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Microbubble contrast agent

i Microbubbles, small gas-filled microspheres that used to be
contrast agents in diagnostic US based imaging, are now being
Intensively investigated in US-mediated gene and drug delivery
by serving as cavitation nuclei.

i Encapsulating shell materials of microbubble can be divided into
three types shells: lipid shell, protein shell and polymer shell.
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o _ Encapsulating shell material of MBs.
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Ultrasound molecular imaging and drug delivery

Ultrasound molecular imaging
probe design

Ultrasound Targeted
Microbubble Destruction

DSPE-PEG2000
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Porphyrin-grafted Lipic (PGL) Cholesterol

o v Micro to Nano

Porphyrin-grafted Microbubble (PGL-MB)

Diagnostic CEUS US-controlled accumulation

http://www.journaladvancedultrasound.com:81/article/2019/2576
2516/257€5163-3-62.shtml
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Ai-Ho Liao* et al. 2013; 53(2):320-7, Ultrasounics




Ultrasound molecular imaging and drug delivery

Drug loaded ultrasound
molecular imaging probe
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Cavitation & Sonoporation

i In the presence of MBs, therapeutic US could trigger acoustic
cavitation of MBs and therefore enhance the delivery of therapeutic
agents in the targeted area.
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Cavitation & Sonoporation
Application:

i In November 2015, Canadian researchers for the first time utilized focused
ultrasound to cause pre-injected microbubble contrast agents in the blood vessels to
vibrate, successfully opening the blood-brain barrier in the human brain, thus
allowing more effective delivery of chemotherapy into a brain tumor.

i In 2017, clinical trial in Paris, France: the BBB is opening in patients with
Al z h e ideaased s

i In 2019, Sunnybrook researchers (Canadian): microbubbles are injected into a
pat i blootdsbemm. MRI-guided FUS targets these microbubbles with thousands
of low frequency ultrasound waves causing them to vibrate and temporarily open
the BBB in patients with Al z h e ideeased s

Focused ultrasound

Tight junction Astrocyte foot
q processes

https://www.sciencedaily.com/releases/2015/11/151109085103.htm N e
Theranostics 2018; 8(16):4393  -4408. ™ Microbubble

Pericyte Red blood cell




The global landscape of human focused ultrasound
clinical trials
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Clinical indications

® Parkinson disease

@ Brain tumour

® Alzheimer disease

® Essential tremor
Epilepsy

® Obsessive-compulsive
disorder

® Traumatic brain injury
Major depressive disorder

® Chronic neuropathic pain

® Amyotrophic lateral
sclerosis

Focused ultrasound method
® Thermoablation

0 Blood-brain barrier opening
% Neuromodulation

Nature Reviews Neurologywolume 17, pages 22 (2021) 7



https://www.nature.com/nrneurol?proof=t

Publications per year on focused ultrasound (FUS) in the
brain since 1990

transcranial FUS BBB
opening in patients
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1942
Lynn and colleagues report first
animal FUS study

5 @) s 22
o @F W Pilot clinical el

Fry brothers report first animal and trials of capsulotomy

human studies of FUS delivered MRAFUS in patients

through a cranial window th lg with OCD
alamotomy

NaviFUS

for essential 2019
2010 Transcranial FUS

. tremor
First reported BBB opening is
attempt El‘t 2013 safe and feasible
transcranial FUS First non-invasive in primary motor
thermoablation 4o cortex of patients

of brain tumours behaviour using il ALE
2009 FUS in awake
1990 %001, P B non-human 2017
Combination of FUS, ransient B irstincisionless ' primates FUS BBB opening

. opening with FUS MRgFUS surgery; delivers tau-specific
hygertﬁermla o and intravenous thalamotomy for sinale chain a?]til:lcld
raciotherapy to treat microbubblesis chronic pain >1ng 1Docy
malignant brain S in tauopathy animal
CUMOUrS safe in animals model

2006
1998 FUS BBB opening

1991 Phased-array delivers targeted L
FUS combined with technology trastuzumab
MRI allows real-time allows therapy in animals
safety and efficacy transcranial 2016

monitoring applications Intracranial pulsed ultrasound safely s NaV' FUgN aV| FUS Ta]peh Ta'Wa

induces BBB opening in patients with

- recurrent glioblastoma on carboplatin , Preo peratlvm RI and Optlcal
1095 2000 2005 2010 2015 2020 neuronaVigatidm\l aVi FUS

