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Abstract	
  

Optoacoustic	
   (OA)	
   imaging	
   is	
   a	
  new	
   technique	
   for	
   cancer	
  detection	
  and	
  non-­‐invasive	
  

monitoring	
   of	
   cancer	
   therapeutics.	
   This	
   technique	
   is	
   the	
   combination	
   of	
   both	
   optical	
  

and	
  ultrasound	
  modalities,	
  in	
  which	
  tissue	
  is	
  irradiated	
  with	
  nanosecond	
  laser	
  pulses.	
  

The	
   delivered	
   optical	
   energy	
   is	
   absorbed	
   and	
   converted	
   into	
   heat,	
   leading	
   to	
  

thermaoelastic	
  expansion,	
  which	
  produces	
  acoustic	
  waves.	
  Generated	
  sound	
  waves	
  are	
  

then	
   detected	
   by	
   ultrasonic	
   transducers	
   to	
   form	
   an	
   image.	
   In	
   order	
   to	
   enhance	
  

optoacoustic	
  signals	
  in	
  tissues,	
  gold	
  nanocages	
  (AuNCs)	
  can	
  be	
  used	
  as	
  contrast	
  agents	
  

due	
  to	
  their	
  tuneable	
  optical	
  properties	
  in	
  the	
  near	
  infrared	
  region.	
  Gold	
  nanoparticles	
  

are	
   biocompatible	
   and	
   their	
   surface	
   chemistry	
   is	
  well	
   known,	
   therefore	
   they	
   can	
   be	
  

easily	
  functionalized	
  to	
  targeting	
  specific	
  cells.	
  

This	
  work	
  involved	
  three	
  linked	
  investigations	
  involving	
  the	
  synthesis,	
  stability	
  testing	
  

and	
  optoacoustic	
  contrast	
  capabilities	
  of	
  AuNCs.	
  	
  Silver	
  nanocubes	
  were	
  synthesized	
  to	
  

be	
  used	
  as	
  templates	
  for	
  AuNCs	
  synthesis.	
  More	
  then	
  95%	
  purity	
  was	
  required	
  but	
  only	
  

20-­‐30%	
  purity	
  was	
  achieved	
  in	
  our	
  experiments	
  due	
  to	
  the	
  sensitivity	
  of	
  the	
  reaction.	
  

Gold	
  nanocages	
  of	
  40-­‐45nm	
  were	
  acquired	
  from	
  Dr.	
  Younan	
  Xia	
  (Georgia	
  Tech).	
  	
  

For	
  all	
  OA	
   investigations	
   the	
  system	
  consisted	
  of	
  a	
  Nd:YAG	
  pumped	
  Ti:S	
   laser,	
  which	
  

can	
  operate	
  at	
  either	
  775	
  nm	
  or	
  1064	
  nm,	
  an	
  8	
  element	
  annular	
  array	
  transducer	
  with	
  

5	
  MHz	
   central	
   frequency	
   and	
  bifurcated	
   optic	
   fibre	
   bundles	
   to	
   introduce	
   light	
   to	
   the	
  

target.	
  A	
  6	
  ns	
  pulse	
  duration	
  and	
  10	
  Hz	
  repetition	
  rate	
  were	
  used.	
  	
  



	
  

	
  

iii	
  

For	
   the	
   stability	
   study,	
   different	
   pulse	
   energies	
   (5mJ,	
   10mJ)	
   were	
   used	
   and	
   at	
   each	
  

energy,	
  three	
  different	
  AuNCs	
  concentrations	
  were	
  exposed	
  for	
  1	
  min,	
  3	
  min	
  and	
  5	
  min.	
  

Optical	
   absorption	
   measurements	
   and	
   TEM	
   imaging	
   confirmed	
   conformational	
  

changes	
  in	
  AuNCs	
  at	
  both	
  energies.	
  For	
  contrast	
  investigations,	
  three	
  different	
  AuNCs	
  

concentrations	
   (8.0	
   X	
   1011	
   particles/ml,	
   2.7	
   X	
   1011	
   particles/ml	
   and	
   1.6	
   X	
   1011	
  

particles/ml)	
  were	
   tested	
   against	
   fluence,	
   of	
   0.016	
   J/cm2	
   at	
   775nm	
   using	
   seven	
   1%	
  

Intralipid	
  phantoms	
  with	
  different	
  background	
  absorption,	
  μa	
   (0.03cm-­‐1,	
  0.1	
  cm-­‐1,	
  0.5	
  

cm-­‐1,	
  1.0	
  cm-­‐1,	
  1.5	
  cm-­‐1,	
  2.0	
  cm-­‐1,	
  4.0	
  cm-­‐1).	
  For	
   the	
  proof	
  of	
  principle	
  study,	
  pork	
   loin	
  

tissues	
  of	
  5mm	
  10mm	
  thickness	
  were	
  used	
  as	
  background	
  phantoms.	
  A	
  single	
  AuNCs	
  

concentration	
   (2.66	
   X	
   1011	
   particles/ml)	
   and	
   9.2mJ	
   laser	
   energy	
   (0.014	
   J/cm2)	
   at	
  

775nm	
  was	
  used.	
  Results	
  demonstrate	
  that	
  AuNCs	
  show	
  relevant	
  contrast,	
  even	
  at	
  the	
  

highest	
   absorbing	
   background	
   (4.0	
   cm-­‐1)	
   and	
   for	
   the	
   maximum	
   pork	
   loin	
   thickness	
  

(10mm)	
   tested.	
   Results	
   from	
   1%	
   Intralipid	
   also	
   demonstrate	
   that	
   there	
   were	
   no	
  

conformational	
  changes	
  in	
  AuNCs	
  after	
  the	
  illumination.	
  Therefore,	
  the	
  contrast	
  study	
  

indicates	
  that	
  AuNCs	
  could	
  be	
  used	
  as	
  contrast	
  agents	
  by	
  knowing	
  specific	
  parameters,	
  

such	
   as	
   background	
   optical	
   properties,	
   AuNCs	
   concentration	
   and	
   required	
   laser	
  

fluence.	
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Chapter	
  1:	
  Introduction	
   	
  

1.1	
  Overview	
  

Optoacoustic	
   imaging	
   (OAI)	
   is	
   a	
   hybrid	
   biomedical	
   imaging	
   modality	
   based	
   on	
   the	
  	
  

optoacoustic	
   effect.	
   In	
   optoacoustic	
   imaging,	
  laser	
  pulses	
   are	
   delivered	
   into	
   biological	
  

tissues.	
  Some	
  of	
  the	
  delivered	
  energy	
  will	
  be	
  absorbed	
  and	
  converted	
  into	
  heat,	
  leading	
  to	
  

transient	
   thermoelastic	
   expansion	
  and	
   thus	
  wideband	
   (e.g.	
  MHz)	
  ultrasonic	
  emission.	
  The	
  

generated	
   ultrasonic	
  waves	
   are	
   then	
   detected	
   by	
   ultrasonic	
   transducers	
   to	
   form	
   images.	
  

This	
   imaging	
   method	
   has	
   been	
   proposed	
   as	
   real-­‐time,	
   noninvasive	
   method	
   for	
   medical	
  

imaging	
  and	
  monitoring	
  laser	
  thermal	
  therapy.	
  Nobel	
  metal	
  nanoparticles	
  are	
  widely	
  used	
  

contrast	
  agents	
  for	
  imaging	
  purposes.	
  Among	
  all	
  other	
  metal	
  nanoparticles,	
  gold	
  nanocages	
  

(AuNCs)	
  gained	
   importance	
   for	
   their	
  easily	
   tunable	
   localized	
  surface	
  plasmon	
  resonances	
  

(LSPR)	
  in	
  NIR	
  region,	
  porous	
  walls,	
  hollow	
  interior	
  and	
  biocompatibility.	
  

This	
   thesis	
   includes	
   the	
   synthesis	
   of	
   silver	
   nanocubes	
   (work	
   as	
   a	
   template	
   for	
   gold	
  

nanocages	
   synthesis),	
   an	
   investigation	
   of	
   the	
   stability	
   of	
   AuNCs	
   against	
   pulsed	
   laser	
  

radiation,	
   an	
   investigation	
   of	
   the	
   contrast	
   properties	
   of	
   AuNCs	
   using	
   Intralipid	
   based	
  

phantoms	
  and	
  porcine	
  muscles	
  phantoms.	
  This	
  chapter	
  will	
  provide	
  background	
  on	
  current	
  

medical	
   imaging	
   techniques,	
  OA	
  and	
   its	
   applications,	
   contrast	
   agents,	
   polyol	
   and	
  galvanic	
  

replacement	
  reactions	
  and	
  mechanisms,	
  and	
  a	
  description	
  of	
  light	
  and	
  acoustic	
  propagation	
  

in	
  tissue.	
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1.2	
  Current	
  medical	
  imaging	
  techniques	
  

In	
   modern	
   medicine,	
   medical	
   imaging	
   has	
   undergone	
   major	
   advancements.	
   Today,	
   this	
  

ability	
  to	
  achieve	
  information	
  about	
  the	
  human	
  body	
  has	
  many	
  useful	
  clinical	
  applications.	
  

