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Summary  Targeted  and  triggered  release  of  liposomal  drug  using  ultrasound  (US)  induced
cavitation represents  a  promising  treatment  modality  to  increase  the  therapeutic-toxicity  ratio
of encapsulated  chemotherapy.
Objectives:  To  study  the  feasibility  and  efficacy  of  a  combination  of  focused  US  and  liposomal
doxorubicin  (US-L-DOX)  release  in  orthotopic  murine  models  of  pancreatic  cancer.
Material  and  methods:  A  confocal  US  setup  was  developed  to  generate  US  inertial  cavitation
delivery in  a  controlled  and  reproducible  manner  and  designed  for  two  distinct  murine  ortho-
topic pancreatic  cancer  models.  Controlled  cavitation  at  1  MHz  was  applied  within  the  tumors
after L-DOX  injection  according  to  a  preliminary  pharmacokinetic  study.
Results: In  vitro  studies  confirmed  that  L-DOX  was  cytostatic.  In  vivo  pharmacokinetic  study
showed L-DOX  peak  tumor  accumulation  at  48h.  Feasibility  of  L-DOX  injection  and  US  delivery
was demonstrated  in  both  murine  models.  In  a  nude  mouse  model,  at  W9  after  implantation  (W5
3
after treatment),  US-L-DOX  group  (median  [IQR]  51.43  mm [35.1—871.95])  exhibited  significan-

tly lower  tumor  volumes  than  the  sham  group  (216.28  [96.12—1202.92]),  the  US  group  (359.44
[131.48—1649.25]),  and  the  L-DOX  group  (255.94  [84.09—943.72]),  and  a  trend,  although  not
statistically  significant,  to  a  lower  volume  than  Gemcitabine  group  (90.48  [42.14—367.78]).
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Conclusion:  This  study  demonstrates  that  inertial  cavitation  can  be  generated  to  increase  the
therapeutic  effect  of  drug-carrying  liposomes  accumulated  in  the  tumor.  This  approach  is  poten-
tially an  important  step  towards  a  therapeutic  application  of  cavitation-induced  drug  delivery
in pancreatic  cancer.
©  2019  Elsevier  Masson  SAS.  All  rights  reserved.
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remaining  healthy  tumor  tissues  were  harvested  under  strict
ntroduction

ancreatic  ductal  adenocarcinoma  (PDAC),  one  of  the  most
readful  malignancies  and  the  fourth  commonest  cause  of
ancer  death  in  the  Western  world,  [1]  is  rapidly  increas-
ng  in  incidence  [2].  The  overall  5-year  survival  rate  is  less
han  5%,  and  has  not  significantly  improved  over  the  past
hree  decades  [3].  Surgical  resection  is  the  only  curative
ption,  but  even  in  specialized  centers,  the  5-year  sur-
ival  rate  of  ‘‘curatively’’  operated  patients  remains  under
0%  [4,5].  Moreover,  surgical  resection  is  not  feasible  in
0%  of  the  patients  because  of  early  local  and  metastatic
pread  of  the  disease  [6].  Chemotherapy  is  the  standard  of
are  for  locally  advanced  and  metastatic  pancreatic  cancer
7].  Although  intensified  cytotoxic  combinations,  particu-
arly  gemcitabine  plus  nab-paclitaxel  and  the  folinic  acid,
uorouracil,  irinotecan,  oxaliplatin  (FOLFIRINOX)  protocol
ave  recently  provided  some  convincing  improvement  in
etastatic  PDAC  when  compared  with  previous  standard

emcitabine  regimen,  significant  therapeutic  breakthroughs
emain  out  of  sight  [8,9].  Since  chemoresistance  and  abun-
ant  desmoplastic  stroma  of  PDAC  are  major  barriers  to
fficient  chemotherapy  [10,11]  and  dose  limitation  is  nec-
ssary  to  avoid  dangerous  cytotoxicity,  there  is  a  need  for
ore  efficient  delivery  of  therapeutic  drugs  at  the  disease

arget  while  limiting  toxicity  to  healthy  tissue.
Heat  and  ultrasound,  among  others,  have  been  suggested

s  promising  actuators  of  physically-triggered  release  of
ncapsulated  drugs.  Ultrasound  (US)  in  particular,  has  the
otential  to  trigger  release  in  a  well-defined  volume  of
issue  by  fine-focusing  the  US  beam  and  creating  local  cav-
tation,  thus  increasing  the  therapeutic-toxicity  ratio  of
ncapsulated  drugs  in  a  specific  target  tissue  [12]. As  dis-
ussed  later  in  this  article,  improving  therapeutic  effects
y  mimicking  cavitation  using  microbubble-based  ultra-
ound  contrast  agents  (MBUCA)  has  been  proposed,  [13—17]
ut  using  sonosensitive  liposomal  chemotherapy  instead  of
BUCA+standard  chemotherapy  is  another  innovative  and
romising  pathway  [18].  We  recently  proved  the  safety
or  adjacent  healthy  tissue  of  inertial  cavitation  combined
ith  doxorubicin  administration  in  the  absence  of  MBUCA

n  a  mouse  model  of  breast  cancer,  [19]  as  well  as  the
ncreased  therapeutic  effect  of  inertial  cavitation  combined
ith  doxorubicin-loaded  liposomes  in  a  AT2  Dunning  rat
ctopic  tumor  model  [20,21].

Nevertheless,  to  our  knowledge,  there  has  been  no
n  vivo  study  evaluating  the  efficacy  of  focused  ultrasound

n  combination  with  sono-sensitive  liposomes  loaded  with
hemotherapy  to  improve  the  chemotherapeutic  efficacy  in
rthotopic  murine  models  of  PDAC  [22].

a
T
u

The  aims  of  this  study  were  to  investigate  the  feasibil-
ty  of  using  a  focused  US  device  for  cavitation-induced  drug
elease  using  a  sonosensitive  liposomal  drug  carrier,  to  assess
he  potential  therapeutic  benefit  of  such  a  treatment  in
rthotopic  murine  models  of  PDAC,  and  to  determine  possi-
le  issues  raised  by  this  approach.

aterials and methods

ll  experiments  were  performed  in  accordance  with  the
uropean  convention  for  the  protection  of  vertebrate
nimals  used  for  experimental  and  other  scientific  pur-
oses.  All  animal  experiments  were  approved  by  an
ndependent  ethics  committee  (Comité  d’Ethique  en
atière  d’Expérimentation  Animale,  University  Paris  5
ené  Descartes,  CEEA  34)  and  in  agreement  with  the
ational  ethics  rules  for  animal  experimentation  [23].