Year

Nature Reviews Neurologyvolume 17, pages? 22 (2021) 8

1962

FUS thermoablation for neurological
disorders administered through a
cranial window

v
c
5]
=
o]
o
5
=
o
“
o
e
@
o
E
=)
=

MRgFUS thalamotomy safe and effective
in pivotal trial for essential tremor
[



https://www.nature.com/nrneurol?proof=t

Summary of MBs design
----Considerations for next-generation

Thickness | Complia | Stability Ultraso
nce und
Effects

Protein 151 20 nm Medium Medium Medium High

echogenic
ity; Shell

Design Consideration Summary does not
reseal

Microbubble Surface Architecture -Affects response of MB's in an ultrasound field after

and Shell Composition -Affects Loading Capacity
-Affects Drug Release Kinetics rupture
-Affects Circulation Life

-Affects Biodistribution Li p id Low to Low to Shell

Microbubble Size - Affects Circulation Life SU rfaCt Medlu m Med ium reseals

- Affects cavitation threshold ant after
- Affects volumetric expansion within the blood vessel ru ptur e

Molecular Targeting - Affects microbubble-cell membrane association

=lncranses (Avges spectficky Polyme 1007 200nm High High Shell
Ultrasound Application - Affects method of cavitation (Stable vs. Inertial) r dOES not
(Peak Negative Pressure, Frequency, Pulse - Affects microbubble displacement in flow (radiation forces)

2 reseal
repetition rate)

after
Sirsi et al., Bubble Sci Eng Technol, rupture

1(1-2): 31 17. 107 200 nm Unknown
Sirsi et al., Theranostics 2012, 2(12)

E Microbubble Surface Architecture
E Microbubble Size

E Molecular targeting

E Ultrasound Application
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Development process of external type microbubble

d-mazayacameisn [ AZRANNSARARRI-SANLUSHHARS | An external type ultrasound (US) contrast
o, ] agent, microbubbles of topical uses.
e [ @ 83 B 1. Drug-carrying modified MB combine with a new

HIEARBIA (R y e J . .
218 i LAY Yl w6 designed device to connect to US system for the
\ Aght : application of hair growth promotion, transdermal

drug delivery, and clinical trial.

Step2: 424 4 i &,
BESREHAR
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2. US-aided MBs facilitate the delivery of drugs to
the inner ear via the transcanal method.

Step3: & A LR
XA R %

RoBTHAR
Kt for kR
HEAR RS

N 1 ‘e Y4 0G| 3. Drug loaded multifunctional MBs for theranostic
‘ s ‘ applications inhalation on airway diseases.

SR An systemic injection of microbubble ultrasound
st mina | R, e contrast agent for chemotherapy

Reun = L=l 1. Insonation of systemically delivered cisplatin-or
: R oFU-loaded microbubbles ~ significantly,  and
SI( reduced nephrotoxicity and dose of chemotherapy

in head and neck cancer. 1 O




Ultrasound mediated microbubble cavitation for transdermal drug delivery

enhancement (TDD)
E The most important mechanism for skin permeability
enhancement is acoustic cavitation.
E Inertial cavitation results in much greater permeability
enhancement of the stratum corneum than stable cavitation.

Coupling
medium

/

Large (250 pm) Small (10 pm)
silica particles silica particles

\

Microjets =

Skin Surface Skin Surface

Shock waves and microjets generated during inertial

cavitations are thought to be responsible for transdermal J Control Release 148 (2010r204
permeability enhancement, with microjets exerting a

significantly greater effect than shock waves. 11




Penetration depth, concentration, and efficiency of transdermal U-

arbutin delivery after ultrasound treatment with albumin-shelled
microbubbles in mice

U This study demonstrates the penetration depth, concentration, and
efficiency of transdermal U-arbutin delivery during 4 weeks after US treatment
with MBs in mice.

U The results indicate that combined treatment with optimal US and MBs can
increase skin permeability so as to enhance U-arbutin delivery to inhibit
melanogenesis without damaging the skin in mice.

Ultrasound

S
a)/ () MBs ,

©00o

/]

Epidermis

Ai-Ho Liao* et al. 2014, 23(7):2173-2182, Drug Delivery (IF=6.819).




