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1. Introduction

Ultrasound is an energy source that can be used for a myriad of
medical treatments, due to its ability to effectively penetrate tissue and
produce non-invasive biological therapeutic effects [1]. Beyond its
established applications in physical therapy, ultrasound emerges as a
promising technology to overcome some current limitations of drug
delivery, such as restricted drug penetration of biological barriers and
ineffective targeting. Indeed, ultrasound application has demonstrated
refined spatial targeting and enhanced drug penetration through bio-
logical barriers such as the blood-brain barrier (BBB) [2].

Effective therapeutic delivery to the nervous system is crucial for the
treatment of neuropathological diseases that impose significant chal-
lenges in current health care, including pain, dementia, and epilepsy. In
the central nervous system (the brain and spinal cord) the BBB and
blood-spinal-cord barrier (BSCB) are the main tissue barriers for sys-
temic (i.e., through the bloodstream) drug delivery [3]. The peripheral
nervous system consists of nerves branching out from the central ner-
vous system, with the blood-nerve barrier being the main barrier to
systemic drug delivery and the perineurium being the main barrier to
delivery from surrounding tissues [4]. Various physico-chemical and
pharmacological methods have been explored to bypass the associated
tissue barriers and enhance drug delivery to the central and peripheral
nervous systems [2]. These methods include chemical modification of
drugs to alter lipophilicity and facilitate their passage through the lipid-
rich tissue barriers, encapsulation of drugs in drug delivery systems to
improve flux into the nervous system, co-administration of hyper-
osmotic solutions to increase permeability of tissue barriers, direct
transcranial injection via catheters, and intranasal administration [5].
However, many of these methods suffer from insufficient drug delivery
to the target area or are invasive approaches.

Recently, ultrasound, alone or in combination with particle-based
systems, has demonstrated promising clinical applications for drug de-
livery to the nervous system [6]. Ultrasound-mediated techniques
leverage thermal, mechanical, and/or sonochemical effects to provide
spatiotemporal control. Conventional ultrasound devices are bulky in-
struments with stiff interfaces. Recently, technological advances have
led to miniaturization of ultrasound equipment with mechanical prop-
erties matching the target tissue. Miniaturized ultrasound-generating
devices have been utilized in applications such as in situ imaging [71,
neuromodulation [8], and drug delivery [9]. A range of biocompatible
flexible and implantable ultrasound devices have evolved to enable
ultrasound-modulated spatiotemporal control of therapeutic events
upon direct contact with the nervous tissue [10].

Successful clinical integration of advanced ultrasound-based thera-
peutic systems relies on the development of both the drug delivery
system and the ultrasound generating system, as they are coupled in
therapeutic use. This review therefore focuses on the recent advances in
both the drug delivery system for ultrasound-triggered drug release to
the central and peripheral nervous system and advances in ultrasound-
generating devices that could enhance therapeutic outcomes and the
patient experience. We commence by exploring the fundamental prin-
ciples of ultrasound physics and its interaction with tissue. The mech-
anisms of ultrasonic-enhanced drug delivery are examined, as well as
the relevant tissue barriers that hinder the delivery of nervous system-
targeted drugs. We highlight drug transport through such tissue bar-
riers utilizing insonation alone, in combination with ultrasound contrast
agents (e.g., microbubbles), and by particulate drug delivery systems.
We review recent advances in systems and devices for providing ther-
apeutic ultrasound, that may facilitate clinical application. Finally, we
discuss the major challenges of developing ultrasound-modulated ther-
apeutic systems and provide a critical perspective on the future of this
evolving field.
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2. Physics of ultrasound and interaction with tissue
2.1. Definitions in ultrasound physics

Sound is a mechanical wave, which causes mechanical disturbance in
the medium and transfers mechanical energy from one point to another.
When sound waves pass through a medium, energy propagates through
the collisions of adjacent particles, which oscillate near their stationary
positions with no net displacement [11].

Sound waves can be longitudinal or transverse, depending on their
oscillation direction relative to the direction of energy passing through
the medium. Only elastic solids can propagate sound waves transversely,
while all materials can support longitudinal waves. When traveling
through soft tissues and fluids within the body, longitudinal waves are
dominant [12].

The frequency of a sound wave (in hertz, Hz) is the number of os-
cillations (or cycles) per second. If the particle completes a complete
oscillation once per second, its frequency is 1 Hz. Ultrasound is a form of
sound wave, with a frequency higher than the upper limit of human
hearing, typically exceeding 20 kHz [11,12]. Ultrasound tissue pene-
tration depth is highly dependent on its frequency, as detailed in Section
2.2.

Acoustic pressure is a scalar quantity used to indicate the amplitude
of sound at a specific location. It is the deviation from the ambient at-
mospheric pressure caused by a sound wave. The SI unit for acoustic
pressure is the Pascal (Pa) [13]. Intensity is a measure of energy in a
sound beam, a key characteristic to determine the potential of tissue
damage upon insonation. It is often expressed in power per area, e.g.,
watts per square meter. The relationship between acoustic pressure and
intensity is as follows (Eqn (1):

p=V2eZ 1

where p is the sound pressure (Pa), I is the intensity (W/m?), and Z is the
acoustic impedance (Pa-sm™1) [14].

During sonication, energy input is interlinked with two key vari-
ables: mechanical index and thermal index [15]. The mechanical index
(MI) represents the probability of cavitation. It is the peak negative
pressure (in MPa) divided by the square root of the ultrasound frequency
(in MHz). The FDA recommends a maximum MI of 1.9 for diagnostic
ultrasound devices to ensure safety [16]. The thermal index (TI) is
related to the increase in tissue temperature. TI is defined as the atten-
uated acoustic power at the tissue depth of interest, divided by the
power necessary to raise the tissue temperature by one degree Celsius. A
TI < 2 (corresponding to an approximate 4 °C temperature increase in
soft tissue) is recommended by the American Institute of Ultrasound in
Medicine (AIUM) for ultrasound exposure up to 15 min [16].

2.2. Ultrasound interaction with biological tissue

Ultrasound can generate a wide range of biological effects through its
interaction with tissue [17]. Understanding the physical interactions
between ultrasound and tissue provides a scientific basis for the design
and risk assessment of ultrasound in therapeutic applications [18].

Ultrasound attenuation is the reduction in intensity or amplitude of
the waves as they propagate through a medium and is quantified in
decibels per centimeter of tissue traversed per megahertz (dB/cm/MHz).
Attenuation is quantified by the attenuation coefficient (@), which is
expressed in (dB/cm/MHz). For the majority of tissues, attenuation
values typically fall within the range of 0.3-0.8 dB/cm/MHz, as detailed
in Table 1 [19]. Attenuation is dependent on the frequency of the ul-
trasonic beam (f) and the distance traveled by the beam (z) (Eqn (2)
[20].

a, =10 x 77" x f! x logo(I/1,) 2

where I is the transmitted acoustic intensity and I is the input acoustic



P. Zhu et al.

Table 1
Attenuation coefficient of various tissues [19].

Tissue/ Attenuation coefficient (dB/ Acoustic impedance
Medium cm/MHz)* (MPa-ssm™ 1)

Water 0.0022 1.5

Blood 0.15 1.6

Soft tissue 0.75 1.6

Air 7.50 0.00001

Bone 15.0 8.0

Fat 0.63 1.4

Kidney 1.0 1.6

Lens of eye 0.05 1.7

*The unit of the attenuation coefficient is decibels per centimeter of tissue tra-
versed per megahertz.

intensity.