A  flow  chart  to  clarified  animals  experiments  are  avail-
ble  on  S4  Fig.

at  tumor  model

he  model  used  in  this  study  was  described  by  Hotz  in  2001
24]. Five-week-old  male  Lewis  rats  (LEW/CrlBR)  weighing
00  to  150  g  were  obtained  from  Charles  River  Laborato-
ies  (Wilmington,  MA,  U.S.A.).  The  animals  were  housed
n  microisolator  cages  with  autoclaved  bedding,  food,  and
ater.  The  rats  were  maintained  on  a  daily  12-hour  light/12-
our  dark  cycle.  Rats  were  operated  on  at  an  age  varying
rom  7  to  10  weeks  (weight  140-315g)  for  tumor  implanta-
ion  of  DSL6A/C1  cells.  The  rat  PDAC  cell  line  DSL-6A/C1
as  purchased  from  the  American  Type  Culture  Collec-

ion  (Rockville,  MD,  U.S.A.),  and  cultured  in  Waymouth’s
B  752/1  medium  (Gibco,  Grand  Island,  NY,  U.S.A.).  The
ell-culture  medium  was  supplemented  with  10%  heat  inac-
ivated  fetal  bovine  serum  (FBS;  Gibco),  1%  penicillin
-streptomycin  and  1%  ciprofloxacin.  Cells  were  incubated
t  37 ◦C  in  moisturized  air  with  5%  CO2.  The  medium  was
eplaced  twice  weekly,  and  cells  were  maintained  by  serial
assaging  after  trypsinization  with  0.1%  trypsin.  107 Cells
ere  injected  subcutaneously  into  each  flank  of  donor  rats

n  a  total  volume  of  0.2  mL.  The  rats  were  killed  by  a
ethal  dose  of  pentobarbital  (50  mg,  i.p.)  after  the  subcu-
aneous  tumors  had  reached  a  size  of  15  to  20  mm  in  the
argest  diameter.  Necrotic  tissues  were  cut  away,  and  the
septic  conditions  and  minced  into  fragments  of  4.5  mm3.
umor  fragments  were  maintained  in  culture  cell  medium
ntil  implantation.  Under  anesthesia,  the  abdomen  of  tumor
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Cavitation-induced  release  of  liposomal  chemotherapy  in  or

recipient  rats  was  sterilised  with  alcohol,  an  incision  was
created  through  the  left  upper  abdominal  pararectal  line
and  peritoneum,  the  spleen  with  the  tail  of  the  pancreas  was
gently  exteriorised  and  2  tumor  pieces  were  implanted  into
microsurgically  prepared  tissue  pockets  within  the  pancre-
atic  parenchyma,  so  that  the  tumor  tissue  was  completely
surrounded  by  pancreatic  parenchyma  without  requiring  the
use  of  sutures.  The  pancreas  was  then  returned  into  the
peritoneal  cavity,  and  the  abdominal  wall  and  the  skin  were
closed  in  2  layers  using  4—0  surgical  suture.

For  subcutaneous  cell  injection  and  all  ultrasound  pro-
cedures,  rats  were  anaesthetised  by  inhalation  of  2.5%
Isofluorane.  For  orthotopic  implantation,  the  animals  were
anaesthetised  by  pentobarbital  (4  0mg/kg/i.p)  after  condi-
tioning  by  Isofluorane  inhalation.  The  rats  were  killed  by
a  lethal  dose  of  pentobarbital  (50  mg,  i.p.)  at  the  end  of
the  experiments  or  if  one  of  the  following  events  occurred:
bulky  tumor  mass  with  visible  tumor  size  >  3  cm;  formation  of
ascites  with  visible  abdominal  distension;  or  cachexia  asso-
ciated  with  a  significant  clinical  deterioration  of  the  animal.

Nude  mice  tumor  model

Similarly  to  the  rat  model,  we  used  an  orthotopic  PDAC
model  in  nude  mice.  4-week-old  female  nude  mice  (NMRI-
Foxn1nu/nu)  weighing  20  g  were  obtained  from  Janvier  Labs
(Le  Genest-Saint-Isle,  France).  The  animals  were  operated
on  at  an  age  varying  from  6  to  8  weeks  for  tumor  implan-
tation  of  MiaPaca2  cells.  The  human  ductal  pancreatic
adenocarcinoma  cell  line  MiaPaca2  was  purchased  from  the
American  Type  Culture  Collection  (Rockville,  MD,  U.S.A.),
and  cultured  in  DMEM  Glutamax  medium  (Gibco,  Grand
Island,  NY,  U.S.A.).  The  cell-culture  medium  was  supple-
mented  with  10%  heat  inactivated  fetal  bovine  serum  (FBS;
Gibco),  1%  penicillin  G-streptomycin  and  1%  ciprofloxacin.
5  ×  106 Cells  were  injected  subcutaneously  into  each  flank  of
donor  mice  in  a  total  volume  of  0.2  mL.  The  donor  mice  were
killed  by  a  lethal  dose  of  pentobarbital  (50  mg,  i.p.)  after  the
subcutaneous  tumors  had  reached  a  size  of  15  to  20  mm  in
the  largest  diameter.  The  implantation  of  orthotopic  tumor
in  receiver  nude  mice  followed  the  same  experimental  and
surgical  steps  as  the  Lewis  rat.  However  only  one  tumor
fragment  was  implanted  in  mice,  using  calibrated  1mm-
diameter  pieces.

Histologic  analysis

The  primary  orthotopic  tumors  were  removed  and  saved  for
histologic  analysis.  Tumor  tissues  were  fixed  in  10%  buffered
formalin  and  paraffin-embedded.  Hematoxylin  and  eosin
(H&E)  staining  was  performed  on  paraffin-embedded  tumour
tissues  with  a  slice  thickness  of  6  �m.