Transdermal drug delivery after ultrasound treatment
with microbubbles in gel-type surrounding medium

Since the drug or cosmetic is usually applied to the skin in the form of a gel or lotion.
In this study, the efficiency of US plus MBs in different concentrations of agarose gel
for enhancement of skin permeability has been demonstrated.

MB behavior in an US field was recently investigated through numerical simulation in
an effort to enhance high-intensity focused US therapies. Both the viscosity and shear
elasticity of the medium surrounding the MBs reduced the attenuation of US
propagation through the MB mixture.

UItrasound Ultrasound Ultrasound

> 4

MBs in 0.15% agarose

O») I:B@M/g « @ The gel type medium positively affected both the behavior
) of the MBs in combination with US energy and the efficacy

MBs in saline ((

) (,@»; i«k 1 of TDD enhancement.

SEM micrograph of the (A) MBs, (B) MBs in 0.1% agarose,
and (C) MBs in 0.15% agarose.

Ai-Ho Liao* et al. 2016; Mater Sci Eng C Mater Biol Appl.61:591-8. (IF=7.328). 13




Effects of Microbubble Size on Ultrasound-Induced Transdermal
Delivery of High-Molecular-Weight Drugs

I This study first determined the different effects of different-size
ultrasound (US) contrast agents and microbubbles (MBs) for enhancing
the transdermal delivery of high-molecular-weight drugs.

1 The effects of US-mediated different-size (1.4, 2.1, and 3.5 ¢ My MBs (as
a contrast agent) and ascorbyl tetraisopalmitate (VC-IP, MW=1129.8 Da)
on enhancing skin transdermal delivery were demonstrated both in vitro
and in vivo.

1 The results obtained in this study indicate that combining US with MBs of
different sizes can produce different degrees of skin permeability so as
to enhance the delivery of VC-IP to inhibit melanogenesis, without
damaging the skin in mice.
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Change the different sizes aficrobubble  Ai-Ho Liao* et al. Plos One, 2015; 10(9):e0138500. (IF=3.214) 14




Efficacy of combined ultrasound-and-microbubbles-mediated

diclofenac gel delivery to enhance transdermal permeation in
adjuvant-induced rheumatoid arthritis in the rat

U The present study evaluated the efficacy of US-MB-mediated diclofenac delivery for
treating adjuvant-induced rheumatoid arthritis (RA) in rats.

U The obtained results indicate that combining US and MB can increase the skin
permeability and thereby enhance the delivery of diclofenac sodium gel and
thereby inhibit inflammation of the tissues surrounding the arthritic ankle on day10.

U Color Doppler-mode imaging revealed that US-MB treatment induced a rapid
reduction in synovial neoangiogenesis in the arthritic area.
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Thediclofenaccontaining gel typemicrobubblewas
applied and combined with US to arthritis rat.

Ai-Ho Liao* et al. Ultrasound Med Biol. 2016 42(8):1976-85. (IF=2.998). 15



Treatment effects of lysozyme-shelled microbubbles
and ultrasound in inflammatory skin disease

= The lysozyme-coated microbubbles are stable for
Lysozyme Shell several months and retain the enzymatic (antimicrobial)
activity of lysozyme.

= Lysozyme (LY) is a naturally occurring enzyme found in
bodily secretions such as tears, saliva, and milk, and is
considered a part of the innate immune system in most
mammals.

Stable air-filled LY-shelled MBs were recently
synthesized using high-intensity US-induced
emulsification of partly reduced LY in aqueous solutions.

LY-shelled MBs combined with US to reduce the dose
and treatment duration and improve the prognosis of
acne vulgaris.

Ai-Ho Liao* et al. Sci Rep. 7:41325, 2017. (IF=4.997) 16




Combined treatments of US and LY-shelled MBs for P.-aches

A e P The antimicrobial efficacy of 5% LY-shelled MBs

e m ;.‘ " *" .{ constructed using a sonicator power of 120 W

was more stable and hence selected for all of the

v 'tf i;w w‘jm 3 . m *i experiments.

v il i " . ‘ This combing treatment reduced the treatment
* ' ':?"i " ‘\*‘ duration, inhibited P.-acnes-induced inflammation,

and significantly improved the prognosis of skin
Day 13 disease.