When the ultrasound beam passes through a uniform tissue, its en-
ergy is attenuated through reflection, refraction, scattering and ab-
sorption (Fig. 1), detailed as follows[21,22]:

Reflection: when ultrasound waves encounter a boundary between
two tissues with different acoustic impedance (the product of the
tissue density and the speed of sound in the tissue), a portion of the
wave is reflected. The amount of reflection depends on the imped-
ance mismatch between the tissues.

Refraction: wave refraction is the bending of a wave as it passes
through from one material to another. When waves hit a surface of a
different medium, some waves are reflected, while the rest bend and
change direction. The fraction refracted is quantified by the refrac-
tion coefficient.

Scattering: when ultrasound encounters small structures or varia-
tions in tissue density, such as cell boundaries or tissue interfaces, it
scatters in various directions.

Absorption: the mechanical energy of ultrasound can be absorbed by
tissue and converted into heat.

Thus, attenuation increases with frequency, so lower frequencies are
often used to penetrate deeper into the tissue. Most importantly, unlike
light waves, ultrasound is less absorbed by water and tissues, resulting in
greater penetration depths [23]. Penetration depth characterizes the
distance an energy source penetrates through a given medium; its
standardized definition is the depth at which the intensity of the radi-
ation inside the material falls to 1/e (about 37 %) of its original value at
the surface [24]. When compared to other external energy sources, such
as light, ultrasound has longer wavelengths and lower energy, inducing
less tissue scattering and absorption in biological tissues, achieving a

ULTRASOUND
ATTENUATION

Ultrasound transducer

Ultrasound beam

1/

Tissue 1 (Z1) Z,
Tissue 2 (Z) Z,
ABSORPTION REFLECTION
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penetration depth of 3-5 cm at a frequency of 1 MHz, compared with <
1 mm for visible light and ~ 1 cm for near-infrared light [25]. Therefore,
ultrasound can be used for deep tissue imaging, as evidenced by the
clinical use of diagnostic ultrasound, and can be used to transmit energy
into the body at precise locations, which is key to therapeutic applica-
tions. Safe, non-invasive, and painless energy transmission into the body
is crucial for ultrasound-activated drug delivery.

3. Mechanisms of ultrasound-mediated drug delivery

Ultrasound-generated effects can be categorized into thermal, me-
chanical, and sonochemical. Thermal effects are generated through the
absorption of ultrasound energy by tissues and drug-delivery materials.
Mechanical effects, such as cavitation and acoustic streaming, are the
main working mechanisms for microbubble-based drug delivery systems
[26]. Sonochemical effects make use of the ultrasound harvesting
properties of molecules such as sonosensitizers [27]. This section will
discuss the mechanism of these ultrasound-generated effects, focusing
on their interactions with biological tissue and applications in drug
delivery systems.

3.1. Thermal effects

The conventional use of therapeutic ultrasound is tissue heating.
Raising the temperature to a few degrees above the normal body tem-
perature level may induce beneficial physiological effects, such as
increasing local tissue perfusion [28]. The ultrasound energy absorbed
by tissue is converted into thermal energy, heating the exposed tissue.
This thermal effect increases with ultrasound frequency and is most
significant at the MHz range. Numerous preclinical studies have shown
that the release of therapeutic drugs encapsulated in temperature-
sensitive liposomes (TSLs) under hyperthermic conditions generated
by ultrasound can significantly improve the concentration, distribution,
and ultimate therapeutic effect of the given dose [29,30]. When the
temperature reaches the melting phase transition temperature of the
lipid bilayer, the structure of the lipid membrane changes from the gel
phase to liquid crystal phase, and TSL releases the encapsulated drug
[31]. In cancer therapy applications, ultrasound-induced hyperthermia
in combination with TSL induces tumor ablation and achieves spatio-
temporal control of chemotherapeutic release with TSL [32]. Liver
tumor patients were treated with a single intravenous infusion of
chemotherapeutic-loaded (i.e., doxorubicin) TSL during a phase 1 clin-
ical trial, followed by extracorporeal focused ultrasound insonation at
their liver tumor. An average increase of 3.7 times in intratumoral
chemotherapeutic concentration [33] was found via biopsy, demon-
strating enhanced intratumoral drug delivery enabled through

() e
— T]
Z, | Z4
Zz ZZ
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Fig. 1. Ultrasound attenuation mechanism when traveling through tissue. Z; and Z, indicate distinct acoustic impedances (Z) of tissue 1 and 2. The shading of the
ultrasound beam relates to its acoustic intensity (e.g., a darker color indicates higher intensity). Illustrations were created with Biorender.com.
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ultrasound-mediation.

Prolonged exposure to significantly elevated temperatures may have
adverse effects on underlying tissues, including burns, necrosis (i.e.,
direct cell death), and adverse immune response [29]. The phase 1
clinical study with TSL mentioned above found that adverse immune
events were triggered in half of the subjects. To minimize undesirable
thermal effects, the temperature can be controlled by operating the ul-
trasound instrument in pulse mode, minimizing insonation intensity and
duration. A tissue temperature of approximately 42° C induces benefi-
cial biological effects (e.g., enhancement in blood circulation), while
above this temperature tissue damage can occur in the form of DNA
repair inhibition, direct cell death, and undesired immune response
[34,35].

3.2. Mechanical effects

The mechanical effects from insonation can be classified into three
categories: cavitation, acoustic streaming, and radiation forces.

3.2.1. Cavitation

Cavitation refers to the process of producing bubbles in a fluid when
it is subjected to forces exceeding its tensile strength. Ultrasonic waves
propagate in fluids and generate cavitation bubbles when the peak
negative pressure has a large amplitude (above the tissue- and
frequency-dependent cavitation threshold [36]). As a result of oscil-
lating pressure waves, bubbles oscillate and grow during the progressing
cycles of the pressure wave. Stable cavitation is the periodic growth and
shrinkage of bubbles, oscillating near an average size; while inertial
cavitation is the unstable growth and collapse of cavitation bubbles
[37]. Ultrasound intensity, frequency, and the presence of ultrasound
contrast agents are key factors in determining the mode of cavitation. An
intensity above a tissue-dependent threshold is required for inertial
cavitation. Beyond this threshold, the likelihood of inertial cavitation
increases linearly with ultrasound intensity. The presence of exogenous
ultrasound contrast agents (e.g., microbubbles) has been found to lower
the cavitation threshold 2-3 fold [38], thereby inducing cavitation at
lower ultrasound pressures. Frequency is also a key factor: inertial
cavitation activity rapidly decreases with increasing ultrasound fre-
quency at any given intensity [36,39]. Furthermore, the threshold in-
tensity of inertial cavitation increases with ultrasonic frequency. This
dependence reflects the fact that the growth of cavitation bubbles be-
comes increasingly difficult with increasing ultrasound frequency.

Insonation parameters can influence the size of the ultrasound-
nucleated cavitation bubbles, which plays a significant role in ultra-
sound’s therapeutic and safety profile. The size of the nucleated bubbles
is inversely proportional to the ultrasonic frequency [40,41]. This pro-
vides further insights when understanding the mechanism of tissue
damage from ultrasound exposure. For example, small bubbles gener-
ated by high ultrasound frequencies (with a radius of ~ 3 um at 1 MHz)
can nucleate within the voids of the stratum corneum (SC), promoting its
ability to damage the ordered SC structure. In contrast, cavitation
bubbles larger than the voids in SC are unlikely to enhance the perme-
ation of the skin tissue barrier [42].