Method  of  Ultrasound  Imaging  and  Tumor
Measurement  and  Correlation  with  Macroscopic
Findings
Ultrasound  imaging  was  performed  by  two  trained  oper-
ators  in  an  animal-dedicated  imaging  platform  on  a
high-resolution  ultrasound  Vevo  770  (Visualsonics,  Toronto,
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anada)  with  a  40MHz  probe  (RMV704),  under  general
naesthesia  with  isofluorane  (2.5%,  2 mL/min).  Tumors  were
etected  as  circular  lesions  discretely  hypoechogenic  com-
ared  to  the  surrounding  pancreatic  parenchyma.  Tumor
olume  was  derived  from  the  2  largest  perpendicular
iameters  by  the  following  approximation:  ultrasound  vol-
me  =  (length  ×  width2)/2.  When  there  was  more  than  one
ndividualised  tumor,  each  tumor  was  measured  separately
nd  added  to  count  a total  per  animal  tumor  volume.
he  reliability  of  the  detection  and  measurement  of  the
rthotopically-developed  tumors  was  assessed  in  16  rats.
t  sacrifice  time-point,  real-time  determination  of  tumor
olume  was  performed  by  ultrasound  followed  by  an
utopsy.  The  3  larger  perpendicular  diameters  of  the  pri-
ary  orthotopic  tumor  were  measured  with  callipers,  and

he  volume  was  calculated  using  the  following  formula:  vol-
me  =  length  ×  width  ×  depth/2  as  described  previously  by
otz  et  al.  [24]. The  correlation  coefficient  could  then  be
alculated  between  tumor  volume  and  ultrasound  tumor
easurements.

n vitro Efficacy of  Gemcitabine (GEM),
oxorubicin (DOX) and Liposomal Doxorubicin
L-DOX)

he  effects  of  liposomal  DOX  (L-DOX)  were  assessed
n  vitro  on  DSL6A/C1  cell  line  in  comparison  to  free
oxorubicin  (DOX),  (DOXORUBICIN  DAKOTA  PHARM

®
10mg,

anofi-Aventis)  and  Gemcitabine  (GEMZAR
®
,  200mg,  Lilly

rance),  a  standard  chemotherapy  of  PDAC.  Sono-sensitive
iposomes  loaded  with  doxorubicin  (L-DOX)  were  obtained
nder  a  venture  with  Epitarget  company  and  prepared
s  described  previously  [20,25].  DOX  concentration  was  1
g/ml  with  an  encapsulation  efficiency  of  DOX  greater  than

0%.  Liposome  diameter  was  measured  by  photon  correla-
ion  spectroscopy  with  a  Malvern  Zetasizer  Nano  ZS  (Malvern
nstruments,  Malvern,  UK).  The  liposomes  showed  a  mean
ydrodynamic  diameter  of  85  ±  2  nm,  with  polydispersity
ndex  <  0.1,  indicating  a  narrow  size  distribution.  The  small
ize  of  these  liposomes  has  been  shown  to  be  useful  both
n  terms  of  in  vivo  stability  by  way  of  limiting  opsonisation,
nd  in  the  enhancement  of  extravasation  and  tumor  uptake
26]. These  specific  liposomes  have  demonstrated  in  vitro
onosensitivity  properties  [27]  justifying  their  use  in  vivo  in
ombination  with  ultrasound.

To  assess  the  cytostatic  effect  of  chemotherapy  drugs,
 proliferation  experiment  with  incorporation  of  tritiated
hymidine  at  48  hours  was  performed,  along  with  Crystal
iolet  staining  to  evaluate  the  cytotoxicity.  The  experi-
ents  were  performed  in  triplicate  4  times  for  each  drug

t  increasing  concentrations  (L-DOX:  0,05  to  5  �M;  DOX:  0,3
o  20  �M;  Gemcitabine:  0.1  nM  to  2.5  �M).  The  DSL6A/C1  cell
ine  was  cultured  has  described  above.

iodistribution/pharmacokinetic  studies
n  order  to  determine  the  peak  time  of  liposome  accumu-
ation  in  tissue,  a  biodistribution/pharmacokinetics  study
as  undertaken  on  2  cohorts  of  15  animals  (pooled

esults).  The  animals  included  in  this  experiment  were
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72  

arriers  of  pancreatic  tumors  implanted  for  6  weeks  and
ltrasonically  detectable.  Doxorubicin-loaded  sonosensitive
iposomes  were  used.

At 6  weeks  after  pancreatic  tumor  graft,  liposomes
ere  injected  i.p.  at  a  dose  of  4  mg  L-DOX  per  kg
ody  weight.  Doses  were  based  on  clinically  used  L-DOX
DoxilTM/CaelyxTM)  that  has  physicochemical  properties  sim-
lar  to  those  of  the  sonosentive  liposomes  used  in  this  study.

At  selected  timepoints  (12,  24,  36,  48,  and  72h)  post
njection  (n  =  3  per  timepoint),  rats  were  euthanized  by
ntraperitoneal  injection  of  dolethal  (1  ml  per  animal).  Liver,
pleen,  kidney,  and  tumor  tissues  were  excised,  weighed,
nap  frozen  in  liquid  nitrogen  and  subsequently  stored  at
20 ◦C.Thawed  tissues  were  weighed  and  digested  with
cidified  ethanol  (0.3  M  HCl  in  50%  ethanol)  at  a  final  1:10
ilution  ratio  (1  g  tissue  sample  to  9  ml  acidified  ethanol).
he  mixture  was  homogenized  (Polytron,  Fisher  Scientific,

llkirch,  France)  until  a  tissue  homogenate  was  obtained,
hich  was  incubated  for  24  hours  at  4 ◦C  in  the  dark.  After

ncubation,  triplicates  of  tissue  homogenate  (2  mL  each)
ere  centrifuged  at  10,000  g  for  20  min  at  4 ◦C  to  separate
ell  debris.  Clear  supernatants  were  stored  at  −20 ◦C  until
uorescence  measurements  were  performed.  The  property
f  spontaneous  fluorescence  of  DOX  to  596  nm  after  excita-
ion  at  492  nm  light  was  used  for  measuring  the  fluorescence
n  different  organs.  The  actual  L-DOX  content  was  deter-
ined  based  on  relevant  L-DOX  calibration  curves  obtained

rom  similar  animals  without  injection  of  L-DOX.  The  results
f  two  successive  experiments  were  pooled.

