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1.	
  Background	
  and	
  purpose	
  

Brain	
  Tumour:	
  Of	
  all	
  cancers,	
  brain	
  tumours	
  represent	
  perhaps	
  the	
  most	
  intimidating	
  and	
  difficult-­‐to-­‐treat	
  type	
  of	
  
tumour.	
  Considering	
  the	
  estimated	
  incidence	
  of	
  60	
  per	
  100,000	
  population2-­‐4	
  for	
  intracranial	
  neoplasms	
  including	
  
primary	
  and	
  metastatic	
   lesions,	
   the	
  treatment	
  of	
  patients	
  with	
  brain	
  tumours	
  constitutes	
  a	
  significant	
  obligation	
  
for	
   health	
   professionals	
   and	
   social	
   institutions.	
   	
   In	
   2004,	
   the	
   annual	
   cumulative	
   costs	
   for	
   brain	
   tumour	
   care	
   in	
  
Switzerland	
  were	
  estimated	
  at	
  a	
  minimum	
  of	
   	
  175	
  million	
  Swiss	
  francs	
  (only	
  primary	
  brain	
  tumours,	
  metastases	
  
not	
   included),	
  which	
   –	
   considering	
   the	
   prevalence	
   –	
   poses	
   by	
   far	
   the	
   highest	
   per	
   capita	
   cost	
   of	
   all	
   neurological	
  
diseases.5	
   Glioblastoma	
   (GBM)	
   is	
   the	
   most	
   common	
   and	
   aggressive	
   primary	
   brain	
   tumour,	
   resulting	
   in	
  
disproportionately	
  high	
  rates	
  of	
  morbidity	
  and	
  mortality.	
   	
  With	
  an	
  annual	
   incidence	
  of	
  up	
  to	
  7	
  per	
  100,000,	
   this	
  
malignant	
  glioma	
  reaches	
  an	
  annual	
  age-­‐adjusted	
  mortality	
  rate	
  of	
  approx.	
  4	
  per	
  100,000.6	
  The	
  median	
  age	
  at	
  the	
  
time	
   of	
   diagnosis	
   is	
   56-­‐64	
   years,	
   whereby	
   10%	
   of	
   patients	
   are	
   younger	
   than	
   50.7,	
   8	
   In	
   contrast	
   to	
   other	
   solid	
  
cancers,	
  such	
  as	
  breast	
  and	
  colon	
  tumours,	
  no	
  stage	
  dependent	
  cure	
  can	
  be	
  expected;	
  the	
  disease	
  is	
  always	
  fatal	
  
regardless	
  of	
  early	
  detection	
  and	
  maximal	
  therapy.9	
  Despite	
  their	
  aggressiveness,	
   the	
  vast	
  majority	
  of	
  malignant	
  
gliomas	
   do	
   not	
  metastasize	
   systemically.	
   Compared	
   to	
  most	
   cancers,	
  where	
   systemic	
   disease	
   control	
   is	
   often	
   a	
  
major	
   complicating	
   issue,	
   tumour	
   control	
   outside	
   the	
   central	
   nervous	
   system	
   is	
   usually	
   not	
   relevant	
   for	
   GBM.9	
  	
  
This	
  circumstance	
  could	
  provide	
  reason	
  to	
  expect	
  facilitated	
  tumour	
  control.	
  However,	
  a	
  major	
  factor	
  determining	
  
therapeutic	
   failure	
   is	
  the	
  highly	
   infiltrative	
  characteristic	
  of	
  glioma	
  cells.	
  Undetectable	
  by	
  contemporary	
  imaging	
  
diagnostics,	
  they	
  invade	
  and	
  migrate	
  over	
  considerable	
  distances	
  into	
  normal	
  and,	
  from	
  a	
  functional	
  point	
  of	
  view,	
  
often	
   non-­‐resectable	
   brain	
   parenchyma.10	
   Contemporary	
   standard	
   treatment	
   consists	
   of	
   maximal	
   surgical	
  
resection,	
   followed	
   by	
   concomitant	
   radiotherapy	
   and	
   chemotherapy	
  with	
   temozolomide	
   (TMZ).9	
  With	
   standard	
  
care,	
   the	
   median	
   survival	
   time	
   after	
   diagnosis	
   is	
   approximately	
   14.6	
   months.7	
   GBM	
   will	
   inevitably	
   recur	
   after	
  
treatment	
  whereby	
   the	
  median	
   time	
   to	
   recurrence	
   is	
   estimated	
   at	
   6.9	
  months.7	
   The	
   etiology	
   of	
   GBM	
   is	
   largely	
  
unknown.	
  The	
  only	
  established	
  environmental	
  risk	
  factor	
  is	
  exposure	
  to	
  elevated	
  ionizing	
  radiation.11	
  Apart	
  from	
  
some	
  rare	
  genetic	
  tumour	
  syndromes	
  (Li	
  Fraumeni,	
  Turcot,	
  Neurofibromatosis),12	
  there	
  is	
  evidence	
  supporting	
  a	
  
possible	
   role	
   of	
   cytomegalovirus	
   infection	
   in	
   the	
   transformation	
   of	
   glial	
   cells	
   into	
   malignant	
   glioma	
   cells.13	
  
Ultimately,	
  there	
  is	
  no	
  recommendation	
  for	
  prophylactic	
  procedures	
  or	
  lifestyle	
  changes	
  known	
  to	
  reduce	
  the	
  risk	
  
of	
  GBM	
  formation.11	
  	
  

Blood	
  Brain	
  Barrier:	
  A	
  major	
  challenge	
  affecting	
  the	
  development	
  of	
  drug	
  therapies	
  for	
  brain	
  cancer	
  is	
  the	
  poor	
  
delivery	
  of	
  agents	
  into	
  the	
  brain	
  parenchyma.	
  This	
  hindrance	
  results	
  from	
  the	
  tightly	
  regulated	
  movement	
  of	
  ions,	
  
molecules	
  and	
  cells	
  within	
  the	
  capillary	
  bed	
  of	
   the	
  brain	
  parenchyma	
  –	
  a	
  phenomenon	
  commonly	
  referred	
  to	
  as	
  
blood-­‐brain	
   barrier	
   (BBB).14	
   The	
   combination	
   of	
   endothelial	
   tight	
   junctions,	
   surrounding	
   pericytes,	
   the	
   basal	
  
membrane	
  and	
  cellular	
   foot	
  processes	
  of	
  astrocytes	
  (which	
  sheathe	
  the	
  blood	
  vessels),	
  results	
   in	
  a	
  selective	
  and	
  
specifically	
   regulated	
   exchange	
   of	
   substances.15	
   	
   Small	
   nonpolar	
   lipophilic	
   substances	
   generally	
   cross	
   passively,	
  
whereas	
   polar	
   or	
  water-­‐based	
   compounds	
   usually	
   require	
   active	
   transport	
  mechanisms.16,	
  17	
  This	
   characteristic,	
  
found	
  across	
  species,	
  physiologically	
  protects	
  the	
  brain	
  from	
  exposure	
  to	
  endogenous	
  and	
  exogenous	
  toxins,	
  and	
  
might	
  also	
  partly	
  contribute	
  to	
  the	
  observation	
  that	
  malignant	
  glioma	
  cells	
  very	
  rarely	
  cross	
  organ	
  boundaries.18	
  
Even	
   though	
   the	
   “tumour-­‐blood-­‐barrier”	
  might	
   be	
   impaired	
   to	
   a	
   certain	
   extent,	
   adequate	
   delivery	
   rate	
   of	
  well-­‐
established	
  cancer	
  drugs	
  into	
  the	
  tumour	
  bed	
  is	
  often	
  impaired,	
  regardless	
  if	
  they	
  are	
  intended	
  for	
  primary	
  brain	
  
tumours	
   or	
   metastases.14	
   As	
   a	
   result,	
   only	
   a	
   few	
   selected	
   chemotherapeutic	
   agents	
   are	
   being	
   currently	
  
administered	
  for	
  brain	
  cancer.19	
  In	
  order	
  to	
  overcome	
  this	
  limitation,	
  different	
  strategies	
  can	
  be	
  pursued.	
  The	
  most	
  
obvious	
  option	
  is	
  to	
  raise	
  the	
  dosage	
  in	
  order	
  to	
  increase	
  the	
  concentration	
  gradient	
  across	
  the	
  cell	
  membrane,	
  at	
  
the	
  risk	
  of	
  causing	
  usually	
  intolerable	
  systemic	
  toxicity.	
  Intraoperative	
  administration	
  of	
  drugs	
  within	
  the	
  resulting	
  
tumour	
   bed	
   also	
   has	
   not	
   proven	
   substantial	
   benefits.9	
   Lastly,	
   potential	
   solutions	
   either	
   demand	
   structural	
  
adaptation	
   of	
   chemotherapeutic	
   agents	
   or	
   disruption	
   of	
   the	
   BBB	
   to	
   allow	
   drug	
   delivery	
   to	
   the	
   brain.	
   Given	
   the	
  
difficulty	
  of	
  molecularly	
  redesigning	
  and	
  modifying	
  agents,	
   the	
   latter	
  strategy	
  of	
  opening	
   the	
  BBB	
  appears	
  more	
  
favorable.	
  Ideally,	
  an	
  increase	
  in	
  BBB	
  permeability	
  should	
  be	
  non-­‐invasive,	
  safe,	
  focal	
  and	
  reversible.	
  To	
  date,	
  BBB	
  
disruption	
  has	
   only	
   been	
   achieved	
   in	
   a	
   generalized	
   and	
  unselective	
  manner,	
   using	
   either	
   invasive	
   intra-­‐arterial	
  
applied	
   osmotic	
   agents	
   or	
   receptor-­‐mediated	
  mechanisms,20,	
  21	
   which	
   expose	
   the	
   unshielded	
   brain	
   to	
   systemic	
  
toxins	
  and	
  include	
  side	
  effects	
  to	
  the	
  renal	
  and	
  circulatory	
  system.	
  