Ultrasound may mechanically disturb biological barriers and pro-
mote the transport of drugs to the target site through cavitation. The
implosion of bubbles due to inertial cavitation generates microjets that
create small pores within cell membranes, a process termed sonopora-
tion [9]. The generated pores may be temporary (contributing to suc-
cessful treatment delivery) or permanent (leading to tissue injury) [43].
Sonoporation has been found to enhance tissue barrier (e.g., skin)
permeability [44].

Ultrasound can mechanically disrupt drug carriers through inertial
cavitation. The shock waves generated by inertial cavitation induce jets
of dense fluid passing through a vesicle, generating shear stress on the
surface of a vesicle, which can shear or potentially puncture nearby
vesicles. Drug-loaded liposomes, conjugated or co-administered with
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microbubbles, experience mechanical disruption and release their drug
content upon insonation, demonstrated in vivo [45-48]. The aforemen-
tioned ultrasound-triggered drug release from the liposomes may be
linked with the shear stress generated by the inertia cavitation of
microbubbles.

3.2.2. Acoustic streaming

When a strong ultrasonic beam is directed through a liquid, mo-
mentum from the beam is transferred to the fluid, imparting a large-
scale convective motion to the fluid that can also increase the overall
rate of drug transport [49]. This is termed acoustic streaming, i.e. flow
generated by the propagation of ultrasound in a fluid medium, and is the
dominant convection effect generated by ultrasound. An example of its
importance in drug delivery is seen in enhanced drug penetration
through the gastric mucosa induced by mucosal compression and
extension due to acoustic streaming under low power density insonation
[50], Moreover, acoustic streaming induces the movement of materials
(e.g. drugs) in a single direction (i.e., the direction of wave propagation)
in tissues [51,52]. This directional bias is in contrast to temperature-
dependent diffusion in which molecular movement occurs in all di-
rections. In the study of articular cartilage exposed to focused ultra-
sound, the injected drug demonstrated a net maximum displacement of
approximately 0.7 mm in the direction of wave propagation [53].
Acoustic streaming has also been proposed to promote angiogenesis
[54], enhance tissue repair [55], and stimulate the hypothalamic area
[56].

3.2.3. Acoustic radiation forces

Acoustic radiation forces are produced by the interaction of sound
waves with obstacles in their path. When a gas bubble in a liquid is
exposed to an acoustic pressure field, it can experience volume pulsa-
tions. Acoustic pressure gradients interact with the oscillating bubbles to
create a translational force on the bubble, known as the primary
Bjerknes force [57]. The resonant frequency of a bubble increases with
decreasing bubble size [57]. Small bubbles with a resonant frequency
greater than the driving frequency of the sound field move up a pressure
gradient, while larger bubbles move down the gradient [58]. Such pri-
mary acoustic radiation forces produced by ultrasound bring micro-
bubbles into contact with the vascular wall, which has been used to
enhance drug penetration through tissue barriers [59].

Conversely, when cavitation bubbles oscillate in an acoustic field,
the pressure field generated by their oscillation can lead to the mutual
attraction or repulsion between the cavitation bubbles, a phenomenon
known as the secondary Bjerknes force [60]. This interaction can drive
bubble agglomeration, which may be utilized to enhance the ultrasound-
triggered drug release events (see details in Section 5.3.1). In summary,
primary and secondary Bjerknes forces (often referred to as primary and
secondary radiation forces), play a significant role in the acoustic
manipulation of particles. Comprehending these forces is important for
designing and optimizing ultrasound-based applications across various
domains [61].

3.3. Sonochemical effects

Sonochemistry refers to the use of ultrasound to drive chemical re-
actions. Sonodynamic therapy (SDT) relies on the interaction between
ultrasound and sonosensitizers, in a manner analogous to the use of light
and photosensitizers in photodynamic therapy (PDT). Under US irradi-
ation, excitation of sonosensitizers from the ground to an excited state
occurs, which leads to the generation of short-lived reactive oxygen
species (ROS). The resulting oxidative stress can be exploited for tar-
geted drug release and promote localized cell death for cancer treat-
ment. However, the exact mechanism by which sonosensitizers produce
ROS upon US irradiation is not fully elucidated. It is generally accepted
that cavitation leads to the generation of ROS through cavitation-
induced sonoluminescence or pyrolysis [62]. The rapid collapse of
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bubbles during cavitation emits light, a process termed sonolumi-
nescence [63]. Sonoluminescence subsequently excites the photoactive
sonosensitizer to its excited state, generating ROS [64,65]. Localized
rises in pressure and temperature can result in pyrolysis, exciting the
sonosensitizer to generate ROS [66].

3.3.1. Sonosensitizers

Sonosensitizers are essential constituents for SDT therapy, as SDT
efficacy is greatly dependent on the sonosensitizer’s efficiency. Singlet
oxygen quantum yield (®,), a term commonly used for PDT, provides an
important quantitative measurement of ROS generation for dosimetry. It
refers to the efficiency with which a particular substance generates
singlet oxygen molecules. It is a measure of the ratio of the number of
singlet oxygen molecules produced to the number of absorbed photons.
A higher @, indicates more efficient ROS generation in response to light
or ultrasound stimuli [67,68]. However, additional factors such as sta-
bility and cytotoxicity should also be considered in the selection of
sonosensitizers.

The most extensively investigated sonosensitizers are organic
porphyrin derivatives, including protoporphyrin IX (PPIX), hemato-
porphyrin monomethyl ether (HMME), hematoporphyrin (HP), and
sinoporphyrin sodium (DVDMS). These molecules exhibit biocompati-
bility and possess both photosensitizing and sonosensitizing properties.
Their sono/photosensitivity originates from their aromatic macrocyclic
structure, characterized by the presence of highly delocalized conju-
gated systems that facilitate p-p* excitation under illumination or
insonation, ultimately resulting in ROS generation [69]. Aggregation of
porphyrin-based sonosensitizers impedes energy transfer between
porphyrin and Oy, significantly reducing ®, . To circumvent such lim-
itations, hemoglobin (Hb) has been proposed as both sonosensitizer and
oxygen-carrying molecule [70]. Multidrug-resistant bacteria were tar-
geted using a nanoparticulate system that loaded the sonosensitizer
HMME into zeolitic imidazolate framework-8 (ZIF-8). The incorporation
of Hb aimed to increase oxygen concentration in the hypoxic microen-
vironment of bacterial infection, thereby facilitating ROS generation
upon insonation of the sonosensitizer [71]. In addition to porphyrins,
other types of organic sonosensitizers include xanthenes, phthalocya-
nines, and indocyanines. The readers are referred to [72] for an in-depth
discussion of advances in organic sonosensitizers.

Increasing interest has been given to inorganic sonosensitizers [73].
They offer enhanced stability under ultrasound and can be easily func-
tionalized. However, the challenges of inorganic sonosensitizers include
low ROS quantum yield, limited biocompatibility, and cytotoxicity,
which hinder their therapeutic applications.

4. Tissue barriers

A major advantage of ultrasound is its ability to mechanically disturb
tissue barriers to promote the flux of drugs into the nervous system. In
this section, we discuss the major tissue barriers for drug delivery to the
nervous system, providing context for discussions of ultrasound-
enhanced drug delivery in Section 5.

