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Focused ultrasound is a rapidly growing
technology that is revolutionizing medical therapies

The benefits of FUS
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e Basics of FUS

 Applications of FUS in orthopedics and regenerative medicine
 Clinical
* Pre-clinical
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Amplitude

The Physics of (Ultra)sound

Sound is a type of mechanical wave

» Oscillation in pressure, stress, particle displacement, particle velocity, etc.,
propagated in a medium with internal forces (e.g., elastic or viscous), or the
superposition of such propagated oscillation (ANSI/ASA $1.1-2013)

» Unlike light, sound does NOT propagate through a vacuum
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The Range of Sound Frequencies

Elephant (16 Hz — 12 kHz)
Beluga whale (1 — 123 kHz)
Bat (2 — 110 kHz)
Cat (45 Hz — 64 kHz)

Dog (67 Hz — 45 kHz) Medical
Mouse (1 — 91 kHz) [ A \
Infrasound Audible (Human) — 20 Hz — 20 kHz Ultrasounc
100 101 102 103 104 10° 106 107 108
Frequency (Hz)
103 102 101 100 10" 102 10-3 104 10-°

Wavelength (m, 1.54x for water)

http://www.Isu.edu/deafness/HearingRange.html



Ultrasound propagation is dependent on material
properties

Reflection and Transmission Attenuation .
: Attenuation
(dB/cm/MHz)
Pi Pr Water 0.02
0.5% (w/v) fibrin 0.03
1.0% (w/v) fibrin 0.04
; 2.0% (w/v) fibrin 0.07
_ > >
Material 1 Soft tissue (average) 0.54
SUEIENEL Muscle 1.09
Bone, cortical 6.90
Bone, trabecular 9.94
Z=pcC a=as+ Aoy + ay
Z = acoustic impedance a = acoustic attenuation
p = material density ag = scattering term

C = material sound speed ay = absorption term



Diagnostic vs Therapeutic Ultrasound

Diagnostic ultrasound Therapeutic ultrasound
* Primary goal: generate bioeffects

» Bioeffects can be mechanical
and/or thermal

« “Look” only

* Primary goal: NOT generate
bioeffects

GE Healthcare



Ultrasound-induced phenomena can generate
multiple bioeffects

Radiation Force

Surface Waves

pressure node

Acoustic Droplet Vaporization

Jressure anti-node

acoustic waves

000 foo®

(N aligned cells
Nowicki et al. Eur J Ultrasound 1998 Naseer et al. Biofabrication 2017

Sheeram (unpublished)

Acoustic Streaming Heating Cavitation
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bubble :> periodic growth and compression of E(} critical E(} bubble
formation bubble over several cycles bubble size implosion

b)°°°°°°°° o

bubble periodic growth and compression of bubble
formation :> bubble over several cycles = oscillation
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Duan et al. Theranostics 2020

Izadifar et al. J Med Biol Eng 2019

Kripfgans et al. J Acoust Soc Am 2014
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Low intensity pulsed ultrasound (LIPUS) has been
clinically used in bone repair

» Uses diagnostic level intensities

« Stimulates mechanotransductive
pathways (e.g., MAPK, integrins, etc.)

» Received US FDA approval in 1994 for
radius and tibial fractures; in 2000, non-

unions (not skull/vertebrae)
» Clinical benefits are “muddied”

v

N MMM

&

Parameters
1.5 MHz, 1 kHz PRF, 20% DC
30 mW/cm?