Focused	
   Ultrasound	
   and	
   Nanoparticles:	
   Acoustic	
   energy	
   of	
   high-­‐intensity	
   ultrasound	
   focused	
   precisely	
   on	
   a	
  
targeted	
   location	
   is	
   able	
   to	
   thermo-­‐coagulate	
   tissue	
   noninvasively	
   as	
   well	
   as	
   induce	
   various	
   biochemical	
  
reactions.21,	
  22	
  The	
  first	
  attempts	
  to	
  evaluate	
  this	
  physical	
  phenomenon	
  for	
  clinical	
  use	
  in	
  the	
  1940s	
  were	
  hindered	
  
by	
  a	
  lack	
  of	
  thermometric	
  control	
  and	
  exact	
  determination	
  of	
  the	
  focal	
  point,	
  but	
  today	
  it	
  is	
  possible	
  to	
  combine	
  the	
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delivery	
  of	
  the	
  ultrasonic	
  beam	
  with	
  magnetic	
  resonance	
  image	
  guidance,	
  allowing	
  thermometric	
  monitoring	
  and	
  
accurate	
   targeting.	
   Magnetic	
   Resonance	
   guided	
   Focused	
   Ultrasound	
   (MRgFUS)	
   has	
   been	
   approved	
   and	
   is	
  
increasingly	
   used	
   to	
   noninvasively	
   treat	
   patients	
   with	
   uterine	
   fibroids	
   and	
   bone	
   metastasis.	
   Additional	
  
applications	
  are	
  currently	
  being	
  evaluated	
  in	
  a	
  number	
  of	
  advanced	
  clinical	
  studies.23	
  Due	
  to	
  its	
  capacity	
  for	
  image	
  
guidance	
   and	
   precise	
   delivery	
   of	
   ultrasonic	
   energy,	
  MRgFUS	
   is	
   especially	
   interesting	
   for	
   the	
   treatment	
   of	
   brain	
  
diseases,	
  where	
   the	
   small	
   area	
   of	
   functional	
   anatomy,	
   as	
  well	
   as	
   limited	
   intraoperative	
   visual	
   orientation	
   often	
  
impairs	
   safe	
   access	
   to	
   lesions.	
   The	
   ability	
   of	
   FUS	
   to	
   noninvasively	
   ablate	
   tissue	
  may	
   present	
   a	
   challenge	
   to,	
   or	
  
under	
   certain	
   circumstances,	
   also	
   complement	
   surgery.	
   Moreover,	
   in	
   contrast	
   to	
   radiosurgery,	
   FUS	
   does	
   not	
  
involve	
   ionizing	
   radiation	
   so	
   that	
   it	
   may	
   potentially	
   be	
   applied	
   repeatedly.	
   In	
   2009,	
   at	
   the	
   MR	
   center	
   of	
   the	
  
Children’s	
  University	
  Hospital	
  of	
  Zurich,	
  Prof.	
  Ernst	
  Martin	
  and	
  Beat	
  Werner	
  conducted	
  the	
  world’s	
  first	
  successful	
  
clinical	
  study	
  on	
  noninvasive	
  MRgFUS	
  thermo-­‐ablation	
  in	
  the	
  brain,	
  where	
  12	
  patients	
  were	
  successfully	
  treated	
  
for	
  chronic	
  pain	
  disorder.24	
   	
   	
   	
   In	
   further	
  clinical	
  studies	
   in	
  2011,	
   the	
  use	
  of	
  MRgFUS	
  for	
   functional	
  neurosurgery	
  
was	
   successful	
   and	
   highly	
   encouraging	
   in	
   treating	
   patients	
  with	
   essential	
   tremor	
   through	
   noninvasive	
   thermal	
  
ablation	
  of	
  thalamic	
  targets.25,	
  26	
  Noninvasive	
  MRgFUS	
  recently	
  received	
  CE	
  marking	
  for	
  functional	
  neurosurgery.	
  
The	
  first	
  attempts	
  to	
  treat	
  brain	
  tumours	
  by	
  ablative	
  FUS	
  were	
  completed	
  in	
  Israel	
  in	
  2002	
  in	
  a	
  Phase	
  I/II	
  study.27	
  
While	
  the	
  ability	
  to	
  devitalize	
  tumour	
  tissue	
  through	
  thermo-­‐coagulation	
  could	
  be	
  demonstrated,	
  a	
  bony	
  window	
  
had	
  to	
  be	
  established	
  at	
  that	
  time	
  through	
  a	
  small	
  craniotomy	
  in	
  order	
  to	
  allow	
  penetration	
  of	
  ultrasonic	
  waves.	
  
Today’s	
   transducer	
   technology	
   and	
   software	
   refinements	
   allow	
   for	
   sufficient	
   noninvasive	
   penetration	
   of	
  
therapeutic	
  FUS	
  through	
  intact	
  skin	
  and	
  calvaria.	
  Having	
  arranged	
  and	
  organized	
  the	
  first	
  clinical	
  trial	
  to	
  assess	
  the	
  
safety	
  and	
  feasibility	
  of	
  MRgFUS	
  for	
  noninvasive	
  brain	
  tumour	
  treatment,	
   in	
  collaboration	
  with	
  the	
  MR	
  center	
  of	
  
the	
  Children’s	
  University	
  Hospital	
  in	
  Zurich,	
  the	
  applicant	
  is	
  in	
  charge	
  of	
  this	
  first	
  Phase	
  I	
  study	
  being	
  carried	
  out	
  
by	
  the	
  Kantonsspital	
  Aarau	
  (KEK	
  AG	
  2010/026,	
  ZH	
  2010-­‐0543/3)28	
  to	
  evaluate	
  eligible	
  brain	
  tumour	
  patients.	
  So	
  
far	
  we	
  have	
  been	
  able	
  to	
  enrol	
  two	
  patients.	
  The	
  first	
  patient	
  was	
  a	
  33-­‐year-­‐old	
  man	
  enrolled	
  by	
  the	
  neurosurgical	
  
team	
   of	
   the	
   Kantonsspital	
   St.	
   Gallen.	
  We	
   performed	
   two	
   noninvasive	
  MR-­‐FUS	
   sessions,	
   whereas	
   assessment	
   of	
  
thermometric	
   data	
   and	
   technical	
   issues	
   with	
   the	
   cavitation	
   detection	
   instrument	
   used	
   led	
   to	
   an	
   early	
  
discontinuation	
  of	
  the	
  sessions.	
  The	
  second	
  patient	
  was a 63-year-old patient from California, USA, presenting 
with tumor recurrence in	
  the	
  left	
  thalamic	
  and	
  subthalamic	
  region	
  with	
  a	
  five-­‐year	
  survival	
  after	
  the	
  first	
  surgery	
  
for	
  a	
  Glioblastoma.	
  In	
  March	
  4th	
  this	
  year,	
  a	
  total	
  of	
  25	
  sonications	
  could	
  be	
  applied,	
  while	
  17	
  sonications	
  reached	
  
ablative	
  temperatures	
  of	
  over	
  55°C	
  with	
  a	
  maximum	
  of	
  65°C.	
  The	
  MRI	
  scan	
  showed	
  a	
  well-­‐circumscribed	
  ablation	
  
of	
   tumor	
   tissue	
   within	
   the	
   sonicated	
   area	
   without	
   increasing	
   perifocal	
   edema.	
   (Figure	
   1)	
   The	
   neurological	
  
examination	
  showed	
  an	
  improvement	
  of	
  the	
  preexisting	
  right	
  arm	
  paresis;	
  the	
  patient	
  is	
  now	
  able	
  to	
  lift	
  the	
  arm	
  
above	
  shoulder	
  level.	
  Thus,	
  we	
  could	
  conduct	
  the	
  first	
  successful	
  noninvasive	
  thermal	
  ablation	
  of	
  a	
  brain	
  tumour	
  
using	
  FUS.	
  	