4.1. The blood-brain barrier (BBB)

A major hurdle for systemically administered medications targeting
the brain is navigating through the BBB [3]. The presence of tight
junctions (TJs) and adherens junctions (AJs) between neighboring
endothelial cells in the BBB creates a physical, transport, immunolog-
ical, and metabolic barrier that isolate the CNS from systemic circula-
tion, making the entrance of nutrients highly selective and hindering the
passage of pathogens, toxins, and drugs [74]. Paracellular transport is
prevented by TJs filling the paracellular space. Compounds primarily
gain access to the brain through a combination of active transport,
passive diffusion, and specific transporters such as GLUT1, insulin, and
transferrin receptors. The BBB is highly impermeable to most molecules,
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especially polar hydrophilic and high molecular weight ones, thereby
impeding drug delivery to the brain [75].

4.2. The nerve-tissue barrier and the blood-nerve barrier (BNB)

The peripheral nervous system is protected from its surrounding
environment by three main barriers: the epineurium, the perineurium,
and the endoneurium [4]. The epineurium is a connective tissue that
surrounds the entire nerve. Its primary role is to provide mechanical
support and maintain structural integrity. The perineurium is a dense
connective tissue that encloses individual nerve fascicles. It controls the
flux of interstitial fluid to cells within, maintaining homeostasis. As it is a
main diffusion barrier for drug delivery to the target peripheral neurons,
the perineurium is also termed the Nerve-Tissue Barrier. This Nerve-
Tissue Barrier is formed by basal membranes and concentric layers of
peripheral cells that are joined by tight junctions [76]. During local
administration of drugs (e.g., local anesthetics) at the peripheral nerve,
the perineurium is the main diffusion barrier [77]. The perineurial
barrier impedes the access of hydrophilic drugs to their target neurons,
limiting their effectiveness [78]. The endoneurium is a connective tissue
sheath around individual myelinated axons[4].

The main barrier for systemically administered drugs to reach the
target peripheral neuron is the blood-nerve barrier (BNB) [4,76]. It is
located within the blood vessel wall of the endoneurial vasculature and
forms tight junctions between endothelial cells and pericytes to main-
tain endoneurial homeostasis. Similar to the BBB, the BNB tightly re-
stricts the passage of substances from the blood into the nerve
environment. It exhibits low permeability to solutes and macromole-
cules, impeding systemic drug delivery to the peripheral nerve.

4.3. The skin barrier

Therapeutic agents can also be delivered through the skin via topical
applications, such as topical application of local anesthetics for cuta-
neous pain relief [79]. The stratum corneum is the main diffusion barrier
for such transdermal drug delivery. The stratum corneum is the outer
layer of the epidermis, composed of structured corneocytes and lipids
[80]. Each corneocyte possesses a highly cross-linked cornified envelope
filled with keratin filaments. The individual corneocytes are surrounded
by an extracellular lipid matrix, organized in a brick(corneocyte)-and-
mortar (lipid matrix) structure. The human stratum corneum typically
contains 20 corneocyte cell layers. This hydrophobic stratum corneum
prevents the loss of water and other body constituents from the body. It
also is the major diffusion barrier for topical drug delivery. Once this
barrier has been overcome, drugs and drug delivery systems would have
to overcome barriers to delivery to nerves within.

4.4. The cell membrane

The cell membrane regulates the movement of molecules between
the cytoplasm and the extracellular space. It is composed of 50 % pro-
tein, 45 % lipid and 5 % carbohydrate [81]. It is relatively permeable to
small hydrophobic molecules, while transport proteins and ion channels
control the transport of hydrophilic solutes. Nanoparticles and macro-
particles gain access to the cytosol via endocytosis and are translocated
to intracellular vesicles including endosomes and lysosomes. The acidic
pH and enzymes within such vesicles often degrade the endocytosed
content, thereby imposing a barrier for drug delivery [82]. Ultrasound-
mediated cavitation with the presence of microbubbles has been found
to temporarily perforate the cell membrane, a process termed sonopo-
ration [83]. Sonoporation enhances the delivery efficiency of drugs to
the target cell, from small molecules [84] to macromolecules (e.g., an-
tibodies [85] and genes [86]).
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5. Ultrasound-mediated drug delivery

Ultrasound enhances the therapeutic effectiveness of pharmaceutics
due to its ability to mechanically disturb tissue barriers, enhancing the
ability of drugs to reach their target site (see Section 5.1). This effect can
be further enhanced by co-application of microbubbles (see Section 5.2).
Furthermore, materials used in drug delivery systems, such as lipids and
polymers, have recently been designed to be responsive to the effects of
ultrasound, so that drugs can be released in a region of interest at the
desired time and dosage (see Section 5.3). A summary of ultrasound-
modulated drug delivery in different tissues in vivo is presented in
Table 2. This section discusses these advances in the application of ul-
trasound for enhanced drug delivery, focusing on the central and pe-
ripheral nervous system.

5.1. Drug transport enhanced by ultrasound alone

The mechanical effect of ultrasound drives convection processes that
enhance drug transport through tissue [108]. For example, ultrasound
has been used clinically to enhance the anesthetic effect of topical
lidocaine [93]. Ultrasound exposure at 0.17 W/crnz, 48 kHz, 100 % duty
cycle on mice with feet immersed in local anesthetic aqueous solution
showed significant anesthetic effect for 2 h, while the control group
without ultrasound exposure showed no anesthetic effect [109]. The
temperature rise of the solution was less than 1 °C. These results suggest
that ultrasound-mediated mechanical effects may have been the pre-
dominant mechanism of the enhanced therapeutic efficacy.

Ultrasound can enhance the penetration of hydrophilic drugs
through tissue barriers. Insonation enhanced therapeutic effectiveness
from the hydrophilic local anesthetic tetrodotoxin injected at (outside)
the sciatic nerve. Here, the therapeutic effect was measured as the
duration and degree of nerve block (i.e., neurobehavioral effect due to
the inhibition of nerve signal transmission by the peripheral nerve).
Using a rat model and an ultrasound frequency of 1 MHz, the authors
found that insonation at ultrasound intensities greater than 0.5 W/cm?
resulted in a greater duration of nerve block than without insonation (at
3 W/cm?, 4.6-fold longer), and greater flux of a fluorophore into the
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sciatic nerve (3-fold increase with 3 W/cm? insonation). While the exact
mechanism for this effect is unclear, the authors suggested that both
ultrasound-mediated thermal and mechanical effects may have played a
role. The authors also observed that systemic distribution from the site
of injection was enhanced by insonation. Interestingly, insonation did
not affect nerve block from the local anesthetic bupivacaine, which is
more hydrophobic than tetrodotoxin. This suggests that the effect of
insonation on local anesthesia effectiveness depends on the hydrophi-
licity of the drug molecule; more hydrophilic molecules, which have
more difficulty crossing biological barriers, would be helped more than
more hydrophobic molecules.

Focused ultrasound was applied to patients with Alzheimer’s disease
upon coadministration of antiamyloid antibodies to enhance the de-
livery of the antibodies to the brain [100]. Patients were administered
antiamyloid antibodies intravenously monthly. Two hours after each
administration focus ultrasound was applied. The opening of the
blood-brain barrier was visualized by gadolinium contrast MRI. After
26-weeks of treatment, a 48 %-63 % reduction in amyloid-beta levels
was detected by fluorine-18 florbetaben positron-emission tomography.
Adverse events including headaches and hypertension resolved 180 days
after the last insonation event.