Over	
   the	
   years,	
   different	
   types	
   of	
  medical	
   imaging	
   have	
   been	
   developed,	
   each	
  with	
   their	
  

own	
  advantages	
  and	
  disadvantages.	
  Diagnostic	
   imaging	
   lets	
  doctors	
   look	
   inside	
  our	
  body	
  

for	
   clues	
   about	
   a	
   medical	
   condition.	
   A	
   variety	
   of	
   machines	
   and	
   techniques	
   can	
   create	
  

pictures	
  of	
  the	
  structures	
  and	
  activities	
  inside	
  our	
  body.	
  The	
  type	
  of	
  imaging	
  used	
  depends	
  

on	
  the	
  symptoms	
  and	
  the	
  part	
  of	
  our	
  body	
  being	
  examined.	
  Some	
  of	
  the	
  recent	
  and	
  widely	
  

used	
  imaging	
  techniques	
  include	
  X-­‐Ray,	
  Computed	
  Tomography	
  (CT),	
  Magnetic	
  Resonance	
  

Imaging	
  (MRI),	
  ultrasound,	
  optical	
  coherence	
  tomography	
  (OCT),	
  etc.	
  Optoacoustic	
  imaging	
  

is	
  one	
  of	
  the	
  most	
  recent	
  and	
  advanced	
  imaging	
  techniques	
  specifically	
  for	
  soft	
  tissues.	
  	
  

An	
   X-­‐ray	
   is	
   high-­‐energy	
   radiation	
   that	
   can	
   easily	
   penetrate	
   materials	
   such	
   as	
   skin	
   and	
  

tissues	
   but	
   cannot	
   easily	
   penetrate	
   metals	
   and	
   bone.	
   X-­‐ray	
   is	
   the	
   most	
   common	
   energy	
  

source	
  for	
  medical	
  imaging.	
  This	
  is	
  one	
  of	
  the	
  cheapest	
  medical	
  imaging	
  techniques	
  also,	
  but	
  

has	
  a	
  few	
  limitations,	
  including	
  radiation.	
  Ionizing	
  radiation	
  can	
  cause	
  cell	
  damage	
  and	
  lead	
  

to	
   the	
   risk	
   of	
   cancer	
   in	
   future.	
   X-­‐rays	
   also	
   has	
   limited	
  detection	
   ability,	
   so	
   it	
   can't	
   detect	
  

deeper	
  structures	
  very	
  well.	
  Computed	
  tomography	
  (CT),	
   involves	
  using	
  X-­‐ray	
  equipment	
  

to	
  form	
  a	
  three	
  dimensional	
  image	
  from	
  a	
  series	
  of	
  images	
  taken	
  at	
  different	
  angles	
  around	
  

the	
  body[1].	
  Since	
  a	
  CT	
  scan	
  provides	
  a	
  detailed	
  cross-­‐sectional	
  view	
  of	
  structures,	
  the	
  final	
  

picture	
  is	
  far	
  more	
  detailed	
  than	
  an	
  X-­‐ray	
  image.	
  Concerns	
  about	
  CT	
  scans	
  include	
  the	
  risks	
  

from	
   exposure	
   to	
   ionizing	
   radiation	
   and	
   possible	
   reactions	
   to	
   the	
   intravenous	
   contrast	
  

agent,	
   or	
   dye,	
   which	
  may	
   be	
   used	
   to	
   improve	
   visualization.	
  Magnetic	
   resonance	
   imaging	
  

(MRI)	
  uses	
  powerful	
  magnets	
  and	
  radio	
  waves	
  to	
  produce	
  detailed	
  images	
  of	
  the	
  body.	
  The	
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human	
   body	
   is	
   mostly	
   water,	
   which	
   contains	
   hydrogen	
   atoms.	
   The	
   magnet	
   in	
   an	
   MRI	
  

machine	
  produces	
  a	
  strong	
  magnetic	
  field	
  (0.5	
  –	
  3.0	
  tesla)	
  that	
  interacts	
  with	
  the	
  hydrogen	
  

atoms[2].	
   A	
   combination	
   of	
   the	
   magnetic	
   field	
   and	
   different	
   radio	
   frequencies	
   makes	
   it	
  

possible	
  to	
  generate	
  an	
  image.	
  MRI	
   is	
  useful	
   for	
   imaging	
  the	
  structure	
  and	
  function	
  of	
  the	
  

brain[3],	
  heart	
  and	
  liver[4],	
  soft	
  tissues[5],	
  and	
  the	
  inside	
  of	
  bones[6].	
  MRI	
  involves	
  risk	
  to	
  

patients	
   who	
   have	
   metallic	
   implants,	
   including	
   pacemakers,	
   prosthetic	
   cardiac	
   valves,	
  

surgical	
   clips,	
   orthopedic	
   appliances,	
  penile	
   implants,	
  cochlear	
   implants,	
   intravascular	
  

filters,	
  stents,	
  coils,	
  dental	
  materials	
  and	
  shunt	
  connectors[7].	
  	
  Hence,	
  they	
  are	
  typically	
  not	
  

candidates	
  for	
  MRI	
  procedures.	
  	
  

Ultrasonic	
  imaging	
  is	
  the	
  second	
  most	
  used	
  imaging	
  modality	
  in	
  medicine	
  (the	
  first	
  being	
  x-­‐

rays)[8].	
   It	
   is	
   estimated	
   that	
   over	
   25%	
   of	
   all	
   medical	
   imaging	
   procedures	
   involve	
  

ultrasound[9].	
   Ultrasound	
   imaging	
   uses	
   high-­‐frequency	
   (1-­‐20	
   MHz)	
   sound	
   waves	
   to	
  

produce	
   images	
   of	
   body	
   tissues	
   and	
   organs.	
   A	
   device	
   called	
   a	
   transducer	
   produces	
   the	
  

sound	
  waves.	
  The	
   transducer	
   is	
  placed	
  on	
   the	
   skin.	
   Sound	
  waves	
   enter	
   the	
  body	
  and	
  are	
  

reflected	
   back	
   by	
   internal	
   body	
   structures,	
   much	
   like	
   an	
   echo	
   to	
   the	
   transducer.	
   These	
  

reflected	
  sound	
  waves	
  form	
  an	
  image	
  of	
  the	
  body	
  structure,	
  which	
  is	
  recorded	
  on	
  a	
  screen.	
  

Because	
   images	
   can	
   be	
   blurred	
   by	
   the	
   presence	
   of	
   air	
   or	
   gas,	
   ultrasound	
   is	
   not	
  

recommended	
   for	
   imaging	
   the	
   intestinal	
   area	
   [10].	
   Ultrasound	
   is	
   used	
   to	
   study	
   soft	
  

tissues[11]	
  and	
  major	
  organs	
  in	
  the	
  body.	
  It	
  is	
  not	
  recommended	
  for	
  studying	
  bone	
  because	
  

sound	
  wave	
  penetration	
  in	
  bone	
  is	
  limited.	
  Ultrasound	
  is	
  also	
  used	
  in	
  the	
  diagnosis	
  of	
  heart	
  

problems[12].	
  An	
  echocardiogram	
  can	
  be	
  used	
  to	
  find	
  out	
  if	
  there	
  is	
  any	
  abnormality	
  in	
  the	
  

heart	
   or	
   blood	
   vessels	
   that	
   could	
   lead	
   to	
   problems	
   such	
   as	
   stroke.	
   Ultrasonic	
   imaging	
   is	
  

used	
  extensively	
  in	
  obstetrics.	
  For	
  example,	
  the	
  size	
  and	
  weight	
  of	
  a	
  baby	
  can	
  be	
  estimated	
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by	
  measuring	
  the	
  diameter	
  of	
  the	
  head,	
  abdominal	
  circumference	
  and	
  femur	
  length	
  on	
  an	
  

ultrasound	
  image[9].	
  	
