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Combating Cancer
ACancer is 2" leading cause
of death in the US
AChemotherapy
A i.v. administration of
highly toxic drugs

A Drug diluted and cleared
from circulation

A Large doses needed for
adequate concentrations
in tumor

A Systemic toxicities limit
dose delivered and
consequently
effectiveness of therapy
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Nanomedicine

ANanocarriers can be engineered to :
AProtect drugs from enzymatic degradation or clearance from
circulation
ATarget cancer cells specifically
ARelease drugs locally with well-defined kinetics
AEntrap multiple drugs or a combination of drug(s) and image
contrast material (theranostics)
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DOXIL ®

A Clinically approved liposome encapsulated Doxorubicin
(DOX)
A Surface modified with Poly(ethylene glycol) to avoid

detection from MPS
Slow drug release:

Passive diffusion

Degradation of lipid
shell

Reduces side effects
Marginal
improvement in
therapeutic efficacy:
Doxorubicin Liposome Pegylated Liposome | drug release rate too

i
Ry

Figure adapted from Ortho Biopharmaceuticals, subsidiary of 'SIOW; resultant
Johnson and Johnson ©2008 intratumoral dose too

low

From Kong et al Cancer Research 2000
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Criteria for Success

AThermosensitive liposome must circulate for
hours and be stable in blood
AThis will optimize extravasation and drug delivery to
cancer cells
AHeating must be localized to tumor and sustained
long enough to release > 50% of payload
AAn external noninvasive energy source is ideal
ANoninvasive method for measuring temperature
elevation and feedback control of heating source

AThis is critical as the body will attempt to cool heated
tissue
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Traditional thermosensitive liposome

_ A DPPC is main lipid
Gl todndary A Tyans = 42-44°C
Soldphess Uauidphase A stably retains payload in
bbbt o RN B blood until heated
Long-circulating
A Slow release kinetics
A Heat > 15 min

casoassatsenseisso o 0 608 s 89
A A

Lysolipig-containing thermosensitive iposome @ DPPC @ MPPC

o

Lysolipid (MPPC) added,
Grain boundary drops Ty to 39-40°C
Solid phase I Liquid phase Rapid release kinetics

>

R0/ o A8 A Heat 1-2 min
Unstable in blood,
significant release within
60 minutes

>

From Ta and Porter J Cont Release 2013
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Polymer-modified TSL et

From Ta and Porter J Cont Release 2013

T<LCST T>LCST

" Temperaturs-sensitiva polymer
i

ADPPC main constituentéensures stabilit
A PEGylated for long-circulation in blood
A Thermosensitive polymer terminated with fatty acid, which inserts into lipid bilayer
A Polymer goes from hydrophilic-to-hydrophobic when heated above LCST and
di srupt s | énjpancds phylodd acjease é

OopoRermassmadtunaion of T and pH

N-isopropylacrylamide Propyl acrylic acid
thermosensitive pH-sensitive

S. S
n \n/ \Cqus

=0 (=0 S

Terminal
OH hydrophobic
unit

DOX:lipid mass ratio ~ 6% Ta et al Biomacromolecules 2010
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Ta et al Biomacromolecules 2010

DOX Release @ 37°C (20% serum)
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Incubation time at 37°C (min)

Ta et al Biomacromolecules 2010
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In vitro system for FUS-mediated heating

100
BTSL(pH 7.5)
BPTSL (pH 75)
BPTSL(pH 65]
B0 mpsLpHs)
WNTSL (s 7.5]
g
3 w0
ovonof 3
x
&
Expo
o Lispension
0 awsnien
E%) o
Temperature {"C)

A 50% glycerol:saline attenuation coefficient @ 5 MHz: 0.795 dB/cm

A Mixture used to characterize FUS-mediated heating

Aoptically transparentéideal for que
liposomes via spectrofluorophotometry
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Ultrasound-induced heating measured

with MR The

Untreated

TSL-DOX (5mg/kg)
+FUS (43KC)

PTSL-DOX (5mg/kg
+ FUS (43KC)

rmometry

NA

Temperature control at 43 °C for 5 minutes

o

Temperaturo ('C)

50

. . o
| . .