  

Parallel	
  to	
  the	
  ablative	
  capacities	
  of	
  FUS	
  when	
  using	
  high	
  frequency	
  beam,	
  FUS	
  at	
   lower	
  frequencies	
  has	
  notably	
  
been	
  shown	
  to	
  be	
  able	
  of	
  target	
  noninvasive	
  and	
  reversible	
  opening	
  of	
  the	
  BBB	
  without	
  tissue	
  injury,	
  in	
  a	
  variety	
  of	
  
animals	
   including	
   non-­‐human	
   primates.29-­‐31	
   The	
   mechanical	
   interaction	
   between	
   the	
   ultrasonic	
   wave	
   and	
   the	
  
capillary	
  bed	
  presumably	
  causes	
  a	
  transient	
  rearrangement	
  of	
  BBB	
  tight	
  junction	
  proteins	
  and	
  may	
  also	
  stimulate	
  
active	
   transport,	
   creating	
   a	
   transient	
   window	
   for	
   drug	
   delivery.32,	
   33	
   As	
   previously	
   mentioned,	
   conventional	
  
invasive	
  and	
  nonfocal	
  opening	
  of	
  the	
  BBB	
  by	
  osmotic	
  agents	
  counteracts	
  the	
  physiologic	
  purpose	
  of	
  protecting	
  the	
  
brain	
  from	
  systemic	
  toxic	
  effect,	
  which	
  is	
  why	
  it	
  is	
  rarely	
  used	
  in	
  the	
  clinical	
  setting.	
  FUS	
  has	
  the	
  advantage	
  of	
  local,	
  
reversible,	
  and	
  presumably	
  more	
  efficient	
  disruption	
  of	
  the	
  BBB,	
  which	
  has	
  been	
  shown	
  to	
  last	
  for	
  approximately	
  
4-­‐6	
   hours	
   in	
   rats	
   (Figure	
   2A).32,	
   34	
   This	
   feature	
   allows	
   for	
   revaluation	
   of	
   established	
   chemotherapeutics	
   with	
  
proven	
   therapeutic	
   efficacy,	
   which	
   are	
   used	
   infrequently	
   today	
   for	
   brain	
   cancer	
   due	
   to	
   insufficient	
   passage	
  
through	
  the	
  BBB	
  or	
  adverse	
  toxicity	
  at	
  therapeutic	
  levels.35	
  It	
  also	
  permits	
  the	
  study	
  of	
  newer	
  therapeutic	
  cancer	
  
agents	
   such	
   as	
   antibodies.	
   	
   In	
   fact,	
   the	
   possibility	
   of	
   vaster	
   use	
   of	
   antibody-­‐agents,	
   which	
   usually	
   have	
   limited	
  
ability	
  to	
  cross	
  the	
  BBB,36	
  enables	
  an	
  application	
  beyond	
  that	
  of	
  cancer.	
  In	
  a	
  recent	
  study	
  using	
  a	
  transgenic	
  mice	
  
model	
   for	
   Alzheimer	
   disease,	
   FUS-­‐facilitated	
   delivery	
   of	
   iv-­‐administered	
   anti-­‐amyloid	
   antibodies	
   into	
   the	
   brain	
  
resulted	
  in	
  marked	
  reduction	
  of	
  plaques,	
  whereas	
  no	
  effect	
  was	
  shown	
  when	
  FUS	
  was	
  not	
  applied.37	
  Moreover,	
  it	
  
has	
  been	
  shown	
  that	
  the	
  specificity	
  and	
  avidity	
  of	
  antibodies	
  can	
  potentially	
  be	
  enhanced	
  when	
  presented	
  on	
  the	
  
surface	
  of	
  nanoparticles	
  (1-­‐100	
  nm	
  in	
  diameter).38	
  In	
  addition	
  to	
  the	
  use	
  as	
  carriers	
  and	
  amplifiers	
  of	
  therapeutic	
  
agents,	
   nanoparticles	
   have	
   the	
   capacity	
   for	
   manifold	
   loading	
   with	
   molecules,	
   which	
   enables	
   the	
   designing	
   of	
  
particles	
  that	
  can	
  be	
  simultaneously	
  used	
  as	
  diagnostic	
  and	
  therapeutic	
  means.	
  Gold	
  nanoparticles	
  (GNPs),	
  which	
  
are	
  bio-­‐inert	
  and	
  nontoxic,39-­‐41	
  appear	
  very	
  promising	
  due	
  to	
  their	
  extraordinary	
  multiplexed	
  labeling	
  properties.42	
  	
  
GNPs	
   have	
   been	
   applied	
   to	
   enhance	
   local	
   radiotherapeutic	
   effects,43	
   deliver	
   chemotherapeutics	
   as	
   well	
   as	
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antibodies	
   for	
   cancer-­‐targeting	
   and	
   treatment,44,	
   45	
   transmit	
   agents	
   for	
   thermotherapy46	
   and	
   deliver	
   small	
  
interfering	
  RNA	
  for	
  gene	
  regulation.47	
  Moreover,	
  GNPs	
  are	
  already	
  being	
  used	
  in	
  FDA	
  approved	
  clinical	
  trials.48,	
  49	
  
While	
  the	
  transfer	
  of	
  GNPs	
  through	
  the	
  BBB	
  is	
  a	
  major	
  obstacle,	
  studies	
  from	
  the	
  affiliated	
  research	
  group	
  showed	
  
that	
  by	
  using	
  transcranial	
  (tc)	
  MR-­‐guided	
  FUS,	
  50nm	
  polyethylene	
  glycol	
  (PEG)	
  coated	
  GNPs	
  could	
  be	
  selectively	
  
delivered	
  across	
  blood	
  vessels	
  into	
  the	
  brain	
  parenchyma	
  in	
  the	
  rat	
  (Figure	
  2).34	
  While	
  these	
  PEG	
  GNPs	
  where	
  not	
  
additionally	
  labeled,	
  the	
  next	
  step	
  was	
  to	
  show	
  that	
  GNPs	
  could	
  be	
  tagged	
  and	
  used	
  as	
  a	
  scaffold	
  for	
  diagnostic	
  and	
  
therapeutic	
  means.	
   	
   It	
   was	
   hypothesized	
   that	
   GNPs	
   in	
   conjugation	
  with	
   a	
   Raman	
   reporter	
  molecule50	
   could	
   be	
  
delivered	
  into	
  the	
  brain	
  to	
  facilitate	
  imaging	
  of	
  GNPs	
  and	
  cells.	
  Spectral	
  detection	
  of	
  GNPs	
  with	
  surface	
  enhanced	
  
Raman	
  scattering	
  (SERS)	
  tags	
   is	
  a	
  well	
  accepted	
  and	
  evolving	
  technique	
  for	
  highly	
  specific	
  molecular	
   imaging	
  of	
  
cancer	
   cells	
   in	
  vitro	
  and	
   in	
  vivo.51,	
  52	
  Raman	
   reporter	
  molecules	
   can	
  be	
  detected	
  and	
  distinguished	
   to	
  ultra	
  high	
  
sensitivity	
   and	
   specificity	
   by	
   Raman	
   spectroscopy,	
   making	
   the	
   spectrum	
   analogous	
   to	
   a	
   fingerprint.53	
  
Implementation	
  of	
   this	
  nanotechnology	
   for	
  malignant	
  brain	
   tumours	
   is	
   encouraging	
  given	
   that	
   labeled	
  particles	
  
have	
  been	
  shown	
  to	
  be	
  internalized	
  into	
  the	
  tumour	
  mass,	
  enabling	
  detection	
  of	
  tumour	
  margins	
  during	
  surgical	
  
resection.54	
   In	
   contrast	
   to	
   optical	
   modalities	
   using	
   fluorescence	
   detection,	
   Raman	
   spectroscopy	
   does	
   not	
   show	
  
photo	
  bleaching;	
  it	
  allows	
  for	
  acquisition	
  of	
  signal	
  from	
  tissue	
  at	
  greater	
  depth	
  from	
  the	
  imaging	
  surface	
  and	
  can	
  
be	
   combined	
  with	
   conventional	
   immunohistochemistry	
  or	
   confocal	
   fluorescence	
  microscopy.51,	
  53	
   In	
   fact,	
  Raman	
  
scattering	
   resolving	
   microscopes	
   which	
   can	
   sharply	
   differentiate	
   brain	
   tumours	
   in	
   vivo	
   have	
   already	
   been	
  
produced55,	
  and	
  small	
  flexible	
  endoscopic	
  devices	
  including	
  fiber	
  optic-­‐based	
  Raman	
  spectroscopy	
  have	
  been	
  used	
  
in	
   a	
   pilot	
   clinical	
   study	
   in	
   humans.56	
   In	
   a	
   prior	
   experiment	
   performed	
   by	
   the	
   affiliated	
   research	
   group,	
   SERS	
  
capable	
  GNPs	
  were	
  delivered	
  noninvasively	
  to	
  the	
  brain	
  tumour	
  margin	
  in	
  rats	
  using	
  tcMRgFUS.	
  The	
  results	
  were	
  
confirmed	
  using	
  microscopy	
  and	
  Raman	
  spectral	
  imaging.	
  The	
  particles	
  where	
  shown	
  to	
  be	
  widely	
  distributed	
  at	
  
the	
   tumour	
   front	
   within	
   the	
   extravascular	
   tumour	
   tissue.	
   The	
   distribution	
   of	
   in	
   vivo	
   delivered	
   SERS	
   GNPs	
   at	
  
cellular	
  and	
  subcellular	
  level	
  was	
  not	
  assessed.	
  While	
  the	
  delivery	
  of	
  GNP	
  at	
  the	
  tumour	
  front	
  is	
  a	
  promising	
  result	
  
for	
  pursuing	
  the	
  objective	
  of	
  targeted	
  tumour	
  therapy,	
  tuning	
  the	
  nanoparticle	
  specificity	
  for	
  GBM	
  cells	
  is	
  a	
  further	
  
challenge	
  to	
  extend	
  or	
  optimize	
  directed	
  therapy.	
  Cell	
  receptors	
  may	
  therefore	
  be	
  used	
  as	
  a	
  target	
  for	
  nanoparticle	
  
homing	
  to	
  tumours,	
  enhancing	
  the	
  delivery	
  ratio.	
  In	
  a	
  subanalysis,	
  our	
  research	
  group1	
  showed	
  that	
  SERS-­‐capable	
  