  

Optical	
   tomographic	
  techniques	
  are	
  of	
  particular	
   importance	
   in	
  the	
  medical	
  field,	
  because	
  

these	
   techniques	
   can	
   provide	
   non-­‐invasive	
   diagnostic	
   images.	
   Tomographic	
   techniques	
  

generate	
   3D	
   images	
   of	
   target	
   inside	
   the	
   body.	
   There	
   are	
   two	
   well	
   developed	
   optical	
  

tomography	
   techniques:	
   diffuse	
   optical	
   tomography	
   (DOT),	
   and	
   optical	
   diffraction	
  

tomography	
   (ODT).	
   The	
   vast	
   majority	
   of	
   applications	
   of	
   these	
   techniques	
   are	
   in	
   the	
  

biomedical	
   field[13].	
   Diffuse	
   Optical	
   Tomography	
   (DOT)	
   and	
   Imaging	
   (DOI)	
   are	
   non-­‐

invasive	
   techniques	
   that	
   utilize	
   light	
   in	
   the	
   near	
   infrared	
   spectral	
   region	
   to	
  measure	
   the	
  

optical	
   properties	
   of	
   tissues[14].	
   The	
   techniques	
   rely	
   on	
   the	
   object	
   under	
   study	
   being	
   at	
  

least	
   partially	
   light-­‐transmitting	
   or	
   translucent,	
   so	
   it	
   works	
   best	
   on	
   soft	
   tissues	
   such	
   as	
  

breast[15]	
   and	
   brain	
   tissue[15].	
   By	
   monitoring	
   spatial-­‐temporal	
   variations	
   in	
   the	
   light	
  

absorption	
   and	
   scattering	
   properties	
   of	
   tissue,	
   regional	
   variations	
   in	
   oxy-­‐	
   and	
   deoxy-­‐

hemoglobin	
  concentration	
  as	
  well	
  as	
  cellular	
  scattering	
  can	
  be	
  imaged[16].	
  Based	
  on	
  these	
  

measurements,	
   spatial	
  maps	
  of	
   tissue	
  properties	
   such	
   as	
   total	
   hemoglobin	
   concentration,	
  

blood	
  oxygen	
  saturation	
  and	
  scattering	
  can	
  be	
  obtained	
  using	
  model-­‐based	
  reconstruction	
  

algorithms.	
  DOT	
  and	
  DOI	
  have	
  been	
  applied	
   in	
  various	
  deep-­‐tissue	
  applications	
   including	
  

breast	
  cancer	
  imaging[17],	
  brain	
  functional	
  imaging[18]	
  etc.	
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Optical	
   coherence	
   tomography	
   (OCT)	
   is	
   physically	
   based	
   on	
   ODT.	
   OCT	
   is	
   analogous	
   to	
  

ultrasound	
  imaging,	
  except	
  that	
  it	
  uses	
  light	
  (laser)	
  instead	
  of	
  sound.	
  OCT	
  can	
  function	
  as	
  a	
  

type	
   of	
   optical	
   biopsy[19]	
   and	
   is	
   a	
   powerful	
   imaging	
   technology	
   for	
  medical	
   diagnostics	
  

because	
  unlike	
   conventional	
  histopathology	
  which	
   requires	
   removal	
  of	
   a	
   tissue	
   specimen	
  

and	
  processing	
  for	
  microscopic	
  examination,	
  OCT	
  can	
  provide	
  images	
  of	
  tissue	
  in	
  situ	
  and	
  in	
  

real	
   time[20].	
   OCT	
   images	
   are	
   two-­‐dimensional	
   data	
   sets	
   that	
   represent	
   the	
   optical	
  

backscattering	
  in	
  a	
  cross-­‐sectional	
  plane	
  through	
  the	
  tissue.	
  Image	
  resolution	
  of	
  1	
  to	
  15	
  µm	
  

can	
  be	
  achieved	
  one	
  to	
  two	
  orders	
  of	
  magnitude	
  better	
  than	
  conventional	
  ultrasound[21].	
  

In	
   the	
   late	
   90s,	
   numerous	
   developments	
   in	
   OCT	
   technology	
  were	
  made.	
   High	
   speed	
   real	
  

time	
   OCT	
   imaging	
   has	
   been	
   demonstrated	
   with	
   acquisition	
   rates	
   of	
   several	
   frames	
   per	
  

second[22][23].	
   High	
   resolution	
   and	
   ultra	
   high	
   resolution	
   OCT	
   imaging	
   have	
   been	
  

demonstrated	
   using	
   novel	
   laser	
   light	
   sources	
   and	
   axial	
   resolutions	
   as	
   high	
   as	
   1	
   µm	
  have	
  

been	
  achieved[24][25][26].	
  Cellular	
   level	
  OCT	
  imaging	
  has	
  recently	
  been	
  demonstrated	
   in	
  

developmental	
  biology	
   research[27].	
  OCT	
  has	
  been	
   interfaced	
  with	
   catheters,	
   endoscopes	
  

and	
  laparoscopes	
  which	
  permits	
  internal	
  imaging[28][29].	
  	
  

The	
   above	
   mentioned	
   medical	
   imaging	
   techniques	
   cover	
   a	
   whole	
   spectrum	
   of	
   possible	
  

modalities	
  that	
  can	
  be	
  made	
  to	
  suit	
  the	
  demands	
  of	
  the	
  clinician	
  to	
  make	
  a	
  good	
  diagnosis.	
  

But	
   everything	
   comes	
   with	
   a	
   price.	
   All	
   of	
   these	
   techniques	
   have	
   their	
   advantages,	
   but	
  

moreover	
   their	
   disadvantages.	
   Ultrasound	
   imaging	
   on	
   the	
   other	
   hand	
   is	
   safe	
   in	
   terms	
   of	
  

minimal	
  side	
  effects,	
  is	
  low	
  in	
  cost,	
  can	
  achieve	
  real-­‐time	
  imaging,	
  but	
  suffers	
  from	
  limited	
  

contrast.	
  

A	
   possible	
   addition	
   to	
   the	
   spectrum	
   would	
   be	
   a	
   technique	
   that	
   can	
   compensate	
   for	
   the	
  

downsides	
  of	
  ultrasound	
  imaging	
  and	
  not	
  forfeit	
  too	
  much	
  of	
  the	
  advantages	
  this	
  technique	
  

already	
   has.	
   Optoacoustic	
   imaging	
   (OAI)	
   is	
   one	
   of	
   these	
   new	
   techniques.	
   It	
   provides	
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contrast	
  between	
   tissues	
   structures	
  based	
  on	
   the	
  optical	
   absorption	
  of	
  pulsed	
   laser	
   light.	
  

This	
   technique	
   has	
   high	
   potential	
   in	
   terms	
   of	
   providing	
   functional	
   information,	
   high	
  

resolution,	
  fast	
  scanning	
  speed,	
  and	
  at	
  a	
  relative	
  lower	
  cost	
  per	
  procedure	
  compared	
  to	
  CT	
  

($	
  600-­‐$1100)	
  and	
  MRI	
  ($900-­‐$1900)[30].	
  

	
  

1.3	
  The	
  optoacoustic	
  effect	
  

The	
   history	
   of	
   optoacoustics	
   also	
   known	
   as	
   “photoacoustics”	
   dates	
   back	
   to	
   the	
   19th	
  

century[31],	
   when	
   A.	
   G.	
   Bell	
   presented	
   his	
   invention,	
   the	
   photophone,	
   an	
   early	
   wireless	
  

communication	
  device[31].	
  He	
  used	
  modulated	
  sunlight	
  to	
  transmit	
  spoken	
  messages.	
  The	
  

usability	
  of	
  the	
  device	
  was	
  limited	
  by	
  the	
  light	
  source,	
  the	
  sun,	
  which	
  was	
  one	
  of	
  the	
  most	
  

readily	
   available	
   light	
   sources	
   back	
   then.	
   Even	
   though	
   a	
   first	
   prototype	
   of	
   the	
   system	
  

seemed	
  to	
  work,	
   it	
  could	
  not	
  compete	
  with	
   the	
  spreading	
  wired	
  telegraph	
  and	
  telephone.	
  

The	
  optoacoustic	
  effect	
  disappeared	
   from	
  research	
   for	
  want	
  of	
  a	
  better	
   light	
  source.	
  With	
  

the	
  invention	
  of	
  the	
  laser	
  in	
  the	
  sixties,	
  new	
  high	
  power	
  light	
  sources	
  became	
  available,	
  and	
  

optoacoustic	
   research	
   was	
   revived	
   with	
   a	
   first	
   focus	
   on	
   chemical	
   spectroscopy	
   of	
  

gases[32][33].	
  With	
  periodic	
  optoacoustic	
   excitation	
  at	
   the	
   resonant	
   frequency	
  of	
   the	
  gas	
  

container	
  and	
  lock-­‐in	
  detection	
  these	
  devices	
  can	
  trace	
  very	
  small	
  concentrations	
  down	
  to	
  

parts	
  per	
  billion	
  (PPB)	
  levels[32][34][33].	
  