Day 1
-
- % |
1| =——O0=— MBs +US s <
‘o

day! day3 day5 day7 day9 day11 day13 Ai-Ho Liao* et al. Sci Rep 741325’ 2017. (|F:4997)

17
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Ultrasound-mediated EGF-coated-microbubble

cavitation in dressings for wound-healing applications

E Liquid-type MBs are not easy used for TDD and the survival of MBs with
US is affected by the viscosity of the surrounding medium.

E The present study is the first to integrate EGF-coated LYMBs into a wound
dressing and combine them with US as a new platform for enhancing the
healing and prognosis of a wounded area both in vitro and in vivo.
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Adapalene-loaded microbubbles combined with ultrasound
suppressed UVA-induced skin photoaging in hairless mice

Ultrasound

E Adapalene (Ada) is a third-generation
2 ags synthetic retinoid that can target abnormal
a | desquamation of the skin, modulate cellular
Waaser differentiation, and produce anti-

iInflammatory effects.
= Although Ada gel (0.3%) provides a safe
and effective skin treatment, it can produce
undesirable side effects and Ada has a very
low percutaneous absorption. This limits its

clinical application.

= The present study investigated whether
Ada-coated lysozyme microbubbles (Ada-
LysMBs) combined with ultrasound could
enhance skin repair and reduce side effects.

Ai-Ho Liao et al. Plos One 15(5):e0232617, 2020
(IF=3.214). 19




The efficacy of a new laser-mediated MB cavitation method in terms of avoiding
the intense heat produced by the laser and enhancing TDD both in vitro and in

VIVO
Laser irradiation is an alternative approach
enhancing TDD.

for

Unlike US, the mechanism underlying the effects of
laser-induced cavitation with stabilized coated MBs in

liquids remains unclear.

Pulsed laser induces stress waves that can disrupt
more MBs for inducing inertial cavitation compared to

when using a continuous laser.

Time (days)

Ai-Ho Liao et al. Pharmaceutics 10:4, 2018. (IF=6.525

| Wavelength (nm) |

Mode of operation
Energy (mJ)

Output power
(mW)
Radiation
repetitions

(in vivo)
Radiation
times/repetitions
(in vitro)
Average
temperature
increase (AC)

515
Continuous
n/a

10.8

n/a

n/a

60, 120, or 180 s

Fivefold

0.7

1064
Pulsed
n/a

10.8
80 MHz

n/a

60, 120, or 180 s

Fivefold

1.0

Pulsed
380

n/a

5Hz

n/a

60, 120, or 180 s

Five- or tenfold

0.86 or 0.23

10,600
Pulsed
1.3

n/a

Single

Seven times

One, three, or
seven times

Tenfold

11
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Effectiveness of a Layer-by-Layer Microbubbles-Based Delivery
System for Applying Minoxidil (Rogaine) to Enhance Hair

Growth

Some patients present with clinical
complaints of pruritus and scaling of
the scalp, and it was found that this
was mainly due to propylene glycol
rather than to the Mx itself.

This study created a new ultrasound
(US) contrast  agentd albumin-
shelled microbubbles (MBs) that
absorb  chitosan oligosaccharide
lactate (COL) and Mxo and
combined it with sonication by US
energy in the water phase to
enhance hair growth while
shortening the treatment period.

Ultrasound
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Ai-Ho Liao et al., Theranostics 2016; 6(6): 817-827. (IF=11.556) ,,
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The combined use of US and Mx-COL-

MBs provides an important means to

increase the rate of hair growth and the

diameter of keratinized hair shafts.

Most importantly, US combined with Mx- —

COL-MBs can significantly enhance hair Applyiog Minokl o e Gty e

growth in water without requiring the use s o

of any chemical enhancement method to 2016 publish a paper "Effectiveness of a Layer-by-Layer

increase the skin permealbility. Microbubbles-Based Delivery System for Applying Minoxidil to
Enhance Hair Growth to Enhance Hair Gr o w tn ilfieranostics
2016, 6(6), 817-827.and used as the journal front cover page
image. (IF=11.556) 22




Measurements of penetration depth in pigskin
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The mice are shaved
on the first day.