GNPs	
   loaded	
  with	
  monoclonal	
   endothelial	
   growth	
   factor	
   receptor	
   (EGFR)	
   antibody	
  were	
   avidly	
   internalized	
   by	
  
EGFR-­‐expressing	
  GBM	
  cells	
   in	
  vitro,	
  whereas	
   internalization	
  of	
  GNPs	
  without	
  antibody	
   loading	
  was	
  much	
   lower	
  
and	
   more	
   random	
   (Figure	
   3-­‐6).	
   In	
   this	
   context	
   it	
   must	
   be	
   noted	
   that	
   40-­‐60%	
   of	
   GBM	
   cases	
   exhibit	
   EGFR	
  
amplification	
  and	
  EGFR	
  overexpression.57	
  	
  

The	
   purpose	
   of	
   this	
   study	
   is	
   to	
   show	
   that	
   tagged	
   and	
   EGFR-­‐antibody	
   loaded	
   GNPs	
   can	
   also	
   be	
   delivered	
   and	
  
internalized	
  by	
  GMB	
  cells	
  in	
  vivo	
  when	
  using	
  FUS	
  and	
  may	
  facilitate	
  concurrent	
  diagnosis	
  and	
  therapy.	
  	
  

	
  Hypothesis	
  of	
  the	
  current	
  study	
  	
  

-­‐	
   In	
  an	
  orthotopic	
  tumour	
  mouse	
  model,	
  GBM	
  cells	
  that	
  express	
  EGFR	
  will	
   take-­‐up	
  antibody	
  functionalized	
  SERS	
  
GNPs	
  after	
  parenchymal	
  delivery	
  by	
  tcMRgFUS.	
  In	
  control	
  groups	
  (A,	
  B,	
  C)	
  with	
  unspecific	
  labeled	
  SERS	
  GNPs	
  (A),	
  
GBM	
  cells	
  with	
  less	
  EGFR	
  expression	
  (B),	
  or	
  without	
  FUS	
  (C)	
  the	
  distribution	
  of	
  SERS	
  GNPs	
  into	
  the	
  tumour	
  tissue	
  
will	
   be	
   distinctly	
   less	
   (C)	
   or	
   showing	
   lower	
   rates	
   of	
   specific	
   GBM	
   cell	
   internalization	
   or	
   colocalization	
   with	
  
endosomes/multivesicular	
  bodies	
  (A,	
  B).	
  The	
  uptake	
  of	
  SERS	
  GNPs	
  will	
  mainly	
  occur	
  in	
  the	
  GBM	
  cells	
  relative	
  to	
  
neurons	
  and	
  normal	
  astrocytes.	
  	
   	
   	
  

-­‐	
   Functionalized	
   SERS	
   GNPs	
   allow	
   multiplexed	
   in	
   vivo	
   visualization	
   and	
   tracking	
   of	
   GBM	
   tumour	
   cells	
   in	
   an	
  
orthotopic	
  tumour	
  mouse	
  model	
  using	
  Raman	
  spectroscopy.	
  Internalization	
  of	
  SERS	
  GNPs	
  into	
  GBM	
  cells	
  concedes	
  
complementary	
   in	
   vitro	
   diagnostics	
   using	
   confocal-­‐fluorescent	
   microscopy,	
   immunohistochemistry	
   and	
   Raman	
  
microscopy.	
  	
  

-­‐	
  SERS	
  GNP	
  carrying	
  agents	
  against	
  various	
  structures	
  in	
  GBM	
  cells	
  can	
  be	
  delivered	
  through	
  tcMRgFUS,	
  allowing	
  
in	
  vivo	
  mapping	
  of	
  agents	
  and	
  cells.	
  This	
  will	
  enable	
  concurrent	
  diagnosis	
  and	
  therapy	
  and	
  provide	
  an	
  additional	
  
plane	
  in	
  the	
  visualization	
  of	
  anti-­‐tumour	
  effect	
  in	
  vivo,	
  as	
  well	
  as	
  in	
  vitro.	
  

Aim	
  of	
  the	
  current	
  study	
  

The	
  aim	
  of	
  the	
  current	
  study	
  is	
  to	
  show	
  that	
  a	
  significant	
  uptake	
  and	
  specific	
  delivery	
  of	
  EGFR	
  targeted	
  SERS	
  GNPs	
  
into	
  GBM	
  cells	
  is	
  achievable	
  using	
  transcranial	
  MRgFUS	
  in	
  vivo.	
  The	
  applicant	
  will	
  assess	
  the	
  steady-­‐state	
  plasma	
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concentration	
   and	
   elimination	
   curve	
   for	
   SERS	
   GNPs	
   after	
   intravenous	
   injection	
   and	
   tcMRgFUS	
   in	
   macrophage	
  
depleted	
   mice	
   and	
   determine	
   whether	
   there	
   is	
   a	
   dose-­‐dependent	
   increase	
   of	
   SERS	
   GNP	
   signal	
   in	
   normal	
   and	
  
tumour-­‐infiltrated	
  brain	
   tissue.	
  The	
  extent	
  and	
  specificity	
  of	
  nanoparticle	
  uptake	
  by	
   tumour	
  cells	
   in	
  vivo	
  and	
   in	
  
vitro	
   will	
   be	
   determined	
   and	
   the	
   effect	
   of	
   timing	
   and	
   concentration	
   on	
   uptake	
   will	
   be	
   recorded	
   using	
   Raman	
  
microscopy,	
   immunohistochemistry,	
   confocal-­‐fluorescence	
   microscopy	
   and	
   Transmission	
   Electron	
   Microscopy	
  
(TEM).	
   Furthermore,	
   we	
   will	
   determine	
   the	
   potential	
   of	
   distinguishing	
   and	
   tracking	
   different	
   GBM	
   cells	
   after	
  
loading	
  with	
  specific	
  SERS	
  GNPs	
  in	
  vitro	
  and	
  coinjecting	
  them	
  into	
  the	
  brain	
  of	
  mice.	
  Once	
  significant	
  uptake	
  and	
  
tracking	
  of	
  functionalized	
  SERS	
  GNPs	
  is	
  shown,	
  we	
  can	
  move	
  onto	
  multiplexed	
  labeling	
  of	
  tumour	
  cells	
  in	
  vivo	
  and	
  
introduce	
  therapeutic	
  agents	
  for	
  targeted	
  tumour	
  therapy.	
  	
  

	
  

2.	
  Methods	
  

Animal	
  procedures	
  have	
  been	
  approved	
  by	
  the	
  Animal	
  Care	
  Committee	
  of	
  Sunnybrook	
  Research	
  Institute	
  and	
  in	
  
compliance	
  with	
  the	
  guidelines	
  established	
  by	
  the	
  Canadian	
  Council	
  on	
  Animal	
  Care	
  and	
  the	
  Animals	
  for	
  Research	
  
Act	
   of	
   Ontario.	
   	
