and faster clinical translation. This highlights the 
crucial need for interdisciplinary teamwork to develop this innovative 
technology which has the potential to revolutionise the field of drug 
delivery.
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[179] A. Delalande, C. Bastié, L. Pigeon, S. Manta, M. Lebertre, N. Mignet, P. Midoux, 
C. Pichon, Cationic gas-filled microbubbles for ultrasound-based nucleic acids 
delivery, Biosci. Rep. 37 (2017), https://doi.org/10.1042/BSR20160619.

[180] Int. J. Pharm. 414 (2011) 161–170.
[181] J. Tu, A.C.H. Yu, Ultrasound-Mediated Drug Delivery: Sonoporation Mechanisms, 

Biophysics, and Critical Factors, BME Front 2022 (2022) 9807347.
[182] Understanding ultrasound induced sonoporation, Definitions and underlying 

mechanisms, Adv. Drug Deliv. Rev. 72 (2014) 49–64.
[183] Mechanisms underlying sonoporation, Interaction between microbubbles and 

cells, Ultrason. Sonochem. 67 (2020) 105096.
[184] H. Chen, W. Kreider, A.A. Brayman, M.R. Bailey, T.J. Matula, Blood vessel 

deformations on microsecond time scales by ultrasonic cavitation, Phys. Rev. Lett. 
106 (2011) 034301.

[185] W.M. Pardridge, The blood-brain barrier: Bottleneck in brain drug development, 
NeuroRx 2 (2005) 3–14.

[186] P. Mondou, S. Mériaux, F. Nageotte, J. Vappou, A. Novell, B. Larrat, State of the 
art on microbubble cavitation monitoring and feedback control for blood-brain- 
barrier opening using focused ultrasound, Phys. Med. Biol. 68 (2023), https://doi. 
org/10.1088/1361-6560/ace23e.

[187] L.H. Treat, N. McDannold, N. Vykhodtseva, Y. Zhang, K. Tam, K. Hynynen, 
Targeted delivery of doxorubicin to the rat brain at therapeutic levels using MRI- 
guided focused ultrasound, Int. J. Cancer 121 (2007) 901–907.

[188] G. Shakya, M. Cattaneo, G. Guerriero, A. Prasanna, S. Fiorini, O. Supponen, 
Ultrasound-responsive microbubbles and nanodroplets: A pathway to targeted 
drug delivery, Adv. Drug Deliv. Rev. 206 (2024) 115178.

[189] W. Zhang, Y. Shi, S. Abd Shukor, A. Vijayakumaran, S. Vlatakis, M. Wright, 
M. Thanou, Phase-shift nanodroplets as an emerging sonoresponsive 
nanomaterial for imaging and drug delivery applications, Nanoscale 14 (2022) 
2943–2965.

[190] M.A. Borden, G. Shakya, A. Upadhyay, K.-H. Song, Acoustic Nanodrops for 
Biomedical Applications, Curr. Opin. Colloid Interface Sci. 50 (2020), https://doi. 
org/10.1016/j.cocis.2020.08.008.

[191] A.L.Y. Kee, B.M. Teo, Biomedical applications of acoustically responsive phase 
shift nanodroplets: Current status and future directions, Ultrason. Sonochem. 56 
(2019) 37–45.

[192] R. Chattaraj, P. Mohan, J.D. Besmer, A.P. Goodwin, Selective Vaporization of 
Superheated Nanodroplets for Rapid, Sensitive, Acoustic Biosensing, Adv. 
Healthc. Mater. 4 (2015) 1790–1795.

[193] H. Lea-Banks, M.A. O’Reilly, K. Hynynen, Ultrasound-responsive droplets for 
therapy: A review, J. Control. Release 293 (2019) 144–154.

[194] C.C. Chen, P.S. Sheeran, S.-Y. Wu, O.O. Olumolade, P.A. Dayton, E.E. Konofagou, 
Targeted drug delivery with focused ultrasound-induced blood-brain barrier 
opening using acoustically-activated nanodroplets, J. Control. Release 172 (2013) 
795–804.

[195] C.J. Brambila, J. Lux, R.F. Mattrey, D. Boyd, M.A. Borden, C. de Gracia Lux, 
Bubble Inflation Using Phase-Change Perfluorocarbon Nanodroplets as a Strategy 
for Enhanced Ultrasound Imaging and Therapy, Langmuir 36 (2020) 2954–2965.

[196] P. Sontum, S. Kvåle, A.J. Healey, R. Skurtveit, R. Watanabe, M. Matsumura, 
J. Østensen, Acoustic Cluster Therapy (ACT)–A novel concept for ultrasound 
mediated, targeted drug delivery, Int. J. Pharm. 495 (2015) 1019–1027.

[197] D. Yang, Q. Chen, M. Zhang, G. Feng, D. Sun, L. Lin, X. Jing, Drug-loaded acoustic 
nanodroplet for dual-imaging guided highly efficient chemotherapy against 
nasopharyngeal carcinoma, Int. J. Nanomedicine 17 (2022) 4879–4894.

[198] A. Honari, D.A. Merillat, A. Bellary, M. Ghaderi, S.R. Sirsi, Improving release of 
liposome-encapsulated drugs with focused ultrasound and vaporizable droplet- 
liposome nanoclusters, Pharmaceutics 13 (2021) 609.

[199] C.-P. Spatarelu, S. Jandhyala, G.P. Luke, Dual-drug loaded ultrasound-responsive 
nanodroplets for on-demand combination chemotherapy, Ultrasonics 133 (2023) 
107056.

[200] Y.-S. Chen, Y. Zhao, C. Beinat, A. Zlitni, E.-C. Hsu, D.-H. Chen, F. Achterberg, 
H. Wang, T. Stoyanova, J. Dionne, S.S. Gambhir, Ultra-high-frequency radio- 
frequency acoustic molecular imaging with saline nanodroplets in living subjects, 
Nat. Nanotechnol. 16 (2021) 717–724.

[201] T. Luo, S. Liu, R. Zhou, C. Zhang, D. Chen, Y. Zhan, Q. Hu, X. He, Y. Xie, Z. Huan, 
W. Gao, R. Li, G. Yuan, Y. Wang, W. Zhou, Contactless acoustic tweezer for 
droplet manipulation on superhydrophobic surfaces, Lab Chip 23 (2023) 
3989–4001.

[202] Y. Vitry, S. Dorbolo, J. Vermant, B. Scheid, Controlling the lifetime of antibubbles, 
Adv. Colloid Interface Sci. 270 (2019) 73–86.

[203] S. Dorbolo, E. Reyssat, N. Vandewalle, D. Quéré, Aging of an antibubble, EPL 69 
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