Time (day) 0o 1 2 3 4 5 6 7
AAAAAAA

(i) (A) (A) (A) (A) (A) (A) (A)

(B) (B) (B) (B) (B) (B) (B)

(i) Telogen induced

Shaved)

(A) Data collection

L
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Animal treatments
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Clinical trial

E 40 volunteers received the 4 months treatment

E 28 volunteers completed clinical studies
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Clinical trial

After 4 months treatments, the rate of hair growth and the diameter of keratinized hair

shafts improved.

Control

Initial After 16 weeks

Control:US+Rogaine

MBs

Initial After 16 weeks _e— Control
—O— MBs

Mean change in hair (%)

MBs:MBs+US+Rogaine



Conclusions

Transdermal Temperature | Duration | Mechanism| Damage TEM of albumm MBS
Drug DeI|very 4

10 min heat
US+MBs 1 min cavitation
PW Laser 7 sec heat
PW Laser+MBs 7 sec cavitation

Ai-Ho Liao et al., BioMed
Research International
Volume 2014, Article ID
840852, 11
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Inner ear drug delivery

Contents lists available at ScienceDirect
Advanced Drug Delivery Reviews

journal homepage: www elsevier.com/locate/adr
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Microbubble-assisted ultrasound for inner ear drug delivery
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HIGHLIGHTS GRAPHICAL ABSTRACT

« Strong medical need to deliver thera-
peutic agents to the inner ear.

« Sonoporation is an easy, promising, and
safe modality.

« Optimized parameters allow for greater
therapeutic efficiency.

. provides new
to treat inner ear pathologies.

Pathaiopes nrer ear debvery Conmaunnces
L et to 2
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ARTICLEINFO ABSTRACT

Treating pathologies of the inner ear is a major challenge. To date, a wide range of procedures exists for
administering therapeutic agents to the inner ear, with varying degrees of success. The key is to deliver thera-

peutics in a way that is minimally invasive, effective, long-lasting, and without adverse effects on vestibular and
cochlear function. € ") is a new modality that can be
adapted to the inner ear. C« i with in the middle ear can increase the
permeability of the round window, enabling therapeutic agents to be delivered safely and effectively to the inner
ear in a targeted manner. As such, sonoporation is a promising new approach to treat hearing loss and vertigo.
This review summarizes all studies on the delivery of therapeutic molecules to the inner ear using sonoporation.

Abbmnananx ABR, Auditory brainstem mspmse AAV, Adu\o—mcmed vms CS, chitosan; CS-AuNPs, chitosan-coated gold nanoparticles; DNA, Deoxy-
acid; DPOEA, di ion product FITC, y : HEI-OC1, The house ear institute-organ of Corti 1; HSA, human
serum albumin; IGF-1, insulin-like growth factor-1; ISATA, Intensity spatial average, temporal average; ISPTA, lmenshy spatial peak, (e_mpoml average; MB,
Microbubble; NIHL, Noise-induced hearing loss; P407, Poloxamer 407; PRISMA, Preferred reporting items for review and
acid; RWM, Round window membrane; SNHL, Sensorineural hearing loss; US, 1 USMB, L
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(rable 0.

21. What animal should be used for inner ear USMB drug delivery
studies?

The animal models used in studies concerning USMB of the RWM
have  mainly  involved murine  speciess  guinea  pig
[93,94,96-100,102,103] and mice [95). These animals have the
advantage of being readily available and inexpensive. However, the
dimensions of their inner ear are smaller than in humans, and their
hearing range is at higher frequencies [105]. Guinea pigs have easy
access to the inner ear, whereas in sheep, the mastoid is poorly pneu-
matized, making access to the middle ear more difficult [106]. Although
large animals can be disadvantageous in terms of housing, management,
or cost, they are more similar to humans in terms of anatomical di-
mensions and auditory physiology [106]. The sheep cochlea has 2.5
turns, as in humans. The structure of the RWM in sheep exhibits several
resemblances to that of humans [107]. Similarly, the auditory spectrum
s also more comparable to that of human, with frequencies ranging from
100 t6 30,000 Hz, while humans perceive frequencies from 20 to 20,000

e T TP = T —r—— — ———g

disorders.
2.2, Sonmoporation protocols

Sonoporation of the inner ear is a relatively new procedure, first
deseribed in 2012 [103), for which some therapeutic molecules have
been tested in animal models. The efficiency of USMB to deliver mole-
cules to the inner ear depends on several factors, such as therapeutics
and MBs concentrations, physiological properties of RWM, US parame-
ters, probes/devices, and therapeutic scheme [109). In vitro in-
vestigations have been done to determine the most appropriate
sonoporation protocol before moving on to in vivo trials [93-95,97],

To date, there are no established protocols in this field and no current
human clinical applications, which explains the variability of protocols
and animal models studied, depending on the objectives.