5.2. Ultrasound-enhanced drug transport with ultrasound contrast agents

Ultrasound contrast agents, such as microbubbles and phase change
perfluorocarbon nanodroplets, have the ability to amplify the mechan-
ical effects of ultrasound [110]. Microbubbles are micron-scale gas
particles stabilized by surfactants (e.g., lipids or proteins [111,112]).
Phase change perfluorocarbon nanodroplets are liquid-filled submicron
particles, commonly formed by the condensation of microbubbles, and
vaporize upon insonation to form microbubbles in situ [113]. Upon
insonation, the microbubbles undergo high-frequency vibrations alter-
nating between expansion during peak negative pressures and contrac-
tion during peak positive pressures. These vibrations exert forces on
adjacent cells, inducing the disturbance of cell barriers.

Microbubble-facilitated low-intensity pulsed ultrasound (LIPUS-MB)
can temporarily disrupt the BBB in various animal models, enhancing

Table 2
A representative summary of ultrasound-mediated drug delivery systems in different tissues.
Tissue Animal model Drug delivery system Ultrasound contrast agent Mechanism of ultrasound mediation Reference
Skin Rat Free drug Microbubble Mechanical [87]
Hydrogel None [88]
Nanobubble [89]
Inorganic nanoparticle None Thermal [90]
Free drug Thermal & Mechanical [91]
Pig Free drug Mechanical [92]
Human Free drug Thermal & Mechanical [93]
Subcutaneous tumor Rat Free drug Sonochemical [27]
Liposome [68]
Hydrogel Mechanical [94]
Polymersome [95]
Nanobubble Nanobubble [96]
Free drug Microbubble [971
Brain Rat Liposome [48]
Rabbit Free drug [98]
Human Free drug [991]
None [100]
Sciatic nerve Rat Liposome None Sonochemical [101]
Free drug Thermal & Mechanical [102]
Polymeric microparticle Mechanical [103]
Hydrogel Microbubble [104]
Cartilage Rat Liposome None Sonochemical [105]
Gastrointestinal tract Pig Free drug Mechanical [106]
Hind leg tumor Rat Liposome Microbubble [45]
Immune system* Rat Polymeric nanoparticle [107]
Kidney Rabbit Liposome [46]
Liver Human Liposome None Thermal [33]

*antigen presenting cells.
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the delivery of therapeutics to the brain [98,99,114,115]. Opening of
the BBB upon intravenous administration of microbubbles and insona-
tion at 1.63 MHz and 1 MPa was visualized in a rabbit model with
magnetic resonance imaging (MRI) [116]. The mechanism behind
microbubble-mediated BBB opening is dependent on microbubble size
and acoustic intensity. Specifically, the BBB opening threshold at 1.5
MHz was 0.45 MPa for 1-2 pm microbubbles, and 0.3 MPa for 4-8 pm
microbubbles. Since inertial cavitation in this system occurs above 0.45
MPa [116], the opening of the BBB with larger particles is not due to
inertial cavitation.

Phase change perfluorocarbon nanodroplets have been shown to
induce the opening of BBB upon exposure to focused ultrasound [117].
In mice, phase change perfluorobutane nanodroplets and fluorescent
dextran were co-administered via tail vein injection. Insonation with
focused ultrasound (1.5 MHz, 0.6 MPa, 5 min) caused a 7.4 fold increase
in fluorescent dextran accumulation in the hippocampus compared to
non-insonated animals, suggesting BBB opening.

Intravenously administered therapeutics that have demonstrated
enhanced bioavailability to the brain upon co-administration of micro-
bubbles and insonation range from small molecules [118] to antibodies
[119] and nanoparticles [120]. Clinical studies have demonstrated the
clinical feasibility of microbubble-mediated therapies. Low-intensity
pulsed ultrasound in combination with microbubbles was found to in-
crease chemotherapeutic accumulation in the brain in glioblastoma
(GBM) in clinical trials. In a 2016 phase 1/2A clinical trial, intravenous
administration of microbubbles was followed by insonation from an
implantable device at an acoustic pressure > 0.8 MPa, frequency 1 MHz
[99]. BBB disruption was visualized in 28 of 41 patients by gadolinium
contrast-enhanced MRI. A recent version of this implantable system,
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named SonoCloud-9, comprises nine ultrasound emitters, each oper-
ating at a frequency of 1 MHz (Fig. 2). In a 2023 dose-escalation phase I
clinical trial, SonoCloud-9 achieved 3.7-fold and 5.9-fold increases in
brain parenchymal drug concentrations of paclitaxel and carboplatin,
respectively, when those albumin-bound drug were co-delivered with
intravenous microbubbles [121]. Microbubble-mediated BBB opening
was associated with mild to moderate neurological deficits, most
commonly headache, moderately severe suppression of white blood
cells, and hypertension. The chronic effects of BBB opening are unknown
[122].

Microbubble-enhanced drug transport to the cerebral vasculature
(rather than the brain itself) has been achieved without disruption of the
BBB [123]. Using low-pressure focused ultrasound (FUS), they induced
oscillation of cationic plasmid-conjugated microbubbles, facilitating
endothelial cell membrane sonoporation. In vivo, systemic administra-
tion of DNA-conjugated microbubbles at 0.1 MPa pulse negative pres-
sure (PNP), 1.1 MHz, resulted in 85-93 % endothelial-selective
transfection after 24 h, with no observable inflammatory or immune
responses. Magnetic resonance (MR) images showed no contrast agent
extravasation into the brain, indicating no BBB disruption. The study
suggests that acoustic sonoporation is effective at low FUS PNPs,
enabling endothelial transfection without BBB disruption.

Microbubbles have also been found to enhance sciatic nerve block
effectiveness upon co-administration (by local injection at the sciatic
nerve) with the local anesthetic tetrodotoxin in a rat model [124]. The
nerve block duration was enhanced three-fold with the co-
administration of microbubbles and insonation (98 kPa). Histology
showed no deleterious effects of ultrasound on tissue. These results
suggest that the effects of microbubble cavitation upon insonation may

Fig. 2. Schematic of BBB opening with microbubbles upon insonation with an implantable ultrasound device (i.e., Sonocloud). Systemic co-administration of
microbubbles with drugs induces BBB opening and enhances the accumulation of drugs in the target site. Illustrations were created with Biorender.com and adapted

from [121], Elsevier 2023.
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also assist drug penetration through peripheral nerve tissue barriers at
low acoustic intensities.

Microbubbles may also be used to guide drug delivery systems to
travel against blood flow upon insonation, demonstrated within the
brain vasculature in vivo [125]. Lipid-coated microbubbles filled with
sulfur hexafluoride gas aggregated upon insonation via secondary
Bjerknes force. Ultrasound was transmitted through the mouse skull at
490 kHz and yielded a pressure range of 70 to 80 kPa. The aggregated
complex (termed a microrobot in reference [125]) achieved upstream
motion against blood flow, reaching velocities of 1.5 ym/s, and moving
against blood flows of 10 mm/s. Safety concerns included vessel clog-
ging in ~ 3 % of the analyzed vessels, primarily in small capillaries and
venules, that recovered upon the cessation of ultrasound stimulation.
Immunohistochemistry revealed no disruption of vascular endothelium
or neuronal cell death. The potential risk from ultrasound-related hy-
perthermia remains to be assessed.

5.3. Ultrasound-triggered drug release from particulate drug delivery
systems

Particulate drug delivery systems provide a strategy to overcome
challenges in drug solubility, in vivo stability, and pharmacokinetics
[126]. Ultrasound can further enhance the delivery efficiency of these
systems. This section summarizes recent advances in the design of
ultrasound-sensitive drug delivery systems for central and peripheral
nervous system applications.