   The	
   applicant	
   will	
   perform	
   all	
   animal	
   and	
   in	
   vitro	
   experiments,	
   interpretation	
   and	
   statistical	
  
analysis,	
   as	
  well	
   as	
  writing	
   the	
  manuscripts	
   to	
  be	
  published.	
  The	
  host	
   institution	
  will	
   supply	
  all	
   equipment	
  and	
  
infrastructure.	
  The	
  experiments	
  will	
  be	
  arranged	
  in	
  order	
  to	
  build	
  on	
  GNP:	
  	
   	
   	
  

i) Delivery	
   	
   	
  
ii) Uptake	
  and	
  Tracking	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
iii) Therapeutic	
  Conjugates	
   	
   	
   	
   	
   	
   	
  

Experiment	
  1–	
  Delivery,	
  Uptake,	
  Tracking:	
  Silica	
   coated	
  GNPs	
   	
   (Cabot	
  Security	
  Materials,	
  Massachusetts,	
  USA)	
  
tagged	
  with	
   a	
   Raman	
   reporter	
   for	
   SERS	
   are	
   functionalized	
   using	
   thiol-­‐reactive	
   chemistry	
   to	
   covalently	
   link	
   the	
  
EGFR-­‐Antibody	
   (Panitumumab,	
   Amgen	
   Inc.,	
   CA,	
   USA)	
   and	
   Cyto647	
   fluorophore	
   to	
   the	
   silica	
   surface	
   (αEGFR-­‐
SERS440).58	
   	
   As	
   a	
   non-­‐specific	
   antibody	
   or	
   non-­‐antibody	
   control,	
   SERS-­‐GNPs	
   are	
   functionalized	
   with	
   human	
  
immunoglobulin	
   G	
   (IgG-­‐SERS421)	
   or	
   Methyl-­‐PEG12	
   (mPEG12-­‐SERS420),	
   respectively.58	
   In	
   order	
   to	
   obtain	
   an	
  
orthotopic	
   brain	
   tumour	
   model,	
   nude	
   female	
   NOD/SCID	
   mice	
   are	
   implanted	
   with	
   enhanced	
   green	
   fluorescent	
  
protein	
  (eGFP)-­‐transfected	
  human	
  gliomablastoma	
  cells	
   (U251	
  and	
  T98G	
  due	
  to	
  high	
  EGFR	
  expression1,	
  59)	
  via	
  a	
  
stereotactic	
  implantation	
  device	
  into	
  the	
  striatum	
  (right	
  frontal	
  lobe,	
  5	
  micrL	
  suspension	
  containing	
  5	
  x	
  10^5	
  cells).	
  
As	
   a	
   control,	
   animals	
   are	
   implanted	
   U251	
   cells	
   previously	
   transfected	
   with	
   specific	
   siRNA	
   to	
   inhibit	
   EGFR	
  
expression	
   (tf-­‐U251).60	
  The	
  epidermal	
  growth	
   factor	
   receptor	
  expression	
   is	
   confirmed	
  by	
  Western	
  blot	
   for	
  each	
  
cell	
   line	
  prior	
   to	
   implantation.	
  Brain	
  MRI	
   (3.0	
  T)	
   imaging	
  8	
  days	
  post	
   tumour	
   cell	
   implantation	
   is	
  performed	
   to	
  
document	
   tumour	
   growth.	
   Anesthesia	
   is	
   performed	
   with	
   a	
   mixture	
   of	
   oxygen	
   0.8	
   L/min	
   and	
   2%	
   vaporized	
  
isoflurane.	
   Untreated	
   and	
   tumour-­‐bearing	
   mice	
   (with	
   and	
   without	
   macrophage	
   depletion	
   by	
   liposomal	
  
chlodronate)	
  are	
  injected	
  with	
  functionalized	
  GNPs	
  through	
  the	
  single	
  tail	
  vein	
  (concentrations	
  from	
  2	
  to	
  8	
  x10^8	
  
particles	
   per	
   g	
   body	
   weight).	
   Blood	
   samples	
   using	
   cardiac	
   puncture	
   are	
   taken	
   at	
   30min,	
   2h,	
   4h,	
   8h,	
   and	
   24h	
  
(anaesthesia	
   under	
   isoflurane,	
   euthanasia	
   using	
   physical	
   method).	
   Steady	
   state	
   plasma	
   concentration	
   and	
  
elimination	
  curve	
  of	
  the	
  nanoparticles	
  is	
  determined	
  by	
  ICP-­‐MS	
  (inductively	
  coupled	
  plasma	
  mass	
  spectrometry)	
  
or	
   absorbance	
   at	
   544	
  nm	
   using	
   a	
   NanoDrop	
   1000	
   UV-­‐Vis	
   	
  spectrophotometer.	
   Nanoparticle	
   size	
   distribution	
   is	
  
assessed	
   by	
   Nanoparticle	
   Tracking	
   Analysis.	
   GNP	
   content	
   in	
   brain,	
   brain	
   tumour,	
   liver,	
   spleen	
   and	
   kidney	
   is	
  
assessed	
   by	
   plasma	
   mass	
   (ICP-­‐MS)	
   and	
   Raman	
   spectroscopy.	
   H&E	
   histology,	
   immunohistochemistry	
   (staining	
  
against	
  eGFP)	
  and	
  silver-­‐enhanced	
   in-­‐situ	
  hybridization	
  are	
  used	
   in	
  order	
   to	
  assess	
  dose-­‐dependent	
  uptake	
  and	
  
distribution.	
   	
   	
   	
   	
   	
  

Focused	
  ultrasound	
  and	
  GNP	
  Delivery:	
  Tumour-­‐bearing	
  mice	
  (U251	
  and	
  T98G,	
  controls	
  tf-­‐U251)	
  are	
  anaesthetized	
  
with	
  isoflurane.	
  An	
  angio-­‐catheter	
  is	
  inserted	
  into	
  the	
  tail	
  vein	
  and	
  the	
  mouse	
  is	
  secured	
  in	
  a	
  supine	
  position	
  on	
  the	
  
FUS	
   system,	
   which	
   is	
   placed	
   inside	
   a	
   7.0T	
   MRI.	
   Intravenous	
   infusion	
   of	
   αEGFR-­‐SERS440	
   (controls	
   with	
   IgG-­‐
SERS421	
  and	
  mPEG12-­‐SERS420)	
  is	
  performed	
  as	
  a	
  bolus.	
  At	
  the	
  determined	
  time	
  of	
  peak	
  plasma	
  concentration,	
  
four	
   points	
   at	
   the	
   tumour	
   periphery	
   defined	
   by	
   MR	
   guidance	
   are	
   sonicated	
   using	
   our	
   established	
   protocol.1	
  
Animals	
   are	
   observed	
   for	
   signs	
   of	
   neurological	
   impairment,	
   including	
   involuntary	
   limb	
   movement,	
   lethargy,	
  
weakness,	
   dehydration	
   and	
   weight	
   loss.	
   The	
   uptake	
   of	
   nanoparticles	
   is	
   quantified	
   using	
   Raman	
   signal	
   in	
   vivo	
  
through	
   the	
   intact	
   skin	
  and	
   skull	
   54	
   or	
   alternatively	
   through	
  a	
   cranial	
  window	
  over	
   the	
   right	
   frontal	
   lobe.61	
  The	
  
mice	
  are	
  sacrificed	
  at	
  varying	
  time	
  points	
  following	
  sonication	
  and	
  samples	
  from	
  freshly	
  isolated	
  brain,	
  including	
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the	
   interface	
  between	
   the	
   tumour	
   and	
   surrounding	
  brain	
   tissue,	
   are	
   fixed	
   in	
   3.7%	
   formaldehyde	
   and	
   examined	
  
using	
   high-­‐resolution	
   Raman	
  microscopy	
   (near-­‐infrared	
   638	
  nm	
   or	
   785	
  nm	
   excitation	
   laser,	
   Renishaw).	
   Results	
  
are	
   correlated	
   with	
   fluorescent	
   microscopy,	
   H&E	
   staining	
   and	
   silver	
   enhancement	
   histology	
   to	
   evaluate	
   the	
  
distribution	
  of	
  GNPs	
  between	
  intracellular	
  vs.	
  extravascular	
  and	
  tumour-­‐cells	
  vs.	
  astrocytes	
  and	
  neurons.	
  In	
  order	
  
to	
   determine	
   if	
   αEGFR-­‐SERS440	
   particles	
   are	
   taken	
   up	
   by	
   cells	
   through	
   the	
   same	
   pathway	
   as	
   EGFR	
   trafficking,	
  
confocal	
  fluorescence	
  microscopy	
  is	
  used	
  to	
  look	
  for	
  colocalization	
  of	
  the	
  Cyto647	
  fluorescence	
  signal	
  with	
  that	
  of	
  
immunolabeled	
  CD63,	
  a	
  protein	
  marker	
  for	
  late	
  endosomes/multivesicular	
  bodies.1,	
  62	
  The	
  applicant	
  expects	
  that	
  a	
  
time	
  dependent	
  movement	
   of	
   αEGFR-­‐SERS440	
   into	
  GBM	
  U251	
   as	
  well	
   as	
  T98G	
   cells	
  will	
   be	
   observed,	
  whereas	
  
animals	
   without	
   FUS	
   or	
   controls	
   (tf-­‐U251	
   cells,	
   IgG-­‐SERS421,	
   mPEG12-­‐SERS420)	
   will	
   show	
   less	
   specific	
   GNP	
  
uptake	
  and	
  cell	
   internalization.	
  Transmission	
  electron	
  microscopy	
  will	
  be	
  used	
   to	
   further	
  determine	
  subcellular	
  
localization	
  and	
  particle	
  density.	
  Comparison	
  of	
  GNP	
  distribution	
  between	
  groups	
   is	
  assessed	
  by	
  student’s	
   t-­‐test	
  
with	
   a	
   P-­‐value	
   of	
   0.05	
   as	
   significant.	
   A	
   minimum	
   of	
   ten	
   20x	
   fields	
   are	
   photographed	
   under	
   fluorescence	
  
microscopy	
  in	
  order	
  to	
  count	
  each	
  cell	
  showing	
  at	
  least	
  1	
  intracellular	
  GNP,	
  and	
  the	
  number	
  of	
  extracellular	
  GNPs	
  
in	
  the	
  field.	
  Once	
  the	
  applicant	
  shows	
  a	
  substantial	
  and	
  specific	
  in	
  vivo	
  delivery	
  and	
  uptake	
  of	
  αEGFR-­‐SERS440	
  by	
  