The	
   optoacoustic	
   effect	
   can	
   be	
   defined	
   as	
   the	
   conversion	
   of	
   absorbed	
   optical	
   (or	
  

electromagnetic)	
   energy	
   to	
   acoustic	
   energy.	
   There	
   is	
   a	
   considerable	
   literature	
   on	
  

optoacoustic	
   signal	
   generation	
   and	
   the	
   physical	
   effects,	
   which	
   are	
   responsible	
   for	
   the	
  

optoacoustic	
   effect[35][36][37][38].	
   The	
   thermoelastic	
   effect[39]	
   seems	
   to	
   be	
   more	
  

efficient	
  with	
  optical	
  energy	
  compared	
  to	
  the	
  various	
  other	
  energy	
  sources	
  (e.g.	
  microwave,	
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RF)	
  by	
  which	
  acoustic	
  waves	
  can	
  be	
  generated.	
  The	
  absorption	
  of	
  optical	
  energy	
   leads	
   to	
  

localized	
  heating	
  of	
   the	
  object,	
  and	
  subsequent	
   thermal	
  expansion	
  will	
  generate	
  an	
   initial	
  

pressure	
  distribution	
   inside	
   the	
  object.	
   This	
   initial	
   pressure	
  distribution	
   finally	
   results	
   in	
  

outwards	
   traveling	
   pressure	
   waves.	
   	
   Figure	
   1.1	
   shows	
   the	
   schematic	
   diagram	
   of	
   the	
  

principle	
  of	
  OA	
  wave	
  detection.	
  

	
  

Figure	
  1.1:	
  Schematic	
  diagram	
  showing	
  the	
  principle	
  of	
  optoacoustic	
  wave	
  detection	
  

	
  

To	
  generate	
  optoacoustic	
  waves	
  efficiently,	
  both	
  thermal	
  and	
  stress	
  confinement	
  conditions	
  

should	
   be	
   satisfied.	
   The	
   thermal	
   confinement	
   condition	
   is	
   satisfied	
  when	
   the	
   laser	
   pulse	
  

duration	
   (τp)	
   is	
   much	
   shorter	
   than	
   the	
   thermal	
   relaxation	
   time	
   (τth).	
   The	
   thermal	
  

relaxation	
  time	
  after	
  absorbing	
  a	
  laser	
  pulse	
  of	
  length	
  τp	
  is	
  given	
  by[40]	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

T

p
th D

L
4

2

=τ 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.1)	
  

where	
  DT	
  is	
  the	
  thermal	
  diffusivity	
  of	
  the	
  sample	
  (cm2/s)	
  and	
  Lp	
  is	
  the	
  characteristic	
  linear	
  

dimension	
  (cm)	
  of	
  the	
  tissue	
  volume	
  being	
  heated.	
  Stress	
  confinement	
  is	
  satisfied	
  when	
  the	
  

duration	
  of	
  the	
  laser	
  pulse	
  (τp)	
  is	
  shorter	
  than	
  the	
  time	
  it	
  takes	
  for	
  the	
  stress	
  to	
  transit	
  the	
  

heated	
  region	
  (τs)	
  given	
  by[41]	
  

Optoacoustic	
  signals	
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   c
Lp

s =τ 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.2)	
  

where	
  c	
  is	
  the	
  speed	
  of	
  sound	
  in	
  tissue.	
  For	
  example,	
  to	
  successfully	
  image	
  a	
  target	
  with	
  Lp	
  =	
  

150	
  µm,	
  c	
  =	
  1.5	
  X	
  105	
  cm/s,	
  and	
  DT	
  ≈	
  1.4×10-­‐3	
  cm2/s,	
  equations	
  1.1	
  and	
  1.2	
  indicate	
  that	
  τth	
  

≈	
   40	
  ms	
   and	
   τs	
   ≈	
   100	
   ns[40].	
   Hence,	
   the	
   laser	
   pulse	
  width	
  must	
   be	
   less	
   than	
   100	
   ns	
   to	
  

satisfy	
   the	
   stress	
   confinement	
   criterion	
   for	
   these	
  particular	
   tissue	
  properties.	
  When	
  both	
  

stress	
  and	
   thermal	
  confinements	
  are	
  satisfied,	
   the	
  optoacoustic	
  maximum	
  pressure,	
  p0,	
   at	
  

the	
  pressure	
  source	
  can	
  be	
  expressed	
  by:	
  	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   φµaop Γ= 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.3)	
  

	
  

where	
   Γ	
   is	
   the	
   Grüneisen	
   coefficient,	
   a	
   dimensionless	
   quantity	
   that	
   represents	
  

thermoacoustic	
  efficiency	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   pC
c2β

=Γ
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.4)	
  	
  	
  	
  	
  	
  

where	
  μa	
  is	
  the	
  optical	
  absorption	
  coefficient	
  [cm-­‐1],	
  Φ	
  is	
  the	
  laser	
  fluence	
  [J/cm2],	
  β	
  is	
  the	
  

volume	
   expansion	
   coefficient	
   [K-­‐1],	
   c	
   is	
   the	
   speed	
   of	
   sound	
   [cm/s],	
   and	
   Cp	
   is	
   the	
   heat	
  

capacity	
  at	
  constant	
  pressure	
  [J/(kg	
  K)][42][43][44].	
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1.4	
  Light	
  Propagation	
  in	
  Tissues	
  

The	
  origins	
  of	
  the	
  idea	
  of	
  using	
  light	
  to	
  investigate	
  the	
  interior	
  of	
  the	
  human	
  body	
  lie	
  in	
  the	
  

19th	
  century.	
  However,	
  the	
  implementation	
  of	
  routine	
  optical	
  imaging	
  of	
  biological	
  tissue	
  in	
  

vivo	
   has	
   proven	
   evasive.	
   This	
   is	
   mainly	
   due	
   to	
   one	
   highly	
   disadvantageous	
   property	
   of	
  

biological	
   tissue:	
   tissue	
   is	
   not	
   a	
   homogeneous	
   medium	
   but	
   a	
   complicated	
   mixture	
   of	
  

materials	
  and	
  structures	
  of	
  all	
  sizes.	
  Light	
  absorption	
  in	
  tissues	
  at	
  visible	
  and	
  near	
  infrared	
  

wavelengths	
  is	
  much	
  lower	
  than	
  light	
  scattering.	
  As	
  a	
  result,	
  a	
  significant	
  proportion	
  of	
  the	
  

light	
  used	
  to	
  illuminate	
  tissue	
  is	
  scattered	
  and	
  the	
  effective	
  path	
  lengths	
  of	
  photons	
  in	
  the	
  

medium	
  significantly	
  increased.	
  In	
  combination	
  this	
  leads	
  to	
  a	
  limited	
  penetration	
  in	
  tissue	
  

on	
  the	
  order	
  of	
  a	
  few	
  centimeters	
  for	
  multiply	
  scattered	
  light.	
  In	
  the	
  field	
  of	
  optical	
  imaging	
  

of	
   biological	
   tissues,	
  methods	
   are	
   generally	
   differentiated	
   by	
   the	
   photon	
  wavelength	
   and	
  

pulse	
  length.	
  	
  

Four	
  different	
  optical	
  parameters	
  are	
  used	
  to	
  describe	
  optical	
  propagation	
  in	
  bulk	
  medium:	
  

the	
   refractive	
   index	
  n	
   (which	
  describes	
  how	
   light	
   can	
   change	
  direction	
  at	
   interfaces),	
   the	
  

scattering	
  coefficient	
  μs,	
  the	
  absorption	
  coefficient	
  μa	
  and	
  the	
  scattering	
  anisotropy	
  g.	
  

Biological	
   tissue	
   does	
   not	
   have	
   a	
   constant	
   refractive	
   index	
   throughout	
   the	
   medium.	
  

However,	
   one	
   can	
   treat	
   the	
   refractive	
   index	
   as	
   constant	
   by	
   using	
   the	
   effective	
   refractive	
  

index	
  of	
  the	
  medium.	
  For	
  most	
  soft	
  biological	
  tissues	
  the	
  effective	
  refractive	
  index	
  is	
  in	
  the	
  

range	
  of	
  1.33	
  to	
  1.6[45].	
  