20 min per day

Exogen (Smith & Nephew, Bioventus)

Escoffre and Boukaz (eds.) Therapeutic Ultrasound 2016
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FUS enhances targeting of exogenous MSCs to
skeletal muscle

Problem: Poor localization of MSCs after IV injection

Approach: Use FUS to transiently increase levels of chemoattractants in target tissue

A Cytokine expression after 1 pFUS Cytokine Expression following 3 pFUS

Sonoblate 500

1 MHz, 5% DC
ISATA: 133 W/cm?2

(pg/mg protein)
(pg/mg protein)

FUS 1 cell homing
in a dose dependent
manner

FUS effects in muscle
1 cytokines
T growth factors

Cytokine Expression
Cytokine Expression

T M2 macrophages )
No tissue damage
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Sonoporation increases BMP2 plasmid uptake and
bone formation

Problem: Safe and effective delivery of BMP2 is challenging
Approach: Use FUS and microbubbles to locally enhance BMP2 plasmid delivery

1 MHz
Microbubble Contrast Agent Sonoporation 4 w/cm?
50% DC
/ Encapsulating Shell \ 5 min

(Phospholid, Albumin, or polymer),

Gaseous
PFC
Sheeran et al.

Biomaterials 2012

Local co-injection . .
OfMicrobubbleSJrW ICR mice (gastrocnemius)

PDNAgyp, Osawa et al. J Gene Med 2009

Generated via Agitation

Sonication /

Contrast Enhanced Ultrasound

Focused Ultrasound Foundation

D14

CEUS in SKH-1 Elite mouse (unpublished) pDNAgyp, + microbubbles + FUS
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Sonoporation of endogenous MSCs improves
fracture healing and ligament reconstruction

Collagen
scaffold 1.3 MHz
g Ml =0.6
14d 2 min
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mini pig ) | W/{%
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FUS enables on-demand control of drug release
from hydrogels

Problem: The ability to spatiotemporally control drug release from hydrogels is very limited

Approach: Develop drug-loaded hydrogels that can be modulated using FUS

S
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. 3
e
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G

Hydrogel: alginate
Drugs: mitoxantrone, SDF-1a, pDNA

. . . A & $ &
+FUS . Ultr, °5°“ nd ) ) Ultragfofund P
- v

Huebsch et al. Proc Natl Acad Sci 2014

in vitro

Release by Ultrasound
Diffusion  Triggered
Release

Hydrogel: chondroitin sulfate

Particles: PLGA . o
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FUS-mediated growth factor release from a
composite hydrogel stimulates angiogenesis

Acoustic Droplet Vaporization
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[1] Lu et al. Acta Biomater 2020
[2] Jin et al. Pharmaceutics 2021



Sequential payload release using composite

hydrogels and FUS

Strategy #1
Two emulsions (PFC;4, PFC,) and pressures (P4, P»)

USH@

:

Release of
Payload #2

o

Bl 6um BN 13pm

ADV Threshold (MPa)

cs cé c7 cs

Perfluorocarbon

% Released

% Released

Time (Days) Time (Days)
~©- Payload #1 (-US) -e- Payload #1 (+US) -&- Payload #2 (-US) - Payload #2 (+US)

Moncion et al. Ultrasound Med Biol 2018

Growth factor

Strategy #2
Bi-layer ARSs with standing wave field

Air
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0000000 tppet
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Aliabouzar et al. Ultrason Sonochem 2020

Strategy #3

Two emulsions (PFC;4, PFC,) and frequencies (F4, F»)
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FUS-generated hyperthermia enables
spatiotemporally controlled transgene expression

Problem: The ability to spatiotemporally control drug release from hydrogels is very limited

Approach: Use FUS to thermally activate cells containing a heat responsive gene switch

W
Switch: OFF
t
X
Regulated > o
Expression Y {
witch: ON W

Heat shock

Ligand (i.e., dimerizer)

Transgene Expression

Hydrogel: Fibrin + HA
Cells: C3H/10T1/2-fLuc
Ligand: rapamycin

FUS
2.5 MHz, 258 W/cm2,
CW, 2 min (single pt)

[1] Wilson et al. Tissue Eng Pt C 2014
[2] Moncion et al. Biomater 2019

Lateral and Longitudinal Profiles of
fLuc Activation
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Conclusions

« FUS is revolutionizing medical therapies
and is well-positioned to impact orthopedics
and tissue regeneration

« FUS-generated bioeffects enable non-
iInvasive, spatiotemporally controlled
modulation of in situ biology

 FUS enables highly personalized therapies
that can ultimately benefit patients
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