Toverage = 429209 °C

W X0 20 00
Time fsec)

Average intensity /
area

0.891 K
0.028

4.137 N0.348
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MR-guided ultrasound was used to heat implanted
tumor to 42-44°C for 5 min. MR thermometry used
to measure temperature change
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Evidence of Tissue Remodeling
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Extracted tumors
sectioned and
stained for extra
cellular matrix
(ECM). More ECM
was detected in
tumors treated with
pTSL and HIFU than
other treatments,
suggesting that this
treatment
combination was
more effective.

Ta et al J Cont Release 2014
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Ta et al J Cont Release 2014

Summ ary eroustics

AEngineered nanocarrier that is responsive to both
mild heating and mild acidity

Alncorporation of copolymer significantly reduced
thermal dose required for triggered DOX release

A Sustained heating and pre-defined thermal dose
delivered to solid tumor possible with MRgFUS

ApTSL released more DOX in solid tumors when
heated to 43°C for 5 min

A Combination of ultrasound-mediated heating and
pTSL effective at slowing tumor growth significantly
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Ultrasound-triggered MRgFUS
Drug Delivery Tumor Ablation
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. 19MPa *
Good correlation

between onset of
enhanced heating &
onset of broadband
acoustic emissions

Inertial Cavitation
Matters Most

Phantom
_— § source

PCD

(quyindino aod

Temperature ChangéQ)

Temperature
Sensor
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Bubble-enhanced Heating at Seonsiy
1.1-MHz in Rabbit Thigh

(from Sokka et al Phys Med Biol 2003)

28 Watts, 20 seconds 300 W, 0.5 secends, 21 W, 19.5 seconds
(e)
40|
%HU gl
g g
2 2
CLZD E
£ . H
o -
10
o 0 20 30 40 o 10 20 30 40
Time (sec) Time {sac)
CW exposure for 20 s 0.5 s tone burst; 19.5 s CW

Cavitation was initiated with 0.5 s 300 W tone burst, followed by 19.5 W
continuous wave exposure for ablation.




MR Thermometry Temperature Maps

(from Sokka et al Phys Med Biol 2003)

1.7 MHz
0.5 s pulse @ 300 W
195CW@ 14 W

Lesion on leftis
cont r ccaviation
activity.

Lesion on right results
from bubble-
enhanced heating.
Note circular shape
and prefocal location.

medi

PhaseShiftNanoemulsiorfPSNE)

APSNE: liquid
perfluorocarbon
nanodroplets QQ #
ASize: 150-200 nm in diameter Q\\\ //K,
Small sllze desired for pa'sslve' ‘; 5’
accumulation in tumors through
enhanced permeability and o ‘:t\ /ji’
retention (EPR) effect ‘?\? :::'
ADroplets are stabilized by L
phospholipid shell —¢@
(DPPC/DSPE-PEG2000) ‘:_; ( Q‘

A Droplets contain non-toxic
liquid perfluorocarbon with ‘://V Q:'
low boiling point (~29°C)

Liquid perfluorocarbon droplets g"/ \ Q
can be vaporized into

microbubbles in situ using short i([ ﬁ%\%

acoustic pulses
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PSNE in acrylamide gel phantom ¥

Basic properties of PSNE B-mode ultrasound—=\___J  water tank
Asubmicrorperfluorocabormroplets

Amean diameter around 250rn20C
Awell-defined highamplitude pressure

threshold

A4.62MPaPk,. at1.1 MHz

APredictablenicrobubblenucleation
On site
AOn-demand

GuidingPrinciple
Theability of to control nucleation provides
greater spatial and temporal controbobble
enhanced heatingnd lesion formation.