The	
   scattering	
   coefficient	
  μs	
   is	
  defined	
  as	
   the	
  probability	
  of	
   a	
  photon	
  being	
   scattered	
  per	
  

unit	
   infinitesimal	
   path	
   length	
   (cm-­‐1).	
   The	
   average	
   distance	
   a	
   photon	
   travels	
   between	
  

scattering	
   events	
   is	
   given	
   by	
   the	
   reciprocal	
   of	
   the	
   scattering	
   coefficient	
   and	
   called	
   the	
  

scattering	
  mean	
  free	
  path[46]:	
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   ls = µs
−1
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.5)	
  

Similarly	
   to	
   the	
   scattering	
   coefficient,	
   the	
   absorption	
   coefficient	
   μa	
   is	
   the	
   probability	
   of	
   a	
  

photon	
   being	
   absorbed	
   per	
   unit	
   infinitesimal	
   path	
   length	
   (cm-­‐1).	
   The	
   average	
   distance	
   a	
  

photon	
   travels	
   until	
   it	
   is	
   absorbed	
   is	
   then	
   defined	
   by	
   the	
   reciprocal	
   of	
   the	
   absorption	
  

coefficient	
  and	
  called	
  the	
  mean	
  absorption	
  length[46]	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1−= aal µ 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.6)	
  

Scattering	
   anisotropy,	
   g,	
   describes	
   the	
   average	
   cosine	
   of	
   the	
   polar	
   scattering	
   angle.	
   For	
  

isotropic	
   scattering	
   (intensity	
   of	
   light	
   radiated	
   is	
   the	
   same	
   in	
   all	
   direction),	
   g,	
   is	
   equal	
   to	
  

zero	
   and	
   for	
   purely	
   forward	
   scattering	
   g	
   is	
   equal	
   to	
   1.	
   Most	
   biological	
   tissues	
   have	
   a	
  

scattering	
  anisotropy	
  of	
  about	
  0.9[47].	
  The	
  reduced	
  scattering	
  coefficient,	
  µs’,	
   is	
  a	
   lumped	
  

property,	
  that	
  incorporates	
  the	
  scattering	
  coefficient,	
  µs,	
  and	
  the	
  anisotropy,	
  g.	
  

                                                                                                                                                             ( ) ss g µµ −= 1'                                                                                                                               (1.7)  

With	
  optoacoustics	
  knowledge	
  of	
  the	
  light	
  intensity	
  is	
  needed	
  to	
  understand	
  the	
  generation	
  

of	
  acoustic	
  waves	
  according	
  to	
  equation	
  (1.3).	
  The	
  light	
  intensity	
  as	
  a	
  function	
  of	
  depth,	
  Z,	
  

for	
  an	
  uncollimated	
  light	
  source	
  incident	
  on	
  a	
  block	
  of	
  tissue	
  is	
  given	
  by:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
    

€ 

I( Z ) = Ioe
−µeff z 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
    (1.8)

  

where	
   I° 	
  is	
  incident	
  light	
  and	
  µeff	
  is	
  the	
  effective	
  attenuation	
  coefficient,	
  defined	
  as:	
  

                                                                                                                                                 )'(3 saaeff µµµµ +=                                                                                                           (1.9)  

Another	
   important	
  parameter	
   is	
   “optical	
  penetration	
  depth”,	
  δ	
  ,	
  which	
   is	
   the	
  reciprocal	
  of	
  

µeff	
  [48]	
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   effµ
δ

1
=

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.10)	
  

For	
   optoacoustics,	
   photons	
   themselves	
   do	
   not	
   act	
   as	
   carriers	
   of	
   information	
   about	
   the	
  

medium	
  but	
  merely	
  serve	
  as	
  a	
  source	
  of	
  energy	
  for	
  the	
  optoacoustic	
  effect.	
  The	
  information	
  

about	
  the	
  medium	
  is	
  carried	
  by	
  the	
  generated	
  acoustic	
  waves.	
  Therefore,	
  the	
  complexity	
  of	
  

the	
  paths	
  of	
  the	
  photons	
  in	
  the	
  medium	
  is	
  of	
  importance	
  only	
  in	
  so	
  far	
  as	
  it	
  is	
  related	
  to	
  the	
  

distribution	
   of	
   luminous	
   energy	
   in	
   the	
  medium.	
   All	
   the	
   parameters	
   discussed	
   above	
   are	
  

important	
  to	
  understand	
  the	
  optical	
  propagation	
  in	
  tissues.	
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1.5	
  Acoustic	
  propagation	
  in	
  tissues	
  

Sound,	
   by	
   definition,	
   consists	
   of	
   mechanical	
   vibrations	
   propagating	
   through	
   an	
   elastic	
  

medium.	
  These	
  mechanical	
  vibrations	
  are	
  caused	
  by	
  periodic	
  changes	
  in	
  the	
  pressure	
  of	
  the	
  

medium,	
  which	
  are	
  in	
  turn	
  caused	
  by	
  forces	
  acting	
  on	
  the	
  individual	
  molecules	
  themselves.	
  

Sound	
  propagates	
  because	
   these	
  molecular	
   vibrations	
   are	
   traveling	
   from	
  one	
  molecule	
   to	
  

another	
   in	
   such	
   a	
   way	
   that	
   is	
   periodic	
   in	
   nature.	
   The	
  frequency	
  of	
   a	
   sound	
   wave	
   is	
   the	
  

number	
  of	
  cycles	
  a	
  given	
  molecule	
  oscillates	
  through	
  per	
  second.	
  The	
  elastic	
  medium	
  can	
  be	
  

a	
  solid,	
  liquid	
  or	
  gas.	
  The	
  only	
  real	
  requirement	
  is	
  that	
  there	
  are	
  molecules	
  available	
  to	
  pass	
  

on	
   the	
   vibrations.	
   Unlike	
   electromagnetic	
   wave	
   propagation,	
   sound	
  waves	
   are	
   unable	
   to	
  

travel	
   in	
   a	
   vacuum.	
   The	
   important	
   acoustic	
   propagation	
   properties	
   for	
   soft	
   tissues	
   are	
  

acoustic	
  velocity,	
  acoustic	
  impedance	
  and	
  acoustic	
  attenuation.	
  There	
  are	
  also	
  some	
  tissue	
  

properties,	
  which	
  are	
  responsible	
  for	
  acoustic	
  propagation,	
  which	
  include	
  elasticity,	
  density	
  

and	
  compressibility.	
  	
  

	
  Elasticity	
  is	
  the	
  ability	
  of	
  an	
  object	
  to	
  return	
  to	
  its	
  original	
  shape	
  after	
  a	
  force	
  has	
  disturbed	
  

it.	
   The	
   amount	
   of	
   distortion	
   experienced	
   by	
   the	
   object	
   is	
   largely	
   determined	
   by	
   the	
  

molecular	
   interactions	
   within	
   it.	
   The	
   same	
   can	
   be	
   said	
   for	
   tissues.	
   An	
   ultrasound	
   wave	
  

traveling	
   through	
   tissues	
   creates	
   tiny	
   elastic	
   deformations	
   of	
   molecules,	
   and	
   is	
  

subsequently	
   detected	
   by	
   the	
   transducer	
   and	
   formed	
   into	
   an	
   image[49].	
   Density	
  (ρ)	
  is	
  

another	
  tissue	
  property	
  that	
  will	
  affect	
  the	
  propagation	
  of	
  ultrasound	
  waves.	
  An	
  increase	
  in	
  

density	
  will	
   slow	
   the	
   rate	
   of	
   sound	
   travel	
   through	
   the	
  medium.	
   This	
  makes	
   sense	
   if	
   one	
  

considers	
  that	
  a	
  higher	
  density	
  means	
  more	
  mass	
  per	
  volume	
  and	
  thus	
  more	
  molecules	
  for	
  

the	
  sound	
  wave	
   to	
  attempt	
   to	
  disturb.	
  Compressibility	
  (K)	
  of	
   the	
  medium	
  is	
   the	
   fractional	
  

decrease	
   in	
   volume	
   when	
   a	
   pressure	
   is	
   applied	
   to	
   it.	
   A	
   denser	
   medium	
   experiences	
   a	
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smaller	
  decrease	
  in	
  volume	
  when	
  a	
  constant	
  pressure	
  is	
  applied	
  to	
  it,	
  and	
  thus	
  would	
  have	
  a	
  

low	
  compressibility.	
  The	
  converse	
  can	
  be	
  said	
  for	
  low-­‐density	
  media.	
  	