herapy study

umor  sonication  apparatus

 US  device  previously  developed  for  subcutaneous  tumors
21]  had  to  be  modified  for  application  in  orthotopic  pancre-
tic  tumors  (Fig.  1)  [21,28].  Modifications  were  undertaken
o  take  into  consideration  new  treatment  modalities  (posi-
ioning  of  the  transducers,  use  of  degassed  water  and
eal-time  detection  of  tumors  by  US-scan).  A  device  was
esigned  to  have  the  animal  in  prone  position  in  order  to
acilitate  tumor  identification  and  targeting.  This  device
onsisted  of  two  concave  power  transducers,  positioned
t  110◦ and  immersed  in  degassed  water,  thermostatically
aintained  at  37 ◦C,  allowing  transmission  of  ultrasound

nto  the  abdomen  without  loss  of  energy  or  formation  of
icrobubbles  on  the  skin  surface.  Water  was  degassed  using

 suction  pump  with  a  multi-perforated  outlet  [29]. A  low
requency  US  probe  (10  MHz  Vermon

®
plateform  Orchéo  XQ,

onoScanner
®
)  was  coupled  to  a  detection  system  positioned

5  mm  from  the  confocality  of  ultrasonic  beams,  in  order
o  target  the  tumor  and  observe  cavitation  in  real  time.

 support  system  was  designed  to  keep  the  animal  under
sofluorane  anesthesia,  mobilize  the  animal  relative  to  the
xis  of  the  transducers,  identify  and  target  the  tumor.

The  successive  processing  steps  of  a  therapeutic  US  ses-
ion  were  as  follows:
 anesthesia,  and  animal  hair  removal;
 tumor  detection  with  ultrasound  40  MHz  and  localization

of  the  best  firing  window  (skin  marking);

m
i
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 positioning  the  transducers  below  the  animal  abdomen;
 ultrasound  shot,  monitored  by  10  MHz  probe.

Therapeutic  US  parameters  applied  were  derived  from
 previous  study  on  subcutaneous  tumors,  and  modified  for
he  treatment  of  more  deeply-seated  tumors.  The  parame-
ers  applied  for  each  models  are  described  in  Table  1.  The
etup  was  completed  using  a  Wattmeter  which  allowed  to
x  the  command  for  the  sonication  system.  The  number  of
S  shots  was  tailored  to  the  volume  area  as  estimated  intra-
peratively  by  US  scan.  The  pancreas  was  irradiated  spot  by
pot  until  the  whole  section  visible  on  the  ultrasound  imag-
ng  was  treated.  The  impacts  were  separated  by  2mm  in  the

 directions.  At  each  irradiation,  the  forward  and  reverse
ower  were  checked  and  no  devation  from  the  setting  was
bserved.  The  duration  of  each  shot  was  2  seconds.

at  treatment  and  follow-up

he  outline  of  the  therapy  study  is  summarized  in  Table  1.
ix  groups  of  all  animals  were  studied  : sham,  US  alone,  DOX,
-DOX,  US  +  DOX,  US  +  L-DOX.All  rats  received  i.p.  injected
-DOX  (4  mg/kg)  or  free  DOX  (4  mg/kg)  at  week  4  after  pan-
reatic  tumor  graft,  if  the  tumor  was  more  than  10  mm3 in
stimated  volume  and  had  increased  in  volume  between  to

 US-scans  at  week  2  and  3.  US  treatment  was  applied  at  48
ours  post-injection,  corresponding  to  peak  L-DOX  content
n  tumor  tissue.  The  animals  were  then  followed  with  ultra-
ound  measurement  of  tumor  size  at  1,  2  and  3  weeks  after
reatment  and  were  sacrificed  at  7  weeks,  with  macroscopic
umor  measurement  and  sampling  for  pathology.

ice  treatment  and  follow-up

he  outline  of  the  therapy  study  is  also  summarized  in
able  1. Two  successive  series  of  thirty  nude  mice  were
mplanted,  pooled  and  divided  in  five  groups  for  further
reatment:  sham  US  alone,  L-DOX,  Gemcitabine,  US  +  L-
OX.  All  mice  received  i.p.  injections  of  liposomal  L-DOX
8  mg/kg)  or  Gemcitabine  (100  mg/kg).  Drugs  were  adminis-
ered  at  4  weeks  after  pancreatic  tumor  graft.  US  treatment
as  applied  at  48  hours  post-injection.  The  animals  were

hen  followed  with  ultrasound  measurement  of  tumor  size
t  1,  2,  3,  4  et  5  weeks  after  treatment  and  were  sacri-
ced  9  weeks  after  implantation,  with  macroscopic  tumor
easurement  and  sampling  for  pathology.

tatistical Analysis

ata  are  presented  as  mean  ±  SD  or  median  [Interquartile
ange  IQR].  Mann-Whitney  test  was  used  for  pharmacoki-
etic  results.  Volume  correlation  (ultrasound  volume  vs.
olume  at  sacrifice)  was  measured  using  Pearson  correlation
oefficient.  P  <  0.05  was  statistically  significant.

One  series  of  rats  followed  by  two  pooled  series  of  nude

ice  were  analyzed.  As  the  distribution  of  tumor  volume

n  nude  mice  was  log-normal  (Kolmogorov  test  pvalue =  0.15
t  W3)  data  have  been  transformed  using  the  logarithm
unction  for  the  different  populations  to  obtain  a  normal  dis-
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Figure  1  US  delivery  system.  The  mice  is  placed  on  prone  position  to  allow  tumor  detection  and  to  facilitate  treatment  by  two-
focused transducers.  Three  differents  views.  A  Front  view  of  the  device.  B.  Lateral  view  of  the  device.  C.  Top  view  of  the  device
(*US probe  to  detect  and  target  tumor,  support  system  for  animal,  and  �  two  concave  power  transducers).

Table  1  Experimental  groups  of  two  murine  models  receiving  different  treatments.

Model  of  orthotopic
pancreatic  cancer

Groups  Number  of
animals

Drugs  received  US  treatment  Ultrasound  parameters

Immunocompetent  rat
Lewis  model
DSL6A  cell  line

1  6  Saline/Vehicule  - Average  electrical  power:  6W;
Ultrasound  frequency:  1.1MHz;
Pulse  Repetition
Frequency  (PRF):  PRF=200Hz;
Duty  cycle  (effective  ultrasound
emission  rate)  DC=0.77%

2 5  Saline/Vehicule  +
3 5  DOX  (4  mg/kg)  -
4 5  DOX  (4  mg/kg)  +
5 5  L-DOX  (4  mg/kg)  -
6 6  L-DOX  (4  mg/kg)  +

Subtotal 6  32

Nude  mice  model
MiaPaca2  cell  line

1  8  Saline/Vehicule  - Average  electrical  power:  5.85W;
Ultrasound  frequency:  1.1  MHz;
PRF  =  250  Hz;
DC  =  1%

2 9  Saline/Vehicule  +
3 8  GEM  (100  mg/kg)  -
4 9  L-DOX  (8  mg/kg)  -
5 9  L-DOX  (8  mg/kg)  +

Subtotal 5  43
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DOX: doxorubicin ; GEM : gemcitabine ; L-DOX: liposomal-Doxorub

tribution  (at  W3  mean  ±  SD  =  2.78  ±  1.15;  Shapiro-Wilk  test
pvalue =  0.71)  and  to  allow  further  analysis.