221 Which can be
The ﬂm-apeunc molecules used depend on inner ear pathologies.
Etiologies of SNHL can be noise-induced hearing loss (NIHL), sudden
hzannglnss drug ototoxicity (e.g., cisplatin, aminoglycoside), radiation
ity, Meniére's disease, infection, auto-immune inner ear dis-

Hz [108]. If one also wuhsmperfamma]yns of endolymphatic fluids,
the size of the endolymphatic spaces is larger in sheep and therefors
more easily accessible to a fluid sampling [106]. For these reasons, the

Table 1
Studies of sanoporation in the inner ear.

eases, or g:nmx seases. Different therapeutic approaches have been
designed to treat these pathologies such as drugs (eg. steroids,

References Study design  Animals (N)

In vitro

Objective

Parameters Main findings

Kemeisetal  RCT
{2023) [92]

Liso et al. RCT
(2022) 931

Sheep (6}

inger ear in lange animal
Guinea pigs
(NA)Inviro  using dual frequency

Liaoet al.
{2021) [94]

Guinea pigs
delivery

Lin eral Mice (68)
{2021) [95] In vitro

To explore the use of C5-AuNPs to

Lin eral. Guinea pigs
2021) [96] (47)

the iner ear after oise exposun

To assess the safety of semoporation of

To assess the efficacy of senoporation

To study potential US-mediated P407-
(NA}Invitre  based MBs cavitation for inaes ear drug

increase drag delivery in the inner ear

To assess the therapeutic efficacy of the
delivery of IGF-1 using sonoporation to

ABR, T°C, Metabolic
investigations

ABR, T°C, Micraseapie
investigations, ELISA

Na atotaxicity fourd.

Dl frequency US treatment inereased efficacy of drug
delivery by up to 60 %, compared to single-frequency US
treatment.

US-mediated P407-MBs gel in the middle ear cavity
enhanced the delivery of drugs into the iner ear.

ABR, DFOAE,
Microscopic
investigations, ELISA

ABE, DPOAE,
Mierascopic
investigations

ABE, Microscopic
investigations, ELISA,
PCR

USMB enhanced the delivery of CS-AuNPs to the inner
ear

IGF-1 delivery with sonoporation was more effective for
hearing boss than without soacporation.

Liso et al.
{2020) [97]

Guineapigs T
(30) In vitrn

ar transeranial approaches
Lin et al Guineapigs  To permeabilize RWM
2020) [96] (58

Fhimg et al. Guinea pigs
(2020) [99] @7) Anv
Shih et al.

Guineapigs  Toprevent the noise-induced effects

“21 using delivery

3 ¥
into the inner ear using bath transcanal

To transduce gene through RWM using

ABR, T°C,
investigations

The transcarsal approach indueed & 280 % increase in
drug delivery, compared 10 3 150 0 increase with the
transeranial

Permeability of RWHI was significantly enhanced with
sonoparation

Gene transduction was passible.

delivery with showed

of dexamethasone

Olservasional To improve gene transfection by

senaporation
‘To deliver drug to the inner ear with
sonoporation

To deliver drug to the inner ear with
sanoporation

significant protection against noise exposure.

MBs af different sizes can be produced by adjusting the
cancentration of albumin or dextrose alone ar the
cambined albumin and dextrose mixtire 1o improve
gene transfection.

the RWM.

ABR: Auditory brainstem response; AAV: Adeno-assaciated virus; CS-AuNPs: Chitosan-coated gald nan

;. DPOEA: Di product

ELISA: Enzyme-linked immuno-sorbent assay; IGF-1: Insulin-like growth factor-1; MBs: Microbubbles; NA: Not available; PCR: Polymerase chain reaction; P407:
Polaxamer 407; RCT: Randomized control trial; RWM: Round window membrane; T-C: Temperature in degrees Celsius.
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