  

The	
  density	
  ρ,	
  compressibility	
  K,	
  combine	
  to	
  determine	
  the	
  speed	
  c,	
  of	
  sound	
  propagation	
  

through	
  any	
  tissue[49],	
  according	
  to:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
c = 1

Kρ( ) 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.11)
	
  

The	
  average	
  velocity	
  of	
  ultrasound	
  waves	
  in	
  soft	
  tissues	
  is	
  1540	
  m/s.	
  See	
  Table	
  1.1	
  for	
  the	
  

speed	
  of	
  sound	
  in	
  various	
  tissues.	
  

	
  

Acoustic	
  Impedance	
  (Z)	
  is	
  the	
  product	
  of	
  the	
  medium’s	
  density,	
  ρ	
  and	
  sound	
  velocity,	
  c,	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Z	
  =	
  ρc	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.12)	
  

Acoustic	
  impedances	
  for	
  various	
  tissues	
  are	
  listed	
  in	
  Table	
  (1.1).	
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Material	
  

Density	
  
(Kg/m3)	
  

Velocity	
  

(m/s)	
  

Acoustic	
  
impedance	
  

(Kg/m2/s	
  x	
  10-­‐6)	
  

Air	
   1.2	
   330	
   .0004	
  

Water	
  (20⁰	
  C)	
   1000	
   1480	
   1.48	
  

Liver	
   1060	
   1550	
   1.64	
  

Muscle	
   1080	
   1580	
   1.70	
  

Fat	
   952	
   1459	
   1.38	
  

Brain	
   994	
   1560	
   1.55	
  

Kidney	
   1038	
   1560	
   1.62	
  

Spleen	
   1045	
   1570	
   1.64	
  

Blood	
   1057	
   1575	
   1.62	
  

Lung	
   400	
   650	
   0.26	
  

Aqueous	
  humor	
   1000	
   1500	
   1.50	
  

Vitreous	
  humor	
   1000	
   1520	
   1.52	
  

	
  

Table-­‐1.1:	
  Velocity	
  and	
  acoustic	
  impedance	
  of	
  sound	
  in	
  various	
  materials[49].	
  

	
  

Impedance	
   mismatching	
  is	
   an	
   important	
   aspect	
   of	
   ultrasonic	
   imaging.	
   If	
   two	
   adjoining	
  

media	
   have	
   the	
   same	
   acoustic	
   impedance,	
   nothing	
   happens,	
   the	
   wave	
   simply	
   passes	
  

through	
   the	
   interface.	
   But	
   the	
   same	
   cannot	
   be	
   said	
   if	
   the	
   two	
   media	
   have	
   different	
  

impedances.	
  In	
  this	
  case	
  some	
  portion	
  of	
  the	
  sound	
  wave	
  is	
  reflected	
  at	
  the	
  interface	
  of	
  the	
  

two	
  media.	
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Figure	
  1.2:	
  Schematic	
  diagram	
  showing	
  various	
  phenomena	
  of	
  sound	
  in	
  different	
  media	
  for	
  sound	
  waves	
  that	
  
are	
  incident	
  normal	
  to	
  an	
  interface.	
  

	
  

The	
  reflection	
  is	
  due	
  to	
  impedance	
  mismatching.	
  If	
  an	
  ultrasound	
  beam	
  is	
  directed	
  towards	
  

an	
  interface,	
  say	
  tissue-­‐air	
  or	
  tissue-­‐bone,	
  then	
  part	
  of	
  it	
  will	
  be	
  reflected	
  back	
  towards	
  the	
  

source.	
   The	
  reflection	
   coefficient,	
  αR,	
   is	
   a	
   value	
   that	
   relates	
   the	
   acoustical	
   impedances	
   in	
  

such	
   a	
  way	
   that	
  when	
  multiplied	
  by	
  100%,	
   it	
   gives	
   the	
  percentage	
   of	
   sound	
   reflected.	
   In	
  

addition	
   to	
   a	
   portion	
   of	
   the	
   sound	
   wave	
   being	
   reflected,	
   the	
   remainder	
  

is	
  transmitted	
  through	
   the	
   interface.	
  As	
   can	
   be	
   seen	
   in	
   the	
   (figure	
   1.2),	
  at	
   the	
   interface	
   of	
  

medium	
  1	
  and	
  medium	
  2,	
  some	
  sound	
  is	
  reflected	
  and	
  some	
  is	
  transmitted.	
  	
  

	
  

	
  

	
  

Sound 

Source	
  

Incident 

Reflected 

Transmitted 

Medium 1 Medium 2 
Z1	
   Z2	
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Similar	
  to	
  reflection,	
  there	
  is	
  also	
  a	
  transmission	
  coefficient,αT ,  that	
  leads	
  to	
  the	
  percentage	
  

of	
  sound	
  transmitted	
  through	
  the	
  interface[50].	
  The	
  coefficients	
  are	
  given	
  by	
  [122].	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

2

12

12
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+

−
=

ZZ
ZZ

Rα
,

	
  αT =
4Z1Z2
Z2 + Z1( )2

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.13)	
  

where	
  Z1	
  and	
  Z2	
  are	
  impendences.	
  

This	
  impedance	
  mismatching	
  is	
  what	
  allows	
  the	
  visualization	
  of	
  soft	
  tissues	
  to	
  occur	
  using	
  

conventional	
  ultrasound	
  imaging[51].	
  

When	
   ultrasound	
   waves	
   are	
   propagating	
   through	
   tissues	
   they	
   are	
  

attenuated.	
  Attenuation	
  refers	
   to	
   the	
   reduction	
   in	
   intensity	
   of	
   the	
   ultrasound	
   beam	
   as	
   it	
  

passes	
  through	
  tissue.	
  Attenuation	
  is	
  an	
  important	
  concept	
  because	
  it	
  limits	
  the	
  penetration	
  

of	
  sound	
  and	
  thus	
  the	
  depth	
  of	
  an	
  image	
  that	
  can	
  be	
  obtained	
  via	
  ultrasound	
  imaging.	
  The	
  

main	
  contributing	
  factors	
  to	
  attenuation	
  are	
  absorption	
  and	
  scattering.	
  	
  

Absorption	
  is	
  the	
  process	
  whereby	
  ultrasonic	
  sound	
  energy	
  is	
  converted	
  into	
  another	
  form	
  

of	
   energy;	
   mainly	
   heat.	
   There	
   are	
   a	
   number	
   of	
   factors	
   that	
   influence	
  absorption.	
   They	
  

include:	
  the	
  sound	
  frequency	
  and	
  the	
  viscosity	
  of	
  the	
  medium.	
  In	
  order	
  for	
  sound	
  waves	
  to	
  

travel,	
   the	
   molecules	
   in	
   the	
   tissue	
   must	
   be	
   able	
   to	
   move	
   in	
   order	
   to	
   transfer	
  

energy.	
  Viscosity	
  is	
  the	
  resistance	
  of	
  a	
  material	
  to	
  flow.	
  A	
  low	
  viscosity	
  medium	
  moves	
  more	
  

freely,	
   and	
   thus	
   a	
   high	
  viscosity	
  medium	
   will	
   produce	
   more	
   heat	
   due	
   to	
   friction.	
   If	
   the	
  

frequency	
  is	
  increased,	
  the	
  molecules	
  move	
  more	
  often	
  in	
  order	
  to	
  compensate.	
  This	
  in	
  turn	
  

generates	
  more	
  friction	
  and	
  more	
  heat.	
  The	
  frequency	
  and	
  the	
  absorption	
  rate	
  are	
  directly	
  

related	
  quantities.	
  



17	
  
	
  

Scattering	
   is	
  responsible	
   for	
  speckle	
   in	
  the	
  ultrasound	
  image	
  and	
  gives	
   information	
  about	
  

the	
  texture	
  of	
  the	
  tissue[52].	
  When	
  an	
  ultrasound	
  beam	
  strikes	
  a	
  surface,	
  which	
  is	
  in	
  most	
  

cases	
  irregularly	
  shaped,	
  the	
  interface	
  acts	
  as	
  a	
  collection	
  of	
  tiny	
  sound	
  sources,	
  producing	
  

reflections	
   in	
   multiple	
   directions.	
   Scattering	
   has	
   a	
   very	
   strong	
   frequency	
   dependence,	
  

which	
  makes	
   it	
   useful	
   in	
  determining	
   tissue	
   identities.	
  When	
   the	
   frequency	
   is	
   varied,	
   the	
  

scattered	
   reflections	
   change	
   in	
   such	
   a	
   characteristic	
   way	
   that	
   makes	
   it	
   possible	
   to	
  

differentiate	
  one	
  tissue	
  from	
  another[53].	
  	