To  study  the  tumor  growth  week  by  week  for  each  group,
tumor  volume  was  standardized  for  each  series  data  at
the  randomization  week.  Then  linear  regression  was  used
to  analyse  and  compare  the  evolution  of  tumor  volume
between  groups.  There  was  a  significant  difference  when
confidence  intervals  did  not  overlap  (P  <  0.05).

Statistical  analyses  were  performed  under  Graphpad
Prism

®
(GraphPad  Software,  Inc.,  La  Jolla,  California,  USA)

and  JMP  (SAS  Institute  Inc.,  Cary,  NC,  USA).

Results

Ultrasound  tumor  measurement  and  correlation
with macroscopic  findings

Tumor  ultrasound  detection  was  always  feasible  within  6  to
10  minutes  per  animal,  with  good  tolerance  in  both  rats  and

mice  (no  animal  death  during  US  scans)  (Fig.  2).  Pancre-
atic  tumors  appeared  as  nodular  images  hypoechoic  relative
to  the  rest  of  the  pancreas,  close  to  the  spleen.  A  nodular
image  on  US  scan  corresponded  histologically  to  a  pancreatic

a
p
i
(

uctal  adenocarcinoma  (Fig.  2).  Tumor  volumes  estimated
rom  US  scans  and  those  measured  macroscopically  with
alipers  were  well  correlated  (P  <  0.0001)  (S1  Fig).

n  vitro  Efficacy  of  Gemcitabine  (GEM),  Doxorubicin
DOX) and  Liposomal  Doxorubicin  (L-DOX)

he  pooled  results  of  experiments  for  cytostatic  and  cyto-
oxic  effects  are  presented  in  Fig.  3.  L-DOX  decreased  the
roliferation  of  tumor  cells  (DSL6A/C1  cell  line).  L-DOX  had

 cytostatic  effect  but  no  significant  antiproliferative  effect
IC50  was  not  reach),  whereas  DOX  and  GEM  had  both  cys-
ostatic  and  cytotoxic  effect.

n  vivo  biodistribution/pharmacokinetic  study  and
etermination  of  timespan  between  L-DOX

njection and  therapeutic  US

lood  clearance  kinetics  of  L-DOX  and  peak  L-DOX  tumor

ccumulation  were  determined  to  identify  the  optimal  time-
oint  for  US  treatment,  as  shown  in  Fig.  4.  Pharmacokinetics
n  tumors  and  healthy  pancreas  revealed  different  profiles
Fig.  4A).  A  significant  accumulation  and  retention  of  L-DOX
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Figure  2  Example  of  PDAC  tumor  obtained  in  our  murin  models.  A.  US  scanning:  pancreatic  tumor  seen  as  a  circular  hypoechogenic
lesion-image obtained  with  high-resolution  ultrasound  Vevo770  (Visualsonics)  with  a  40  MHz  probe  (RMV  704).  B.  macroscopic
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xamination:  at  sacrifice,  verification  that  the  tumor  grew  in  

pleen).

as  observed  in  tumors  48h  after  injection,  whereas  the
oncentration  of  the  drug  in  the  healthy  pancreas  rapidly
ended  to  zero  (P  =  0.04,  Mann—Whitney  test).  Liposomes
ad  a  peak  concentration  at  36  hours  after  injection  in  the
pleen,  liver,  and  kidney  and  decreased  at  48  hours,  with
ery  small  residual  concentrations  in  the  liver  and  kidney
t  the  same  timepoint  (Fig.  4B  and  Fig.  S5).  Based  on  these
ata  it  was  decided  to  undertake  US  treatment  48  hours
fter  liposome  injection.

utcome of ultrasound therapy

umor  sonication  process

he  US  delivery  system  is  presented  in  Fig.  1.  Upon  trigger-
ng  power,  the  ultrasound  image  was  disrupted  by  pulses  and
lurred  by  cavitation  microbubbles.  At  the  end  of  a  treat-
ent  session,  a  hyperechoic  spot  was  visible  in  the  treated

rea  corresponding  macroscopically  to  an  area  of  necrosis
Fig.  5).  This  system  allowed  for  a  satisfactory  location  of
umors  and  the  creation  of  cavitation  with  a  good  tolerance
n  all  of  the  animals.  The  discrete  size  of  the  focal  spot  (2  mm
n  diameter)  allowed  for  switching  the  transducer  from  one
pot  to  the  next  so  as  to  cover  the  whole  tumor  volume  as
stimated  on  US  scan.

utcomes  in  rats

orty-three  Lewis  rats  were  implanted  (with  an  implantation
uccess  rate  of  74%  (32/43).  The  32  rats  were  distributed
nto  6  groups:  sham  (6  rats),  US  alone  (5  rats),  DOX  (5  rats),

-DOX  (5  rats),  US  +  DOX  (5  rats),  US  +  L-DOX  (6  rats).  The
eight  of  rats  at  baseline  (treatment  day,  4  weeks  after

mplantation)  ranged  between  196  and  302  g  (237  ±  24  g)
nd  average  tumor  volume  at  the  same  timepoint  was  not

t
l
m
(

ancreas,  (*healthy  pancreas,  pancreatic  tumor,  and  �  and

ifferent  between  groups,  ranging  from  163.4  to  191  mm3

P  >  0.05,  Table  2).  Of  the  16  animals  undergoing  ultrasound
herapy,  6  had  skin  petechiae  after  treatment,  especially  in
he  case  of  tumors  developed  closest  to  the  skin.  The  evo-
ution  of  tumor  volume  after  treatment  is  shown  in  Fig.  6A,
ith  no  significant  difference  between  groups.  Two  rats  had
eritoneal  carcinomatosis  in  the  control  group.