5.3.1. Microbubble-mediated particulate drug delivery systems

Microbubbles can be used as drug delivery agents. Chemotherapeutic
doxorubicin was loaded into perfluoropropane-filled microbubbles
[127]. Following intravenous administration of the doxorubicin-loaded
microbubbles, focused ultrasound was transcranially applied in a rat
model at 325 kPa, 400 kHz. Dye extravasation showed that the micro-
bubbles induced BBB opening upon insonation. Doxorubicin accumu-
lation in brain tissue was significantly enhanced when compared to
areas not treated with ultrasound or animals administered with free
doxorubicin.

Drug-loaded nanoparticles tethered onto microbubbles is another
strategy for microbubble-mediated ultrasound-triggered drug delivery
[128]. Gene-loaded adeno-associated viral vectors were covalently
conjugated onto microbubbles for gene therapy [129]. Upon insonation
with focused ultrasound in vivo (580 kHz, 0.4 MPa, 120 s), BBB opening
was observed via MRI with a gadolinium-based contrast agent. The viral
vectors were loaded with a gene associated with the neurorestoration of
Parkinson’s disease, SIRT3. After administration by tail-vein, followed
by insonation of the striatum and substantia nigra, the SIRT3 gene was
enhanced in the insonated regions.

Recently, the possibility of microbubble-mediated drug delivery to
the brain without breaching the BBB has also been studied. A drug de-
livery system composed of microbubbles (~1.5 um) with drug-loaded
liposomes (~120 nm) tethered to their surfaces, was insonated with a
two-stage focused ultrasound sequence [130]. The first stage (0.075
MPa for 1 s/cycle) caused microbubble aggregation via secondary
Bjerknes forces. The second stage (0.188 MPa for 90 ms/cycle) caused
the local disruption of the tethered drug-loaded liposomes, inducing the
release of the liposome-encapsulated drug. The authors hypothesized
that ultrasound-induced aggregation of microbubbles in the brain
vasculature via acoustic radiation. This aggregation could enhance
ultrasound-triggered drug release due to enhanced shear effects induced
by high velocity jets from collective microbubble gas release, mechan-
ically destabilizing the liposomal lipid bilayers, inducing drug release.
The authors found that both the aggregation and uncaging stages were
required to induce effective drug release. The tethered liposomes were
loaded with the psychoactive drug, muscimol. Insonation at 2.5 MHz
ultrasound at 1000 cycles per treatment enabled the release of muscimol
within the motor cortex in rats upon intravenous administration of the
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microbubble-liposome system. It achieved the inhibition of the vibrissae
sensory-motor pathway without observable BBB opening or damage.
The approach significantly reduced the required drug dose compared to
systemic injection (1300x less), demonstrating the potential for
ultrasound-induced localized drug delivery to effectively reduce off-
target effects.

In contrast to the above examples, in which the microbubbles and the
particles were administered systemically, microbubbles and drug-
loaded particles have been co-delivered in a hydrogel, for ultrasound-
triggered release. A mixture of microbubbles and dye-loaded lipo-
somes contained in an in situ cross-linking hyaluronic acid hydrogel
showed repeatable ultrasound-triggered dye release upon insonation
[104]. The hydrogel system preserved proximity between the micro-
bubble and dye-loaded liposomes, such that insonation would cause
microbubble-mediated cavitation, which would enable dye release from
liposomes. Ultrasound-triggered dye release was visible for up to 6
insonation events in a mouse model.

5.3.2. Phase change perfluorocarbon nanodroplets as drug delivery systems

Therapeutics can be loaded into phase change perfluorocarbon
nanodroplets and released upon insonation. A lipophilic anesthetic
pentobarbital was loaded into a commercial perfluoropropane micro-
bubble contrast agent and condensed into liquid-filled nanodroplets
[131] with a mean size of 210 nm. The pentobarbital-loaded nano-
droplet was administered in rats via tail vein injection and the rat’s
motor cortices were insonated with focused ultrasound (0.58 MHz, 0.8
MPa, 5 s/min with 15 min total). A statistically significant motor deficit
of 19.1 + 13 % was observed by gait analysis, while the control groups
(ultrasound only, and droplets without ultrasound) showed negligible
differences.

5.3.3. Reactive oxygen species (ROS)-sensitive particulate drug delivery
systems

Particulate carriers for sonochemistry-triggered drug release incor-
porate a ROS-sensitive element. Formulations containing unsaturated
lipids can be chosen for this purpose, since singlet oxygen reacts with
double bonds, causing lipid peroxidation, disrupting the stability of the
nanocarrier and releasing the drug.

Repeatable ultrasound-triggered release of local anesthetics was
achieved using ROS-sensitive liposomes (Fig. 3). Under insonation, the
sonosensitizer protoporphyrin IX (PPIX) generated ROS (Fig. 3B), which
induced peroxidation of the unsaturated lipid 1,2-dilinoleoyl-sn-glycero-
3-phosphocholine (DLPC), which increased liposomal membrane
permeability, allowing drug release [101]. Ultrasound-triggered release
of encapsulated cargo was demonstrated in vitro and in vivo (Fig. 3C&D).
The liposomes were loaded with the local anesthetic tetrodotoxin and
injected at the rat sciatic nerve in vivo. Ultrasound-activated nerve block
was demonstrated at 1 MHz, with the nerve block duration controllable
via insonation intensity (1-3 W/cm?) and duration (2-10 min). The
ultrasound-activated nerve block could be repeated with subsequent
insonation events after local anesthesia had worn off. The liposomes
could be visualized by ultrasound imaging, demonstrating the potential
to precisely monitor and locate the drug-delivering particles for on-
demand, ultrasound-activated local anesthesia.

Lipid-based formulations without unsaturated lipids have also been
reported to be ROS-sensitive. Pegylated liposomes containing a satu-
rated phospholipid (i.e., hydrogenated soybean phosphatidylcholine)
and cholesterol, loaded with the sonosensitizer hematoporphyrin mon-
omethyl ether (HMME), demonstrated ultrasound sensitivity [68].
Insonation for a total of 120 s (10-s sonication followed by a 10-s pause
at1 MHz, 1.5 W-cm~2) resulted in enhanced release of cargo (vincristine
bitartrate). The same configuration containing the sonosensitizer
Chlorin e6 resulted in ultrasound-triggered doxorubicin (DOX) release
[67]. The mechanism of release was not elucidated.
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Fig. 3. Ultrasound-triggerable liposomes triggered by sonochemistry. (A) Schematic of ultrasound-sensitive liposomes. The liposomes are composed of lipids sus-
ceptible to ROS. Upon insonation, sonosensitizer-mediated ROS generation induces lipid peroxidation, thereby enhancing the permeability of the liposomes and
releasing the encapsulated cargo. (B) Quantification of ROS generation using an ROS-specific fluorescent indicator, carboxy-H2DCFDA. A higher fluorescence in-
dicates higher ROS generation. (C) Dye release kinetics, with and without insonation, from sonosensitizer-containing liposomes loaded with the fluorescent dye
sulforhodamine B. red: with ultrasound; blue: without ultrasound. Each arrow represents insonation at 3 W/cm?, 1 MHz, for 10 min. (D) Fluorescent image of a rat
with subcutaneous injection of sonosensitizer-containing, dye-loaded, ultrasound-triggerable liposomes. The fluorescence intensity increased by 68.0 + 17.1 %
(mean, SD) after insonation. This enhancement demonstrates that cargo release from this system can be triggered by ultrasound in vivo. Left: before ultrasound (US),
right: after ultrasound. Figures were adapted from [101], copyrighted by Nature Publishing Group; and [132], copyrighted by National Academy of Sciences, USA.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

5.3.4. Polymeric drug delivery systems

Polymer-based microcapsules, composed of a polymeric shell and an
aqueous core, are sensitive to ultrasound due to the creation of defects
on the polymeric shell upon insonation [133]. At high acoustic pressures
(e.g., > 500 kPa) [134] the defects propagate, leading to the complete
destruction of the polymeric shell. Lidocaine encapsulated within pol-
ylactic acid-glycolic acid microcapsules demonstrated ultrasound-
triggered release [103]. The lidocaine-loaded microcapsules were
percutaneously injected at the rat sciatic nerve in a model of sciatic
nerve injury. Insonation resulted in drug release and pain relief.