  

In	
   general,	
   the	
   longer	
   path	
   length	
   means	
   higher	
   attenuation.	
   Also,	
   the	
   attenuation	
  

coefficient	
   increases	
  with	
   increasing	
   frequency.	
   For	
   soft	
   tissues,	
   there	
   is	
   about	
  1/2	
  dB	
  of	
  

attenuation	
  per	
  centimeter	
  for	
  each	
  MHz	
  of	
  frequency[54].	
  Table	
  1.2	
  shows	
  attenuation	
  of	
  

different	
  materials.	
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Material	
   Attenuation	
  
(dB/cm)/MHz	
  

Blood	
   0.18	
  

Fat	
   0.6	
  

Kidney	
   1.0	
  

Muscle	
  (across	
  fibers)	
   3.3	
  

Muscles	
  (along	
  fibers)	
   1.2	
  

Brain	
   0.85	
  

Liver	
   0.9	
  

Lung	
   40.0	
  

Aqueous	
  humor	
   0.022	
  

Vitreous	
  humor	
   0.13	
  

Water	
   0.0022	
  

	
   	
  

Table	
  1.2:	
  The	
  attenuation	
  of	
  different	
  materials	
  including	
  soft	
  tissues[50].	
  

	
  

	
  

1.6	
  Optoacoustic	
  Imaging	
  

Ultrasound	
   waves	
   are	
   used	
   in	
   optoacoustic	
   imaging	
   (OAI)	
   because	
   of	
   their	
   desirable	
  

physical	
  properties,	
  such	
  as	
  deeper	
  tissue	
  penetration	
  (~	
  5.2	
  cm)[55].	
  The	
  combination	
  of	
  

high	
   ultrasonic	
   resolution	
   with	
   good	
   image	
   contrast	
   because	
   of	
   differential	
   optical	
  

absorption	
  is	
  quite	
  advantageous	
  for	
  imaging	
  purposes.	
  	
  When	
  compared	
  with	
  fluorescence	
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imaging,	
   in	
   which	
   the	
   scattering	
   in	
   tissues	
   limits	
   the	
   spatial	
   resolution	
   with	
   increasing	
  

depth,	
   optoacoustic	
   imaging	
   has	
   higher	
   spatial	
   resolution	
   and	
   deeper	
   imaging	
   depth,	
  

because	
  scattering	
  of	
  the	
  ultrasonic	
  signal	
  in	
  tissue	
  is	
  much	
  weaker[56].	
  When	
  compared	
  to	
  

ultrasound	
  imaging,	
  in	
  which	
  the	
  contrast	
  is	
  limited	
  because	
  of	
  the	
  mechanical	
  properties	
  of	
  

biological	
   tissues,	
  optoacoustic	
   imaging	
  has	
  better	
   tissue	
  contrast,	
  which	
   is	
   related	
   to	
   the	
  

optical	
   properties	
   of	
   different	
   tissues.	
   In	
   addition,	
   the	
   absence	
   of	
   ionizing	
   radiation	
   also	
  

makes	
   optoacoustic	
   imaging	
   potentially	
   safer	
   than	
   other	
   imaging	
   techniques,	
   such	
   as	
  

computed	
  tomography	
  and	
  radionuclide-­‐based	
  imaging	
  techniques[57].	
  	
  

Systems	
  for	
  optoacoustic	
  imaging	
  require	
  two	
  primary	
  components:	
  a	
  pulsed	
  energy	
  source	
  

and	
  an	
  acoustic	
  detector.	
  Usually,	
  a	
  pulsed	
  nanosecond	
  laser	
  is	
  used	
  as	
  the	
  energy	
  source.	
  

The	
   laser	
   pulse	
   is	
   delivered	
   to	
   the	
   tissue	
   through	
   a	
   combination	
   of	
   optical	
   fibers	
   and/or	
  

mirrors.	
  Acoustic	
  detectors	
  can	
  be	
  single	
  element	
  or	
  array-­‐based	
  ultrasound	
  transducers	
  of	
  

various	
  central	
  frequencies[58].	
  An	
  ultrasound	
  receiver	
  is	
  required	
  to	
  receive	
  optoacoustic	
  

signals,	
  and	
  a	
  microprocessor	
  is	
  used	
  to	
  handle	
  data	
  acquisition,	
  image	
  reconstruction	
  and	
  

display.	
  	
  

Basically	
  there	
  are	
  two	
  light	
  delivery	
  and	
  detection	
  modes	
  in	
  optoacoustic	
   imaging.	
  When	
  

the	
   light	
   delivery	
   and	
   the	
   detector	
   are	
   in	
   opposite	
   directions,	
   it	
   is	
   called	
   “forward”	
  

mode[59].	
  Forward	
  mode	
  is	
  simple	
  to	
  implement,	
  but	
  in	
  vivo	
  applications	
  are	
  limited	
  by	
  the	
  

thickness	
   of	
   the	
   tissues	
   to	
   be	
   imaged.	
   In	
   the	
   backward	
  mode	
   geometry,	
   delivery	
   of	
   laser	
  

light	
   and	
   receiving	
   of	
   the	
   signals	
   occurred	
   at	
   same	
   side[59]	
   as	
   it	
   is	
   not	
   limited	
   by	
   the	
  

thickness	
  of	
  the	
  anatomy.	
  

Blood	
  is	
  the	
  major	
  optical	
  absorbent	
  in	
  biological	
  tissues.	
  Therefore,	
  the	
  OA	
  signal	
  is	
  mainly	
  

due	
  to	
  the	
  differential	
  concentration	
  of	
  blood.	
  The	
  absorption	
  coefficient	
  of	
  hemoglobin	
  is	
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several	
  orders	
  of	
  magnitude	
  greater	
  than	
  the	
  absorption	
  of	
  surrounding	
  tissue.	
  Hemoglobin	
  

linked	
  with	
  oxygen	
  (oxyhemoglobin)	
  and	
  hemoglobin	
  without	
  oxygen	
  (deoxyhemoglobin)	
  

has	
   different	
   absorption	
   spectra,	
   as	
   presented	
   in	
   Figure	
   1.3(a).	
   Careful	
   selection	
   of	
   the	
  

excitation	
  wavelength	
  can	
  yield	
  important	
  information	
  on	
  oxygenation	
  saturation.	
  Spectral	
  

range	
  higher	
  than	
  the	
  cell’s	
  absorption	
  has	
  no	
  dependence	
  on	
  saturated	
  oxygen	
  (SO2)[60].	
  

Figure	
   1.3(b)	
   shows	
   the	
   absorption	
   spectra	
   of	
   the	
  major	
   absorbers	
   in	
   biological	
   tissues:	
  

water,	
  melanin	
  and	
  blood.	
  This	
  figure	
  shows	
  why	
  NIR	
  is	
  preferred	
  over	
  other	
  wavelengths	
  

for	
   tissue	
   imaging	
   as	
   absorption	
   by	
   water	
   is	
   minimal	
   in	
   this	
   region	
   of	
   the	
   spectra,	
   and	
  

absorption	
  by	
  blood	
  is	
  large.	
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Figure-­‐1.3:	
   	
   (a)	
   Absorption	
   spectra	
   of	
   oxyhemoglobin	
   (HbO2)	
   and	
   deoxyhemoglobin	
   (Hb).	
   (b)	
   Absorption	
  
coefficients	
  of	
  blood,	
  melanosomes	
  and	
  water[44].	
  

	
  

Optoacoustics	
   has	
   several	
   applications	
   such	
   as	
   cancer	
   detection[61][62],	
   small	
   animal	
  

imaging[63],	
  monitoring	
  of	
  angiogenesis	
  and	
  identification	
  of	
  atherosclerosis	
  plaques[64].	
  