Since  we  observed  heterogenous  tumor  growth  profiles  in
ewis  rats,  we  studied  the  natural  history  of  the  Lewis  Rat
odel  in  a  series  of  60  implanted,  but  untreated  rats  and

ound  that  amongst  all  animals  with  visible  tumors  (median
olume  14.19  [0—9621]  mm3)  at  W4  (n  =  34/60),  only  15/60
25%)  were  still  growing  at  W6.  A  threshold  of  80  mm3 at  W4
as  found  to  be  associated  with  subsequent  tumour  growth

 87%  (13/15)  of  the  tumors  bigger  than  80  mm3 at  W4  still
rowing  at  W6  (S2  Fig).

In  consideration  of  these  previously  unreported  natu-
al  history  findings,  there  was  an  observable  trend  for
ecreased  tumor  growth  in  US  alone,  US+DOX  and  US+L-DOX
roups  compared  to  controls,  when  we  considered  only  ani-
als  with  tumors  >  80  mm3 at  W4,  but  these  results,  with
uch  smaller  samples,  lacked  power  to  attain  statistical

ignificance  (Fig.  6B).

utcomes  in  Mice

wo  successive  series  of  30  nude  mice  were  implanted  and
ubsequently  pooled  after  confirming  that  volume  distribu-
ions  were  not  different  at  three  weeks  (Wilcoxon’s  test:
value =  0.21).  Forty-three  mice  (71.6%,  43/60)  had  success-
ul  tumor  implant  at  W3.  Two  mice  were  excluded  from

he  analysis  due  to  rapid  tumor  regression  (control  group),
eaving  41  mice  available  for  therapy.  The  mean  (±SD)  esti-
ated  tumor  volume  at  3  weeks  (W3)  was  32.33  ±  50.16  mm3

Quantiles(mm3) •25%:  7.27;  •50%:  14.72;  •75%:  35.00).  and
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Figure  3  In  vitro  efficacy  of  Gemcitabine  (GEM),  Doxorubicin  (DOX)  and  liposomal  Doxorubicin  (L-DOX).  Results  for  cytostatic
(Fig.  3A)  and  cytotoxic  effects  (Fig.  3B).

Table  2  Tumor  volumes  at  treatment  time  (orthotopic  PDAC  immunocompetent  rat  model).

Groups  Number  of  animals  Drugs  received  US  treatment  Tumor  volume  (mm3)  at  treatment  time  -  week  4
Mean  ±  SD

1 6  Saline/Vehicule  -  163.4  ±  101
2 5  Saline/Vehicule  +  191.00  ±  92
3 5  DOX  (4  mg/kg)  -  167.25  ±  67
4 5  DOX  (4  mg/kg)  +  165.25  ±  120
5 5  L-DOX  (4  mg/kg)  -  188.56  ±  78
6 6  L-DOX  (4  mg/kg)  +  172.87  ±  93

a
[
t

DOX: doxorubicin; L-DOX: liposomal-doxorubicin.

similar  between  groups  (P  >  0.05,  Table  3).  Mice  were  allo-
cated  to  five  groups  for  treatment:  sham  (7  mice),  US  alone
(9  mice),  L-DOX  (8  mice),  Gemcitabine  (8  mice),  US  +  L-DOX

(9  mice).  Correlation  between  ultrasound  tumor  volumes
and  macroscopic  tumor  volumes  at  sacrifice  in  mice  are
shown  in  S3  Fig.  Overall  results  of  mice  treatments  are
presented  in  Fig.  7.  At  W9  after  implantation  (five  weeks

(
[
n
[

fter  treatment),  US-L-DOX  group  (median  [IQR]  51.43  mm3

35.1—871.95])  exhibited  significantly  lower  tumor  volumes
han  the  sham  group  (216.28  [96.12—1202.92]),  the  US  group

359.44  [131.48—1649.25]),  and  the  L-DOX  group  (255.94
84.09—943.72]),  and  a  trend,  although  not  statistically  sig-
ificant,  to  a  lower  volume  than  Gemcitabine  group  (90.48
42.14—367.78]).
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Figure  4  In  vivo  biodistribution/pharmacokinetic  study  of  L-DOX  in  the  pancreas,  liver,  kidneys  and  spleen  of  immunocompetent
Lewis rat  (n=30).

Table  3  Tumor  volumes  at  treatment  time  (orthotopic  PDAC  nude  mouse  model).

Groups  Number  of  animals  Drugs  received  US  treatment  Tumor  volume  (mm3)  at
randomization  before  treatment

Mean  ±  SD  Median  (IQR)

1  8  Saline/Vehicule  -  46.77  ±  18.46  11.62  (3.77—34.24)
2 9  Saline/Vehicule  +  29.15  ±  17.40  9.06  (5.62—38.92)
3 8  GEM  (100  mg/kg)  -  27.19  ±  17.40  15.71  (7.94—30.36)
4 9  L-DOX  (8  mg/kg)  -  31.28  ±  18.46  20.58  (10.16—42.94)
5 9  L-DOX  (8  mg/kg)  +  28.76  ±  17.4  17.96  (9.42—50.18)
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DOX: doxorubicin; GEM: gemcitabine; L-DOX: liposomal-doxorubic

iscussion
his  study  demonstrates  for  the  first  time  the  feasibility  and
otential  efficacy  of  a  treatment  combining  ultrasonic  cav-
tation  and  chemotherapy-loaded  sonosensitive  liposomes

o

a
s

n  deep  intra-abdominal  orthotopic  PDAC  models,  using  an

riginal  confocal  ultrasound  delivery  device.

These  results  show  that  ultrasonic  cavitation  can  be  cre-
ted  in  an  orthotopic  PDAC  model  using  a  dedicated  US
etup  with  real  time  assessment  of  cavitation.  The  treat-
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Figure  5  Tumor  sonication  process.  A.  Tumor  detection
with ultrasound  and  localization  of  the  best  firing  window.
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B. Ultrasound  application.  C  and  D.  Hyperechoic  appearance  of
the treated  area  in  the  hypoechoic  tumor).

ment  was  deemed  feasible  in  all  animals  with  no  major  side
effects,  which  is  consistent  with  previously  published  results
[19].  The  combination  of  two  crossing  beams  is  an  efficient
method  to  selectively  create  cavitation  at  the  focal  point
without  damage  to  adjacent  tissues.  Our  setup  with  ultra-
sound  imaging  monitoring  (10  MHz  probe)  also  made  it  easy
to  visualize  a  tumor  area  that  has  just  been  treated  in  the
sonicated  field,  thereby  strongly  suggesting  that  cavitation
had  actually  occurred  in  the  targeted  volume  (Fig.  5).