6. Neuromodulation via insonation

Ultrasound itself has effects on the activity of neurons that are
distinct from the above effects on drug delivery. Neuromodulation, the
exposure of ultrasound to neurons, enables the control of neuron ac-
tivity. For detailed information, we refer the reader to in-depth reviews
on this topic [135-137].

Studies of neuromodulation suggest a number of potential mecha-
nisms for the transient modulation of neural activity by ultrasound: (1)
Neural membrane conformation change. The mechanical effects of ul-
trasound may alter membrane properties, such as thickness, curvature,
and lipid molecule conformational states. This can result in a change in
membrane capacitance (i.e., the speed at which the cell membrane po-
tential reacts to the movement of ion channel currents), which can result
in the excitation of neurons [138]. (2) Mechanosensitive channel acti-
vation. The activity of certain ion channels can be mechanically

modulated by ultrasound, stimulating neural activity [139]. (3) Sono-
poration. The formation of pores on cell membranes upon insonation
can provide a transient channel for ion transport across the cell mem-
brane, thereby changing neural activity. (4) Thermal effects. Tempera-
ture increases due to insonation can affect neural activity with two
potential mechanisms [140,141]. First, the temperature-dependent
transmembrane capacitance variation may induce capacitive currents,
leading to depolarization and initiation of action potentials; second,
increased temperature may activate temperature sensitive ion channels
(e.g., TRPV1), thereby stimulating neuron activity. [142].

Clinical studies have suggested that neuromodulation may provide
therapeutic effects. For the brain, a clinical study on chronic pain sub-
jects found an improvement in mood after transcranial ultrasound en-
ergy (TUS) at 720 rnW/cmZ, 8 MHz [143]. A number of clinical studies
demonstrated improved cognitive, memory, and motor functions in
patients with neurodegenerative dementia [144-146] upon insonation,
with ultrasound conditions ranging between 2 and 4 MHz, and 0.5-3 W/
cm?. For the peripheral nervous system, insonation (2 MHz, 11.8 W/
em?, < 2 5) of the fingertip of healthy subjects was found to activate
somatosensory circuits in the brain, visualized via MRI [147]. No sig-
nificant adverse effects were reported in these studies.

7. Systems and devices for ultrasound triggering
In recent years, the development of ultrasound-enhanced drug de-

livery technology has received increasing attention. However, its prac-
tical application has been hindered by the large size and weight of
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conventional ultrasonic devices. Size/mass considerations are particu-
larly important within the skull and spinal column, where there is
limited space contained within non-expansile perimeters. The same
constrains may be especially important in devices for particularly
chronic diseases. Furthermore, tissues in the nervous system are me-
chanically soft, with a Young’s modulus on the order of 1 kPa for the
brain tissue [148]. Mechanically flexible device designs that match the
mechanical properties of the nervous tissue is important for the safety of
the device [149]. We will be focusing on ultrasonic systems for thera-
peutic applications; diagnostic systems have been reviewed elsewhere
[150,151]. Such advances are important, even if the specific application
to date is not in the nervous system.

7.1. Miniaturized ultrasound devices

Ultrasound is generated by ultrasonic transducers, including con-
ventional piezoelectrics, capacitive micromachined ultrasound trans-
ducers (CMUTs), and piezoelectric micromachined ultrasound
transducers (PMUTs). When an electrical voltage is applied, these ul-
trasound transducers generate high-frequency sound waves (>20 kHz)
that propagate through tissues, inducing areas of expansion and
contraction.

Transdermal drug delivery can be enhanced by portable ultrasound
devices. Simultaneous combination of static pressure and ultrasound
was enabled by a motor that provided static pressure (Fig. 4A, upper
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panel) and an ultrasonic transducer that provided an ultrasound wave of
~ 33 kHz at an estimated intensity of 100 mW/cm? (Fig. 4A, lower
panel) [152]. The pressure from the motor could control the perme-
ability of artificial skin to a dye (calcein), while ultrasound application
further enhanced permeability. The combination of static pressure and
ultrasound enhanced calcein permeability through artificial skin 2.6
fold, while ultrasound alone (without static pressure) enhanced the
permeability 1.3 fold.

Miniaturized ultrasound devices have demonstrated potential in
assisting drug penetration through the gastric mucosa, a barrier to orally
administered drugs. A piezoelectric single crystal ultrasonic transducer
(with a diameter of 2.2 mm) was made to generate sound waves of 6.9
MHz, 128 mW,/cm? (Fig. 4B) [50]. The system was contained within an
endoscope. Ex vivo studies showed a 5.6-fold increase in gastric mucosa
permeability to bovine serum albumin upon insonation with this device.
Such devices could be applied minimally invasively to enhance drug
delivery across specific locations on the gastric mucosa.

Piezoelectric ceramic 3D printing is a manufacturing strategy that
circumvents multi-step processing and design limitations of more con-
ventional approaches (e.g., being limited to simple 2D geometries due to
the mechanical brittleness of piezoelectric ceramic materials). The
challenge of 3D printing, however, is that it often yields devices that
have structural defects, leading to suboptimal performance when
compared with traditional approaches. In a recent study, 3D printed
piezoelectric transducers operating at ultrasonic frequencies of 9.75
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MHz yielded high piezoelectric charge coefficient (electric charge
generated per unit area with an applied mechanical force) comparable
to traditional pristine ceramics (Fig. 4C) [153]. A drop of dye (methy-
lene blue) was dropped in a microbubble solution to visualize diffusion..
Upon insonation, the diffusion coefficient was enhanced 6.4-fold by the
presence of microbubbles, demonstrating the activation of cavitation
and associated microbubble-mediated mechanical effects by the device.
Bursting of microbubbles was also visualized in a 3D-printed transparent
blood vessel phantom, demonstrating that the device generated suffi-
cient acoustic energy to activate inertial cavitation.