GBM	
   cells,	
   the	
   next	
   step	
   is	
   to	
   validate	
   the	
   repeated	
   disruption	
   of	
   the	
   BBB	
   through	
   tcMRgFUS	
  without	
   causing	
  
apparent	
   morbidity	
   to	
   the	
   animals,	
   and	
   to	
   perform	
   multiplexed	
   labeling	
   of	
   GBM-­‐cells.	
   To	
   this	
   end,	
   anti-­‐EGFR	
  
antibody	
  functionalized	
  GNPs	
  are	
  tagged	
  with	
  three	
  different	
  SERS	
  reporters	
  (SERS	
  420,	
  421,	
  440).	
  TcMRgFUS	
  is	
  
performed	
  on	
  tumour	
  bearing	
  mice	
  after	
  tail	
  vein	
  injection	
  of	
  αEGFR-­‐SERS420,	
  421,	
  440	
  at	
  day	
  0,	
  3	
  and	
  6	
  in	
  order	
  
to	
  deliver	
  the	
  particles	
  in	
  tandem.	
  Animals	
  are	
  observed	
  for	
  signs	
  of	
  neurological	
  impairment	
  and	
  the	
  uptake	
  and	
  
distribution	
  of	
  the	
  differently	
  tagged	
  nanoparticles	
  is	
  quantified	
  and	
  tracked	
  using	
  Raman	
  signal	
  in	
  vivo.	
  Mice	
  are	
  
sacrificed	
  at	
  varying	
  time	
  points	
  following	
  sonication,	
  and	
  samples	
  from	
  freshly	
  isolated	
  brain	
  are	
  examined	
  using	
  
high-­‐resolution	
  Raman	
  microscopy,	
  fluorescent	
  microscopy	
  and	
  H&E	
  staining	
  in	
  order	
  to	
  evaluate	
  the	
  intracellular	
  
and	
  extravascular	
  distribution	
  of	
  GNPs.	
  	
   	
   	
   	
   	
   	
   	
   	
   	
  

Experiment	
   2	
   –	
   Tracking,	
   Therapeutic	
   conjugates:	
   The	
   next	
   experimental	
   study	
   is	
   aimed	
   at	
   presenting	
   an	
  
orthotopic	
   brain	
   tumour	
   model,	
   which	
   enables	
   in	
   vivo	
   tracking	
   and	
   evaluation	
   of	
   targeted	
   therapy	
   for	
   GBM	
  
tumours	
   harbouring	
   inhomogeneous	
   cell	
   populations.	
   This	
  model	
   is	
   designed	
   to	
   facilitate	
   the	
   study	
   of	
   targeted	
  
therapy	
   against	
   tumour	
   proliferation	
   (e.g.	
   with	
   the	
   standard	
   chemotherapeutic	
   TMZ)	
   and	
   migration	
   (e.g.	
   with	
  
experimental	
  siRNA).	
  A	
  brief	
  background:	
  Efficacy	
  of	
  alkylating	
  chemotherapeutics	
  like	
  TMZ	
  is	
  limited	
  at	
  least	
  in	
  
part	
   by	
   the	
  DNA	
   repair	
   protein	
   AGT	
   encoded	
   by	
   the	
  MGMT	
   gene.63	
   Unmethylated	
   status	
   of	
  MGMT	
  promoter	
   is	
  
associated	
  with	
  higher	
  MGMT	
  protein	
  expression,	
  potentially	
  resulting	
  in	
  TMZ	
  resistance.63	
  O6-­‐benzylguanine	
  (BG)	
  
is	
  an	
  AGT	
  substrate	
   that	
   irreversibly	
   inactivates	
  AGT	
  and	
  enhances	
   the	
  cytotoxicity	
  of	
  TMZ,	
  both	
   in	
  vitro	
  and	
   in	
  
vivo.64	
   First	
   clinical	
   studies	
   combining	
   BG	
   with	
   alkylating	
   agents	
   (BCNU,	
   TMZ)	
   were	
   limited	
   by	
   the	
   fact	
   that	
  
enhanced	
   cytotoxicity	
   through	
   systemic	
   and	
   untargeted	
   BG	
   counteracted	
   at	
   therapeutic	
   levels	
   as	
  well	
   the	
   DNA	
  
repair	
   protein	
   in	
   hematopoietic	
   stem	
   cells,	
   thus	
   provoking	
   intolerable	
   myelosupression.64,	
   65	
   Targeted	
   local	
  
therapy	
  with	
  GNP	
  conjugated	
  BG	
  may	
  therefore	
  reduce	
  toxicity.	
  In	
  terms	
  of	
  migration,	
  the	
  affiliated	
  research	
  group	
  
could	
   show	
   that	
   by	
   transfecting	
   siRNA	
   against	
   the	
   drebin	
   encoding	
  human	
  DBN1	
  gene	
   (DBN1-­‐siRNA),	
   the	
   high	
  
migration	
   capacity	
   of	
   U87	
   cells	
  was	
   distinctly	
   reduced,	
  while	
   the	
   low-­‐migration	
   T98G	
   cells	
   showed	
   only	
  minor	
  
changes.10	
  	
  

U87-­‐mCherry	
  cells	
  (known	
  for	
  drebrin-­‐dependent	
  high	
  migration	
  and	
  low-­‐adhesion	
  to	
  extracellular	
  matrix10,	
  high	
  
EGFR	
  expression1	
  and	
  methylated	
  status	
  of	
  MGMT	
  promoter	
  showing	
  high	
  response	
  to	
  TMZ66)	
  are	
  incubated	
  with	
  
αEGFR-­‐SERS440	
   (~6000	
  GNP	
  per	
   cell)	
   for	
   24	
  hours.	
   Further,	
   T98G	
   cells	
   (lower	
  migration	
   and	
  higher	
   adhesion	
  
with	
  lower	
  drebrin	
  dependence,10	
  high	
  EGFR	
  expression59,	
  unmethylated	
  status	
  of	
  MGMT	
  promoter66	
  and	
  higher	
  
resistance	
  to	
  TMZ67)	
  are	
  analogously	
  incubated	
  with	
  αEGFR-­‐SERS420	
  (Raman	
  reporter	
  dye	
  with	
  max.	
  extinction	
  at	
  
420nm).	
  Cellular	
  uptake	
  of	
  the	
  nanoparticles	
  is	
  confirmed	
  using	
  confocal	
  fluorescence	
  microscopy	
  combined	
  with	
  
Raman	
  imaging	
  (Cyto647	
  fluorescence	
  signal	
  for	
  endosomes/multivesicular	
  bodies,	
  Phalloidin-­‐Alexa	
  488	
  labeling	
  
for	
   F-­‐actin1)	
   The	
   incubated	
   U87	
   and	
   T98G	
   cells	
   are	
   evenly	
   mixed	
   and	
   injected	
   into	
   the	
   right	
   frontal	
   lobe	
   of	
  
NOD/SCID	
  mice	
  (mixU87-­‐T98G)	
  as	
  described	
  above.	
  Potential	
  release	
  and	
  exchange	
  of	
  GNPs	
  within	
  the	
  mixed	
  two	
  
cell	
   groups	
   is	
   assessed	
   in	
   a	
   subanalysis	
   through	
   fluorescence	
  microscopy,	
   combined	
  with	
  Raman	
   imaging.	
   	
   The	
  
animals	
  are	
  anaesthetized	
  24h,	
  48h,	
  96h	
  or	
  1-­‐2	
  weeks	
  after	
  injection	
  (or	
  euthanized	
  in	
  a	
  CO2	
  chamber	
  to	
  obtain	
  
brain	
   slices),	
   for	
   in	
   vivo	
   visualization	
   of	
   SERS420	
   and	
   SERS440	
   signal	
   using	
   transcranial	
   Raman	
   spectral	
  
microscopy	
  or	
  cranial	
  window	
  microscopy.	
  This	
  facilitates	
  the	
  mapping	
  of	
  migration	
  and	
  growth	
  of	
  the	
  differently	
  
labeled	
  GBM	
  cells.	
  Alternatively,	
   in	
  sacrificed	
  animals	
  the	
  brain	
   is	
  washed	
  in	
  PBS,	
   fixed	
  with	
  3.7%	
  formaldehyde	
  
and	
  sectioned.	
  A	
  fixed	
  starting	
  point	
  at	
  the	
  injection	
  site	
  is	
  defined	
  on	
  whole-­‐mount	
  preparations	
  of	
  the	
  brain	
  and	
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the	
   relative	
  migration	
   of	
   one	
   cell	
   group	
   versus	
   the	
   other	
   is	
  measured	
   using	
   ex	
   vivo	
  Raman	
   imaging	
   (Figure	
   7).	
  