Encapsulation  of  chemotherapeutic  agents  into  lipo-
somes  has  been  proven  to  reduce  healthy  tissue  exposure
to  drugs  en  route  to  the  tumor,  thereby  potentially  reducing
systemic  side-effects.  In  previous  pharmacokinetic  exper-

iments  on  L-DOX,  we  confirmed  the  occurrence  of  the
liposome-associated  enhanced  permeability  and  retention
(EPR)  effect  [30]  with  liposomes  heavily  accumulated  in
the  tumor,  but  not  in  the  normal  tissue  48h  after  injec-
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ion.  The  development  of  such  drug  delivery  vehicles  has  to
onfront  two  conflicting  challenges:  the  need  for  stable  non-
eaking  particles  in  the  general  circulation,  and  the  need  for
rug  release  at  the  diseased  site  [31]  A  PEGylated  liposo-
al  formulation  of  doxorubicin  (Doxil

®
or  Caelyx

®
) is  now

sed  routinely  to  treat  metastatic  breast  cancer,  advanced
varian  cancer,  and  Kaposi’s  sarcoma  [32]. The  therapeutic
enefit  of  liposomal  doxorubicin  (L-DOX)  over  conventional
oxorubicin  (DOX)  treatment  is,  however,  mainly  related
o  reduced  cardio-toxicity,  more  than  to  improved  antitu-
or  efficacy.  Uptake  of  liposomal  drugs  in  cancer  tissue

s  in  itself  not  sufficient  enough  to  ensure  drug  bioavail-
bility  and  therapeutic  action.  US  has  been  suggested  as  a
romising  treatment  modality  to  improve  the  therapeutic-
oxicity  ratio  of  encapsulated  drugs  on  a  specific  target
issue  [33,34]. US  offers  the  additional  benefit  of  increas-
ng  cell  permeability,  via  the  so-called  sonoporation  process,
hus  providing  a  two-fold  effect:  drug-carrier  disruption  and
ncreased  intracellular  drug  uptake  [35].

Our  study  brings  preliminary  efficacy  data,  particularly  in
he  nude  mouse  model,  with  the  US-L-DOX  group  exhibiting
ignificantly  slower  tumor-growth  after  9  weeks  of  follow-up
han  control,  and  US-alone  groups.  To  our  knowledge,  this
s  the  first  in  vivo  study  combining  sonosensitive  liposome
ith  US  exposition  in  pancreatic  cancer.  Earlier  studies  have

hown  in  vitro  and  in  vivo  mostly  that  microbubble-based
ltrasound  contrast  agents  (MBUCA)-based  sonoporation  is

 viable  technique  to  improve  drug  delivery  and  thera-
eutic  efficacy  in  various  cell  lines  derived  from  glioma,
37]  and  melanoma,  [39]  as  well  as  prostate,  [38],  pharyn-
eal,  [36]  and  pancreatic  cancers  [40]. Sonoporation  has
lso  been  recently  used  to  open  up  the  blood  brain  bar-
ier  in  a  safe  and  well  tolerated  manner  in  a  pilot  clinical
rial  of  glioblastoma  patients  [41].  Based  on  these  clini-
al  and  preclinical  results,  an  open  label  phase  I,  single
enter,  safety  evaluation  study  in  ten  PDAC  patients  was  con-
ucted  by  combining  a  contrast-enhanced  ultrasound  agent
SonoVue

®
,  Bracco  Imaging  Scandinavia  AB,  Oslo,  Norway)

nd  gemcitabine  under  sonication.  Combination  treated
atients  (n  =  10)  tolerated  an  increased  number  of  gem-
itabine  cycles  compared  with  historical  controls  (n  =  63
atients  (average  of  8.3  ±  6.0  cycles,  vs.  13.8  ±  5.6  cycles,

 =  0.008,  unpaired  t-test)  without  any  additional  toxicity
r  increased  frequency  of  side  effects  [13]. However  this
omparison  concerned  a  very  small  number  of  patients  with
istorical  controls,  and  there  has  been  neither  an  assess-
ent  of  the  optimal  US  regimen,  nor  any  demonstration  of

mproved  bioavailability  after  microbubble  and  US  applica-
ion.  Most  studies  in  the  literature  combined  low-pressure
aves,  in  the  MPa  range,  with  MBUCA  to  facilitate  the  initi-
tion  of  cavitation  [14—17]. Similar  cavitation  activity  can
e  obtained  without  MBUCA  by  using  much  higher  negative-
ressure  levels  [42,43].  One  advantage  of  this  method  is  to
et  rid  of  the  need  for  MBUCA,  which  have  a  very  short
nd  elusive  presence  in  the  peritumoral  microcirculation,
ince  the  high  negative  pressure  generates  cavitation  bub-
les  in  the  vicinity  of  blood  vessels  and  in  poorly  vascularized
issues  that  cannot  be  reached  by  standard  MBUCA,  which

s  most  likely  in  PDAC.  The  presence  of  a  dense  stroma
hat  separates  cancer  cells  from  the  blood  vessels  is  a
ajor  factor  of  reduced  tissue  permeability  [44,45].  This
ense  stroma  has  also  been  shown  to  cause  high  interstitial
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igure  6  Tumors  growth  according  to  each  treated  group  

. Considering  only  animals  with  growing  tumors  >  80  mm3 at  4  w

ressures  that  collapse  blood  vessels  in  the  tumor,  leading
o  limited  blood  perfusion,  insufficient  drug  delivery  and
bsence  of  diffusion  of  MBUCA  in  the  tumor  [46].  In  view  of
hese  considerations,  obtaining  cavitation  without  MBUCA
an  be  considered  highly  desirable  or  even  warranted  for  US
riggered  drug  delivery  to  be  efficient  in  PDAC.