Ultrasound imaging and treatment capabilities can be included
within a single device [154]. High intensity focused ultrasound (HIFU)
was achieved with a 5.3 MHz transducer, coupled with a 20 MHz
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transducer for high-resolution ultrasound imaging (Fig. 4D). The two
inducers were placed back-to-back, enabling the device to achieve ul-
trasound imaging on one side and treatment on the other. The device
induced coagulation necrosis (i.e., cell death due to lack of blood supply)
in vivo with HIFU (>150 W/cmz). The induced necrosis was visualized
via the sonography enabled by the same device [155]. These results
indicated the potential of such dual-mode (i.e., therapeutic and imaging)
ultrasound device for subcutaneous thermal ablation and monitoring.
Miniaturized ultrasound devices have demonstrated therapeutic ef-
fects clinically. An ultrasound transducer designed for wound healing, 1
cm in thickness and 4 cm in diameter, generated an ultrasound intensity
of 100 mW/cm? at 40 kHz (Fig. 4E) [156]. Upon placement on wound
dressings in human subjects, insonation with this device shortened
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wound closure time from 12 weeks to 4.7 weeks.
7.2. Wearable ultrasound devices

Advances in electronics, actuators, and material engineering have
led to the emergence of wireless on-demand drug delivery technologies
[157]. Portable, miniaturized, and lightweight ultrasound devices have
gained increasing interest due to their greater practicality in many
contexts. Ultrasonic applicators could also be constructed with different
numbers of individual transducer elements and customized geometries,
to adjust their footprint or effective area. Minimizing the excitation
voltage required to achieve the desired output could reduce the size of
the power supply, allowing electronic devices and ultrasound applica-
tors to be installed in wearable housings. A portable ultrasound appli-
cator (Fig. 5A) could generate an ultrasound intensity of approximately
100 mW/cm? at an excitation voltage of 15 V, which indicates the
possibility of powering via batteries [158].

Ultrasound therapy for musculoskeletal pain and healing is used
daily in rehabilitation clinics. A wearable, battery-powered low-in-
tensity therapeutic ultrasound device (Fig. 5B) was developed such that
patients could self-apply ultrasound during daily activities. With a small,
portable rechargeable battery (4.3 cm x 6.3 cm x 0.7 cm in size), it could
operate for up to 6 h [159]. The system was evaluated in 30 patients on a
prescription drug treatment regime for chronic trapezius myofascial
pain. Those who used active ultrasound devices had an average pain
reduction of 16 % after 1 h of treatment, compared with an average pain
reduction of 8 % from those who used placebo (i.e., no ultrasound)
devices.

An array of miniaturized piezoelectric transducers (1.0 x 1.0 x 1.3
mm? in size) were placed on the inner surface of a facial mask, designed
for facial healthcare applications (Fig. 5C) [160]. The design could
achieve a strain of 20 % and a Young’s modulus of 600 kPa, demon-
strating comparable mechanical properties to the human skin [161]. The
matching of the mechanical properties between the device and the skin
enabled the device to conform to the skin. Upon insonation in vivo in
rats, the ultrasound device enhanced the penetration of hyaluronic acid
delivery into skin. They further showed that the device could increase
skin moisture content by 20 % in humans, likely due to the increased
uptake of hyaluronic acid. Conformal ultrasound patches have also been
used to enhance the transdermal transport of nicotinamide, a cosme-
ceutical compound (Fig. 5D) [162]. The system increased the flux of
niacinamide across pig skin 26.2 fold after 10 min of ultrasound
application.

7.3. Implantable ultrasound devices

A major challenge in the application of transcranial ultrasound is the
high attenuation of the acoustic wave traveling through the thick human
skull (5.3-7.5 mm [163]), hindering the delivery of ultrasound to the
target brain region [164,165]. Implantable ultrasound devices may
overcome this challenge by direct placement on the brain surface,
bypassing the skull. Clinical studies with the implantable ultrasound
system Sonocloud have demonstrated the potential of utilizing such
systems in central nervous system diseases such as glioblastoma [121]
(see Section 5.2).

As current devices require a second surgery to take out the device,
biodegradability may be desirable. A biodegradable implantable ultra-
sound transducer has recently been developed with piezoelectric
nanofibers of amino acid crystals [166]. Nanocrystals based on the
amino acid glycine were electrospun in a polycaprolactone (PCL)
biodegradable fiber, that created a piezoelectric film which emitted an
acoustic pressure output of 334 kPa, 1 MHz, comparable to current
commercialized transducers. In vivo Studies in animals with glioblas-
toma demonstrated that insonation of the brain with an implanted
transducer (placed under the skull) after intravenous administration of
microbubbles and the chemotherapeutic drug paclitaxel, increased
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survival time by up to two-fold compared to treatment without inso-
nation [166].

8. Challenges and future perspectives of ultrasound-modulated
drug delivery to the nervous system

Ultrasound is a promising technology to address challenges in drug
delivery, including ineffective targeting and inadequate transport across
physiological barriers. As in many fields of biomedical research, trans-
lation of ultrasound-triggered drug from small animals to humans will
have to address the consequences of the enormous difference in size. For
example, a mouse skull has a thickness of 0.1-0.65 mm [167], while the
human skull is 5.3-7.5 mm thick [163], a difference that could have a
marked impact on efficacy, given the high ultrasound attenuation co-
efficient of bone tissue (Table 1). Advances can be made, for example, by
increasing the sensitivity of the drug delivery system to ultrasound,
improving the efficiency of sonosensitizers, and developing more potent
drugs or drug combinations (so that a greater therapeutic effect is
released by a given insonation). The obstacle presented by anatomic
features such as bone can be minimized or circumvented by implantable
devices. The clinical importance of the benefit from such systems must
be balanced against the potential clinical risks and additional costs.

Further studies into the long-term clinical safety of ultrasound-
assisted drug delivery approaches will be beneficial to clinical trans-
lation. A system that combines both ultrasound imaging and ultrasound
therapy capabilities may enable a real-time ultrasound-based feedback
systems, in which ultrasound imaging can determine the precise location
of the target tissue and/or drug delivery system for ultrasound triggered
release. After treatment, the therapeutic effect can be monitored with
ultrasound imaging. Such a system may mitigate safety concerns while
optimizing therapeutic benefits by increasing drug concentrations in the
targeted area.

Achieving long-lasting, portable ultrasound devices will be impor-
tant, not only for wearables with flexible components. Repeated de-
formations caused by bending and stretching could result in mechanical
degradation of the device, limiting its lifetime and leading to safety
concerns; these potential problem should be addressed though advances
in materials design and innovations in fabrication techniques [168].
These considerations will also be important for implantable devices,
where matching of the mechanical properties of the device and the tis-
sues could help prevent injury. Moreover, the minimization that would
allow portability would also be important for implants, especially in
relatively rigid enclosed spaces such as the inside of the skull.

Implantable ultrasound devices have gained traction due to their
potential to provide accurate ultrasound dosages with high spatial res-
olution [169]. However, both implantable and wearable devices are
associated with high power consumption. While the size and capacity of
batteries have been greatly improved in the past few years, their lifespan
is still limited. Furthermore, the volume of the battery usually accounts
for 2/3 of the entire device volume. In the case of implantable devices,
replacement of the depleted battery often necessitates surgery, which
can increase hospitalization time and may entail clinical risk [170-172].
Strategies to extend battery lifetime by, for instance, developing
application-specific integrated circuits that minimize the device’s power
consumption while harvesting the advantages of miniaturization may be
a potential avenue to address such challenges. Another strategy may be
to investigate alternative energy collection technologies. Implantable
devices can be powered by external magnetic field, electromagnetic
field, ultrasound, or infrared light [173,174].

Significant advances have been made in recent years in overcoming
technical and pharmacological barriers associated with ultrasound-
assisted drug delivery to the central and peripheral nervous system.
For many of these, translation may require extensive validation prior to
human testing, particularly since some will include a novel drug and/or
drug delivery system and/or an ultrasound device. This combination of
aspects may complicate the regulatory path to use in humans.
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