Overlay	
   of	
   Raman	
   spectral	
   map	
   on	
   bright	
   light	
   microscopy	
   of	
   H&E	
   stained	
   sections	
   allows	
   for	
   assessment	
   of	
  
tumour	
   cell	
  morphology	
   and	
   their	
   relationship	
   to	
   the	
   surrounding	
   tissue.1	
   In	
   addition,	
   the	
   change	
   of	
   the	
   GNPs	
  
concentration	
  per	
  cell	
  after	
  growing	
  and	
  cell	
  division	
  as	
  well	
  as	
  potential	
  exchange	
  of	
  GNPs	
  within	
  the	
  different	
  cell	
  
types	
  will	
  possibly	
  be	
  evaluated.	
   	
   	
  

These	
   findings	
  can	
  be	
  used	
   to	
  compare	
   the	
  effect	
  on	
  proliferation	
  and	
  migration	
  (in	
  vivo	
  and	
   in	
  vitro)	
  when	
  BG	
  
and/or	
  DBN1-­‐siRNA	
  are	
  added	
  in	
  combination	
  with	
  TMZ.	
  Depending	
  on	
  the	
  successful	
  conjugation	
  of	
  DBN1-­‐siRNA	
  
and	
  BG	
  to	
  silica	
  coated	
  SERS-­‐reporter	
  GNPs	
  via	
  thiol-­‐gold	
  bond47,	
  68	
  (αEGFR-­‐siRNA-­‐SERS440,	
  αEGFR-­‐BG-­‐SERS420,	
  
which	
   will	
   be	
   synthetized	
   and	
   validated	
   in	
   collaboration	
   with	
   the	
   Institute	
   of	
   Biomaterials	
   and	
   Biomedical	
  
Engineering,	
   IBBME,	
  University	
  of	
  Toronto),	
   the	
  applicant	
  will	
  set	
  up	
  a	
   follow-­‐up	
  study	
  and	
  perform	
  the	
   in	
  vitro	
  
and	
  –	
  	
  depending	
  on	
  the	
  results	
  and	
  time	
  –	
  in	
  vivo	
  delivery	
  of	
  these	
  agents.	
  For	
  the	
  in	
  vitro	
  studies,	
  the	
  U87	
  and	
  
T98G	
   cells	
   will	
   be	
   incubated	
   with	
   αEGFR-­‐siRNA-­‐SERS440	
   and/or	
   αEGFR-­‐BG-­‐SERS420.	
   The	
   cell	
   uptake	
   of	
   the	
  
tagged	
  and	
   functionalized	
  GNPs	
  will	
  be	
  assessed	
  using	
  confocal	
   fluorescence	
  microscopy	
  combined	
  with	
  Raman	
  
imaging	
   and	
   TEM.	
   The	
   results	
   will	
   be	
   compared	
   with	
   cells	
   exposed	
   to	
   free	
   DBN1-­‐siRNA	
   (HiPerfect	
   QIAGEN,	
  
Toronto,	
  Canada)	
  or	
  BG	
  and	
  GNP-­‐drug-­‐conjugates	
  without	
  EGFR-­‐antibody.	
  After	
  whole	
  cell	
  lysis	
  and	
  fluorescence-­‐
assisted	
  cell	
  sorting	
  of	
  GNP	
  loaded	
  cells,	
  cell	
  incubation	
  with	
  a	
  monoclonal	
  anti-­‐drebrin	
  antibody	
  for	
  fluorescence	
  
microscopy	
  and	
  Western	
  blot	
  for	
  drebrin	
  expression	
  will	
  be	
  used	
  to	
  assess	
  the	
  siRNA	
  effect.10	
  For	
  cells	
  additionally	
  
exposed	
   to	
   TMZ,	
   AGT-­‐protein	
   expression	
   is	
   determined	
   using	
   immunohistochemistry,	
   AGT	
   activity	
   is	
   assessed	
  
using	
  high-­‐performance	
  liquid	
  chromatography,	
  and	
  methylation	
  status	
  of	
  MGMT	
  is	
  evaluated	
  with	
  real	
  time	
  PCR.	
  
69	
  Provided	
   that	
  an	
  adequate	
  cell	
  uptake	
  of	
  αEGFR-­‐siRNA-­‐SERS440	
  and	
  αEGFR-­‐BG-­‐SERS420	
  can	
  be	
  approved	
   in	
  
vitro,	
   the	
   labeled	
   cells	
   will	
   be	
   used	
   for	
   the	
   mixU87-­‐T98G	
   orthotopic	
   model.	
   After	
   intraperitoneal	
   (ip)	
  
administration	
  of	
  TMZ,	
  the	
  tumour	
  cell	
  proliferation	
  and	
  migration	
  can	
  thereafter	
  be	
  compared	
  with	
  the	
  previous	
  
in	
   vivo	
   and	
   in	
   vitro	
   results.	
   	
   	
   Following	
   tissue	
   lysis	
   and	
   fluorescence-­‐assisted	
   cell	
   sorting	
   of	
   GNP	
   loaded	
   cells,	
  
fluorescence	
  microscopy,	
  Western	
  blot	
  and	
  PCR	
  will	
  be	
  used	
   to	
  evaluate	
   the	
  effect	
  on	
  drebrin	
  and	
  AGT-­‐protein.	
  
Depending	
  on	
  the	
  results	
  and	
  the	
  time	
  remaining,	
  the	
  applicant	
  will	
  perform	
  the	
  in	
  vivo	
  delivery	
  of	
  αEGFR-­‐siRNA-­‐
SERS440	
   and/or	
   αEGFR-­‐BG-­‐SERS420	
   via	
   tcMRgFUS	
   after	
   iv-­‐injection	
   in	
   mixU87-­‐T98G	
   mice,	
   in	
   addition	
   to	
   ip-­‐
administration	
  of	
  TMZ.	
  The	
  abovementioned	
  parameters	
  for	
  observing	
  the	
  tumour	
  biology	
  will	
  then	
  be	
  reassessed.	
  	
  

3.	
  Significance	
  of	
  the	
  study	
  

The	
   results	
  of	
   this	
   study	
  will	
   broaden	
   the	
  understanding	
  of	
  BBB	
  disruption	
  and	
  drug	
  delivery	
   through	
  FUS	
  and	
  
enhance	
  the	
  development	
  of	
  antibody	
  and	
  small	
  molecule	
  agents	
  against	
  brain	
  tumours.	
  The	
  additional	
  capacities	
  
for	
   optical	
   tracking	
   of	
   these	
   particles	
   through	
   Raman	
   spectroscopy	
   will	
   extend	
   the	
   armamentarium	
   for	
  
experimental	
  drug	
  testing	
  and	
  further	
  investigations	
  on	
  the	
  feasibility	
  of	
  clinical	
  studies	
  for	
  targeted	
  brain	
  tumour	
  
therapy.	
  	
  

	
  

4.	
  Outlook	
  

Following	
   the	
   pioneering	
   work	
   in	
   Zurich	
   in	
   2009,	
   Switzerland	
   is	
   perceived	
   as	
   a	
   world	
   leader	
   in	
   the	
   clinical	
  
application	
   of	
   FUS	
   for	
   brain	
   diseases.	
   This	
   reputation	
   has	
   been	
   enforced	
   recently	
   by	
   the	
  world’s	
   firs	
   successful	
  
noninvasive	
   brain	
   tumour	
   ablation	
  using	
  MRgFUS.	
  However,	
   there	
   is	
   considerable	
  mismatch	
  with	
   experimental	
  
research.	
  This	
   fact	
  has	
  been	
  recognized,	
   the	
  purchase	
  of	
  a	
  FUS	
  device	
  for	
  animal	
  studies	
  has	
  been	
  approved	
  and	
  
supported	
   by	
   Sinergia,	
   and	
   will	
   be	
   installed	
   in	
   April	
   this	
   year	
   at	
   the	
   Animal	
   Imaging	
   Center	
   of	
   the	
   ETH	
  
Hoenggerberg	
   in	
   Zurich.	
   The	
   first	
   study	
   investigating	
   FUS	
   enabled	
   BBB	
   opening	
   and	
   drug	
   delivery	
   in	
   a	
   rodent	
  
model	
   is	
   scheduled	
  and	
  will	
  be	
  conducted	
   in	
  Zurich	
  by	
  Prof.	
  Leroux	
   from	
  the	
   Institute	
  of	
  Drug	
  Formulation	
  and	
  
Delivery	
   at	
   the	
   ETH,	
   together	
   with	
   Prof.	
   Weller	
   from	
   the	
   Laboratory	
   of	
   Molecular	
   Neuro-­‐Oncology	
   and	
   Prof.	
  
Martin.70	
  The	
  presented	
  research	
  project	
   in	
  Toronto	
  will	
  give	
  me	
  the	
  unique	
  opportunity	
  to	
  significantly	
  expand	
  
the	
  knowhow	
  about	
  FUS	
   for	
   experimental,	
   current	
   and	
   future	
   clinical	
   applications.	
  There	
   is	
   increasing	
   research	
  
activity	
   in	
   this	
   exciting	
   field.	
   	