We  recognize  that  our  study  presents  several  limitations,
he  following  three  we  wish  to  discuss  briefly.  The  first  is
hat  positive  results  were  not  found  significant  in  the  rat
odel,  and  this  was  one  reason  for  moving  to  the  mouse
odel.  As  presented  in  the  results  section,  the  success  rate

f  tumor  implantation  in  Lewis  rat  model  were  not  as  high
s  reported  by  Hotz  et  al.  in  their  original  publication  [24]
nd  we  found  out  that  only  tumors  with  a  volume  threshold
f  80mm3  at  4  weeks  could  further  growth,  with  a  lower

ate  of  spontaneous  involution.  Since  only  a  fraction  of  the
roups  of  rats  had  reached  that  threshold  in  our  succes-
ive  experiments,  it  turned  out  that  restricting  the  analysis

d
k
l

rthotopic  PDAC  Lewis  rat  model.  A.  Considering  all  animals.
s.

o  those  animals  led  to  a  trend  in  favour  of  better  tumor
ontrol  in  the  groups  receiving  ultrasound  than  chemother-
py  alone,  but  due  to  the  lack  of  power,  that  result  did
ot  reach  statistical  significance.  The  second  limitation  was
ur  inability  to  show  a  significant  advantage  of  US+L-DOX
ver  a  standard  gemcitabine  regimen  in  the  mouse  model.
irst,  it  must  be  noticed  that  although  gemcitabine  has  a
imited  effect  on  patient  survival  in  clinical  studies,  it is  a
owerful  drug  in  animal  models  of  PDAC  [47].  It  was  there-
ore  difficult  to  demonstrate  a  significant  advantage  of  any
ew  molecule  or  therapeutic  combination  over  a  standard
emcitabine  regimen  in  the  nude  mouse  model.  Moreover,
e  had  to  select  doxorubicin  for  liposomal  experiments
espite  the  poor  efficacy  of  this  drug  on  pancreatic  tumor
ells  because  methods  for  liposome  encapsulation  are  well

escribed  with  DOX  and  also  because  our  consortium  had  the
now-how  to  manufacture  sonosensitive  DOX-encapsulated
iposomes,  not  GEM  ones.  A  group  of  gemcitabine-based  lipo-
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Figure  7  Tumors  growth  according  to  each  treated  group  in  in  orthotopic  PDAC  nude  mice.  Results  of  the  logistic  regression  on
standardized Tumor  Log  (Volume  (mm3)  with  confidence  intervals  of  each  group  (A,  B,  and  C).  Results  of  tumor  volume  growth  with
classical (non-log  transformed)  growth  curves  (D,  E  and  F).  Statistical  significance  was  found  between  US+LDOX  vs.  either  control,  US

 US+

L
e
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m

n
o
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•

•

t
a
w
c
a

and DOX  groups.  Confidence  intervals  highlighted  for  control  vs.
groups (C  and  F).

somes  would  have  been  desirable  and  might  have  yielded
interesting  results,  but  the  lipophilic  nature  of  gemcitabine
makes  it  an  uneasy  candidate  for  encapsulation.  Still,  we
found  a  trend,  although  non  significant,  for  a  slower  growth
rate  under  US  +  L-DOX  than  under  gemcitabine,  which  in  our
view  is  already  a  very  encouraging  result.  A  third  limita-
tion  was  that  a  single  treatment  session  was  performed,
which  may  limit  the  demonstration  of  efficacy.  In  a  study  on
the  efficacy  of  paclitaxel  liposomes  associated  with  systemic
gemcitabine  in  an  orthotopic  xenograft  model  of  pancreatic
cancer  in  nude  mice,  [48]  treatment  was  administered  twice
a  week  for  2  weeks.  However,  since  our  main  objective  in  the
efficacy  study  was  the  effect  of  US+liposomal  drug  on  tumor
growth,  not  on  overall  survival,  a  single  session  provided
more  readily  interpretable  data.

To  our  knowledge,  there  has  been  only  one  study  on
US  therapy  conducted  in  a  genetically  engineered  model
of  PDAC  (the  KPC  model)  in  the  litterature  with  pulsed
high  intensity  focused  ultrasound  (pHIFU)  [49].  In  this  work,
the  authors  demonstrated  that  pHIFU  enhanced  the  concen-
tration  of  the  chemotherapeutic  drug  (Dox)  in  KPC  mouse
pancreatic  tumors  by  up  to  4.5-fold,  possibly  as  a  result
of  stromal  matrix  disruption.  The  study  also  demonstrated
that  passive  drug  diffusion  through  previously  permeabilized
tumor  tissue  was  an  important  mechanism  of  drug  delivery.

However  this  study  did  not  shown  any  efficacy  data  and  the
KPC  model  is  not  a  perfect  one  for  focused  therapy  since  it
induces  multiple  tumor  foci  which  cannot  be  targeted  sep-
arately.  Nevertheless,  implanted  tumor  models  such  as  the

f
l
c
m

LDOX  (A  and  D),  LDOX  vs.  US+LDOX  (B&E),  and  US  vs.  US  +  LDOX

ewis  rat  and  nude  mouse  used  in  this  study  are  not  perfect
ither  since  they  lack  one  of  the  major  components  of  tumor
hemoresistance  in  PDAC,  namely  the  stromal  microenviron-
ent.
Subsequently,  we  consider  that  before  contemplating

ew  animal  studies,  it  would  be  warranted  to  implement
ur  knowledge  of:

 the  mechanisms  of  liposome  disruption  (permeabilization
by  cavitation  microjets,  acoustically  induced  shear  stress,
bilayer  seeded  cavitation,  or  perhaps  an  entirely  new
mechanism  which  has  yet  to  be  fully  described);

 the  effects  of  cavitation  on  the  tumor  microenvironment
and;

 the  interaction  of  liposome  and  tumor  stroma,  to  find  out
how  liposomes  can  bypass  the  tumor  matrix  and  release
cytotoxic  drugs  only  after  matrix  disruption.

The  role  of  cavitation  regimen  (essentially  stable  or  iner-
ial,  or  a  combination)  is  probably  of  paramount  importance
nd  its  deciphering  will  require  in  vitro  studies  in  3D-models
hich  are  currently  in  progress  in  our  group.  Such  models
ould  help  understand  whether  US  and  DOX  (or  LDOX)  have
dditive  or  synergistic  effect.

To  conclude,  this  series  of  experiments  confirmed  the

easibility  of  combining  Doxorubicin-loaded  sonosensitive
iposomes  and  focused  ultrasonic  cavitation  to  trigger  local
hemotherapy  release  in  2  different  orthotopic  murine
odels  of  PDAC.  The  present  study  also  provides  insights
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nto  the  pitfalls  of  cavitation-induced  liposomal  drug  release
nd  essential  design  considerations  for  further  devel-
pment  of  this  technique.  A  deeper  understanding  of
avitation-induced  mechanisms  inducing  cell  permeation
sonoporation),  but  also  stromal  microenvironment  disrup-
ion,  is  required.
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