1.1 MHz, 10-cycle, P, = 6.08 MPa
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Experimental Setup

«— Magnet
Bore

Rabbit

Direction of
Ultrasound Lesi
Beam
Imaging =
Plane -
e .
Plastic Bag—»Pegassed } YRl
Water

Degassed
Water HIFU Transducer
’7 MRI Table —‘
RF
GESigna3T MRI System
MR-compatible, 1.5 MHz HIFU Transducer
1 MAL

PSNEAccumulation

Betore PSNE injecton 0.5 hrs after PSNE injection 0.5 hes after PINE injection

2 hrs afier PSNE Injection

Kopechek et al J Heathcare Eng 2013

HIFU Parameters MEDICAL

Center Frequency: 1.5 MHz
Pulse Repetition Period: 670 ms
Total Sonication Time: 30 s
Pulsing Scheme:
Short, high-amplitude pulse (100 cycles) to vaporize PSNE

Long (1 million cycles), low-amplitude pulse to drive inertial
cavitation and accelerate heating

— Vaporization pulse

Relative Pressure

100 200 300 400 500
Time (us)
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B-mode Imaging: PSNBAporization et

Before PSNE injection Before PSNE injection

2 hrs after PSNE injection 4.0 2 hrs after PSNE injection

4

B-mode

Kopechek et al J Ther Ultrasound 2014
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Detection and Analysis of Inertial Cavitation  MepicaL
1500, R
—5 2\ (Before PSNE Injection)
5.2W (After PSNE Injection)
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Kopechek et al PMB 2014
medicine

MR Thermometry: PSNE-enhanced Heating  ¥bieat

Te:!afufenp‘v

emm‘&us Injection

) v 0 Cemas)
AﬂerlNE Injection Atte 1
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PSNE-enhanced Heating
7 ==+ 5.2W (Before PSNE Injection)
1 6 |~ 5.2W {After PSNE Injection)
» L~ | A IW (AR PSNE Dijection
E 5 |+ 3.0W {After PSNE Injection)
10 E
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= I f l l w120
> * -1 -3
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Kopechek et al PMB 2014
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Cavitationenhanced Lesion Formatiogs

A10RAT0

ATypically, tumors are treated
with > 10 W of HIFU for
ablation

Alt was possible to ablate tumor
in the presence of vaporized
PSNE with acoustic power as
low as 3 W

ASize of ablated volume
depended upon acoustic
power

o JU¥(]
. . . - _m crms
Integrated MR Thermometry and Cavitation Monitoring 22

A Polyacrylamide gel phantom
A Mean size: 208 nm (+/- 23 nm)

A 8.3x10° 1 8.3x10% PSNE/mML PRy
A 1.6 MHz focused ultrasound — N
A 5MPa PNP 100 cycle vaporization pulse R ”"\ \
A 2 MPa PNP 1,000,000 cycle heating puise PEd / | X
A 50 second treatment time (~95% duty cycle) . - | (1 . ] ) \
A 600 kHz ring passive -7 \;y/ ,S/ R
cavitation detector SN Al
2 -
(PCD) —— SR —
e PEAINSN
S - NS
128 element linear array o S AR
A NEN
4.8 MHz 4 .
(3.17 6.5 MHz)

A Passive Cavitation Mapping

A MR Imaging and Thermometry
A Proton resonant frequency (PRF) shift
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Cavitation Activity MEDICAL

Data collected throughout entire treatment (50 seconds, 78 sonications)
Each sonication time trace was enveloped and summated

VR
Cavitation Value(dB) = 20log, §\/SUJ
o i

noise#

~=-8.4e7 PSNE/mML  —4=No PSNE  —+—4.2¢8 PSNE/mL

Control Gel

Aann

Cavitation Value

0
o 806 20 30 gE+0f0 50 §&+08 70

ConcenPRURAIORNE/mL)
(0 - 50 seconds)

MR Thermometry MEDICAL

CaitBatlG8IRENESHIE)
Ma x T eI%/-0B, n=3)

20°C

10°C

0°C

ren

adisisi.
Passive Cavitation Mapping MEDICAL

CHGIEGH GBI EEBIEBIE)

Linear Array
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