   I	
   will	
   bring	
   the	
   know-­‐how	
   back	
   to	
   Switzerland	
   and	
   complement	
   or	
   extent	
   the	
  
presented	
   study	
   in	
   collaboration	
   with	
   the	
   ETH	
   and	
   University	
   of	
   Zurich	
   but	
   also	
   incorporate	
   the	
   acquired	
  
knowledge	
   in	
   future	
  studies;	
  making	
  use	
  of	
  already	
  existing	
  collaborative	
  partnerships	
  and	
  as	
  well	
  as	
  extending	
  
the	
  network.	
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Figure	
   1.	
   Pre-­‐interventional	
   (left)	
   contrast-­‐
enhanced	
   coronal	
   MRI	
   illustrating	
   the	
   enhancing	
  
tumor	
   mass	
   of	
   a	
   glioblastoma	
   in	
   the	
   left	
   thalamic	
  
and	
   subthalamic	
   region.	
   Post-­‐sonication	
   (right)	
  
cornoal	
   MRI	
   shows	
   a	
   well-­‐circumscribed	
   partial	
  
resolution	
   of	
   enhancement,	
   indicative	
   for	
   ablated	
  
tumor	
  tissue.	
  The	
  patient	
  was	
  awake	
  and	
  responsive	
  
during	
  the	
  whole	
  intervention.	
  	
  

5.	
  Additional	
  remarks	
  

The	
  applicant	
  has	
  no	
  financial	
  conflicts	
  of	
  interests	
  to	
  disclose	
  in	
  association	
  with	
  this	
  application.	
  

6.	
  Figures	
   	
   	
   	
   	
   	
   	
  

	
  

Figure	
   2.	
   A:	
   Animal	
   is	
  
placed	
  with	
  part	
  of	
   the	
  skull	
  
submerged	
   in	
   a	
   water	
   tank.	
  
Ultrasound	
   transducer	
   is	
  
placed	
   and	
   integrated	
   in	
  
MRI-­‐Scanner.	
   FUS	
   to	
   the	
  
right	
   hemisphere	
   leads	
   to	
   a	
  
temporary	
   disruption	
   of	
   the	
  
BBB	
   as	
   shown	
   on	
   axial	
   MRI	
  
image,	
   T1-­‐weighted	
   with	
  
gadolinium	
  (white	
  arrow).	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

B:	
   Silver	
   enhancement	
   and	
   HE	
   histology	
   demonstrates	
   (black	
   arrows)	
   perivascular	
   and	
   brain	
   parenchyma	
  
localization	
  of	
  GNPs	
  after	
  tcMRgFUS.	
  (Scale	
  bar	
  50µm)	
  (Etame	
  et	
  al.34)	
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Figure	
   3.	
   Synthesis	
   of	
   antibody	
   functionalized	
   silica	
   shell	
   gold	
  
nanoparticles.	
   The	
   succinimidyl-­‐[(n-­‐maleimid-­‐propionamido)-­‐
octaethyleneglycol]	
   ester	
   and	
   Cyto647-­‐maleimide	
   is	
   conjugated	
   to	
  
sulfhydryl	
   groups	
  on	
   the	
   silica	
   shell	
  under	
  oxygen-­‐	
   free	
   conditions	
  
(arrow	
  1).	
  In	
  the	
  second	
  step,	
  the	
  α-­‐NH2-­‐group	
  of	
  the	
  N-­‐terminus	
  or	
  
the	
  ε-­‐NH2-­‐group	
  of	
  lysine	
  in	
  the	
  antibody	
  reacts	
  with	
  the	
  N-­‐succinyl	
  
ester	
  (arrow	
  2).	
  The	
  SERS	
  Raman	
  reporter	
  molecule	
  (green	
  ovals)	
  is	
  
shielded	
   from	
   the	
   conjugation	
   reactions	
  within	
   the	
   silica	
   shell	
   and	
  
remains	
  adsorbed	
  to	
  the	
  gold	
  core.	
  (Diaz	
  et	
  al.	
  1)	
  

	
  
Figure	
   4.	
  A:	
   Transmission	
   electron	
  micrographs	
   (TEM)	
   images	
   of	
  
U87	
   GBM	
   cells	
   at	
   5000x	
   magnification,	
   scale	
   bar	
   2	
   μm.	
   After	
   22	
  
hours	
   of	
   incubation	
   (ratio	
   of	
   1000	
   GNPs:	
   1	
   cell	
   and	
   fixed	
   GNP	
  
concentration	
   at	
   0.66	
   fM)	
   with	
   unspecific	
   SERS	
   GNPs	
   (mPEG12-­‐
SERS	
   420)	
   or	
   EGFR-­‐antibody	
   functionalized	
   SERS	
   GNPs	
   (αEGFR-­‐	
  
SERS440)	
  U87	
  GBM	
  cells	
  show	
  distinctive	
  higher	
  uptake	
  of	
  αEGFR-­‐	
  
SERS440.	
  	
  

B:	
  TEM	
  images	
  at	
  100,000x	
  magnification	
  showing	
  αEGFR-­‐	
  SERS440	
  
GNPs	
  inside	
  endosomes.	
  (Diaz	
  et	
  al.	
  1)	
  

	
  

B	
  

A	
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Figure	
   7.	
   Ex-­‐vivo	
   whole	
   mouse	
   brain	
   mount.	
   Raman	
   spectral	
   map	
   overlay	
  
(red)	
   onto	
   autofluorescence	
   image	
   generated	
   by	
   470/50	
   nm	
   excitation	
   light	
  
with	
  a	
  525/50	
   	
  nm	
  emission	
  filter	
   (grey-­‐scale)	
  showing	
  dispersion	
  of	
  αEGFR-­‐
SERS440	
  loaded	
  U87-­‐mCherry	
  cells	
  after	
  parenchymal	
  injection.	
  Needle	
  entry	
  
site	
  in	
  the	
  cortex	
  indicated	
  by	
  the	
  white	
  arrow.	
  Individual	
  Raman	
  spectra	
  from	
  
regions	
   positive	
   and	
   negative	
   for	
   αEGFR-­‐SERS440	
   signal	
   are	
   depicted.	
  	
  	
  	
  	
  	
  	
  	
  	
  
(Diaz	
  et	
  al.	
  1)	
  

	
  

Figure	
   5.	
   HE	
   section	
   of	
   the	
   interface	
  
between	
   tumour	
   and	
   surrounding	
  
brain	
   tissue	
   with	
   overlay	
   of	
   Raman	
  
spectral	
   map	
   on	
   40x	
   bright	
   light	
  
microscopy.	
   U87	
   GBM	
   cells	
   were	
   in	
  
vitro	
   loaded	
   with	
   EGFR-­‐Antibody	
  
labeled	
   GNPs	
   in	
   conjugation	
   with	
   a	
  
Raman	
   reporter	
   molecule	
   (αEGFR-­‐
SERS440	
  GNPs)	
  and	
  implanted	
  into	
  the	
  
frontal	
  lobe	
  of	
  nude	
  mice.	
  	
  GBM	
  tumour	
  
cells	
   can	
   be	
   defined	
   additionally	
   from	
  

surrounding	
  gliosis	
  and	
  normal	
  brain	
  parenchyma	
  using	
  Raman	
  spectrum	
  and	
  detection	
  of	
  specific	
  spectrum	
  from	
  
the	
  SERS440	
  reporter	
  molecule	
   (site	
  defined	
  by	
  crosshairs).	
  Mapped	
  region	
   indicated	
  by	
  white	
  box	
  outline.	
  Scale	
  
bars	
  20	
  μm.	
  (Diaz	
  et	
  al.1) 

	
  

 

 

 

 

 

 

 

 

 

 

   

	
  

	
  

	
  

	
  

	
  

Figure	
   6.	
   Raman	
   confocal	
   microscopy	
   of	
   αEGFR-­‐SERS440	
   GNPs	
   in	
   A172	
  
GBM	
  cells.	
  Raman	
  spectra	
  intensity	
  map	
  overlay	
  on	
  differential	
  interference	
  
contrast	
   images	
   at	
   63x	
  magnification	
   showing	
   intracellular	
   GNPs	
   after	
   24	
  
hours	
  of	
  incubation.	
  The	
  white	
  box	
  outlines	
   indicates	
  the	
  region	
  of	
  spectral	
  
mapping.	
  At	
   each	
  pixel	
   the	
   intensity	
  of	
   red	
   color	
   represents	
   the	
   integrated	
  
photon	
   counts	
   for	
   the	
   spectral	
   peak	
   relative	
   to	
   the	
   adjacent	
   baseline.	
  
Position	
  A1	
  and	
  B2	
  show	
  intracellular	
  GNPs	
  with	
  Raman	
  SERS	
  440	
  reporter	
  
while	
   position	
  B1	
   shows	
  background	
  silica	
   fluorescence	
  with	
   no	
  SERS	
   440	
  
signal.	
  (Diaz	
  et	
  al.	
  1)	
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