The	
  most	
  promising	
  application	
  of	
  OA	
  is	
  cancer	
  detection,	
  specifically	
  breast	
  cancer[65][66]	
  

and	
  recent	
  work	
  on	
  the	
  detection	
  of	
  prostate	
  cancer[67][68].	
  OA	
  is	
  also	
  being	
  investigated	
  

to	
  monitor	
  thermal	
  therapy[69].	
  The	
  basic	
  mechanism	
  of	
  cancer	
  detection	
  is	
  based	
  on	
  the	
  

absorption	
  of	
  light	
  by	
  hemoglobin.	
  To	
  fully	
  understand	
  how	
  blood	
  vessel	
  imaging	
  is	
  useful,	
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the	
   mechanisms	
   of	
   cancerous	
   tumors	
   growth	
   have	
   to	
   be	
   explained.	
   Generally,	
   cell	
  

population	
   is	
   controlled	
   by	
   the	
   body	
   with	
   certain	
   factors	
   that	
   cause	
   the	
   cells	
   to	
   die	
  

(apoptosis)	
  when	
   they	
  are	
  not	
  needed.	
  By	
  not	
   responding	
   to	
   these	
   signals,	
   the	
  cancerous	
  

cell	
  will	
  be	
  uncontrollable.	
  If	
  it	
  can	
  replicate	
  indefinitely,	
  which	
  is	
  not	
  the	
  case	
  for	
  most	
  cells,	
  

it	
  will	
  grow	
  to	
  become	
  a	
  cancer[69].	
  A	
  large	
  number	
  of	
  cancerous	
  cells	
  are	
  called	
  tumor.	
  But	
  

to	
   fuel	
   this	
   exponential	
   growth,	
   the	
   tumor	
   needs	
   nutrients	
   and	
   oxygen[69]	
   which	
   are	
  

supplied	
  by	
  blood	
  vessels.	
   The	
  process	
   involves	
   the	
   creation	
  of	
   new	
  blood	
  vessels	
   and	
   is	
  

called	
  angiogenesis[69].	
  This	
  results	
   in	
  a	
   large	
  volume	
  of	
  blood	
  vessels	
   in	
  and	
  around	
  the	
  

tumor.	
   This	
   higher	
   concentration	
   of	
   blood	
   around	
   the	
   cancer	
   can	
   be	
   used	
   to	
   efficiently	
  

detect	
  it[70][71].	
  Another	
  important	
  aspect	
  to	
  note	
  is	
  that,	
  in	
  general,	
  there	
  are	
  not	
  enough	
  

blood	
  vessels	
  to	
  fuel	
  the	
  entire	
  tumor[69].	
  Therefore,	
  the	
  overall	
  oxygenation	
  ratio	
  is	
  lower,	
  

meaning	
  there	
  is	
  more	
  deoxyhemoglobin.	
  

Oraevsky	
  et	
  al.	
  and	
  Ermilov	
  et	
  al.	
  have	
  demonstrated	
  promising	
  work	
  in	
  the	
  field	
  of	
  breast	
  

cancer	
   detection.	
   Oraevsky	
   et	
   al.[72][61]have	
   developed	
   an	
   imaging	
   system	
   [laser	
  

optoacoustic	
   imaging	
   system	
   (LOIS)]	
   that	
   uses	
   two	
   different	
   lasers,	
   a	
   Nd:YAG	
   laser	
  

operating	
   at	
   1064	
   nm	
   and	
   an	
   Alexandrite	
   laser	
   operating	
   at	
   755	
   nm	
   along	
   with	
   a	
  

hemicylindrical	
   array	
   of	
   transducers.	
   The	
   choice	
   of	
   laser	
   is	
   founded	
   on	
   the	
   difference	
   in	
  

absorption	
   by	
   blood	
   and	
   the	
   required	
   penetration	
   depth.	
   For	
   blood,	
   deoxyhemoglobin	
  

absorbs	
  more	
  in	
  the	
  range	
  of	
  755	
  nm,	
  while	
  oxyhemoglobin	
  absorbs	
  more	
  1064	
  nm	
  light.	
  

By	
   imaging	
   with	
   these	
   two	
   wavelengths,	
   quantitative	
   information	
   of	
   the	
   tissue’s	
  

oxygenation	
  saturation	
  can	
  be	
  extracted	
  from	
  the	
  OA	
  data.	
  Figure	
  (1.4)	
  shows	
  the	
  schematic	
  

diagram	
  of	
  Ermilov’s	
  LOIS-­‐64	
  imaging	
  system.	
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Figure	
  1.4:	
  Schematic	
  diagram	
  of	
  LOIS-­‐64[61].	
  Reprinted	
  with	
  permission,	
  Journal	
  of	
  Biomedical	
  Optics,	
  
(2009).	
  

	
  

	
  

Lao	
  et	
  al.	
  (2008)	
  monitored	
  tumor	
  growth	
  of	
  subcutaneous	
  inoculated	
  breast	
  cancer	
  tumor	
  

cells	
  in	
  a	
  mouse	
  over	
  a	
  20	
  day	
  period	
  using	
  a	
  532	
  nm	
  laser	
  (figure	
  1.5)[73].	
  They	
  found	
  that	
  

morphological	
  vascular	
  features	
  of	
  early	
  tumor	
  growth	
  could	
  be	
  detected	
  using	
  OA	
  imaging.	
  

Total	
   acquisition	
   time	
   for	
   each	
   image	
  was	
   approximately	
   18	
  minutes	
   and	
   changes	
   in	
   the	
  

morphology	
   and	
   optical	
   absorption	
   of	
   the	
   vessels	
   were	
   observed	
   over	
   the	
   duration	
   the	
  

experiment.	
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Figure	
   1.5:	
   a)	
   Schematic	
   diagram	
   of	
   the	
   photoacoustic	
   imaging	
   system	
   used	
   by	
   Lao	
   et.al	
   (2008),	
   and	
   b)	
  
photograph	
   of	
   tumor	
   nodule	
   (left)	
   and	
   corresponding	
   optoacoustic	
   image	
   (right)[73].	
   Reprinted	
   with	
  
permission,	
  Physics	
  in	
  Medicine	
  and	
  Biology,	
  Volume	
  53,	
  Issue	
  15,	
  Pages	
  4205	
  and	
  4207,	
  Figure	
  1	
  and	
  3	
  (2008).	
  

	
  

	
  Laufer	
   et	
   al.	
   [74]	
   demonstrated	
   the	
   use	
   of	
   a	
   novel	
   all-­‐optical	
   photoacoustic	
   scanner	
   for	
  

imaging	
  the	
  development	
  of	
   tumor	
  vasculature	
  and	
   its	
  response	
  to	
  a	
   therapeutic	
  vascular	
  

disrupting	
   agent.	
   The	
   system	
   was	
   used	
   to	
   noninvasively	
   image	
   human	
   colorectal	
   tumor	
  

xenografts	
   implanted	
   subcutaneously	
   in	
   mice	
   (figure	
   1.6)[74].	
   Label-­‐free	
   three-­‐

dimensional	
  in	
   vivo	
  images	
   of	
   whole	
   tumors	
   to	
   depths	
   of	
   almost	
   10	
  mm	
   with	
   sub-­‐100-­‐

micron	
   spatial	
   resolution	
   were	
   acquired	
   in	
   a	
   longitudinal	
   manner.	
   This	
   enabled	
   the	
  

development	
   of	
   tumor-­‐related	
   vascular	
   features,	
   such	
   as	
   vessel	
   tortuosity,	
   feeding	
   vessel	
  

a)	
  

b)	
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recruitment,	
  and	
  necrosis	
  to	
  be	
  visualized	
  over	
  time.	
  Acquisition	
  time	
  for	
  each	
  image	
  was	
  

approximately	
  8	
  minutes.	
  

	
  

	
  

	
  

Figure	
   1.6:	
   a)	
   Schematic	
   of	
   the	
   optoacoustic	
   imaging	
   system	
   used	
   by	
   Laufer	
   et.al	
   (2012)	
   and	
   (right)	
   a	
  
photograph	
   of	
   the	
   imaging	
   system	
   showing	
   the	
   system	
   in	
   operation	
   and	
   the	
   anaesthetized	
   animal.	
   b)	
  	
  
Optoacoustic	
  images	
  (maximum	
  intensity	
  projections)	
  showing	
  the	
  development	
  of	
  human	
  colorectal	
  tumour	
  
LS174T	
  and	
   the	
  surrounding	
  vasculature	
  between	
  day	
  7	
  and	
  12	
  post	
   inoculation.	
  The	
  dashed	
   lines	
   indicate	
  
the	
  tumour	
  margins.	
  The	
  arrows	
  show	
  common	
  vascular	
  features	
  in	
  the	
  images[caption	
  is	
  copied	
  as	
  it	
  is][74].	
  
Reprinted	
  with	
  permission,	
  Journal	
  of	
  Biomedical	
  Optics,	
  Volume	
  17.	
  Issue	
  5,	
  Figures	
  1	
  and	
  4	
  (2012).	
  

	
  

The	
   majority	
   of	
   the	
   OA	
   systems	
   recently	
   described	
   in	
   the	
   literature,	
   with	
   the	
   ability	
   to	
  

image	
  in	
  real	
  time	
  and	
  with	
  the	
  highest	
  resolution	
  and	
  deep	
  penetration,	
  used	
  spherical	
  or	
  

cylindrical	
   detection	
   geometries[75][76].	
   For	
   example,	
   Brecht	
   et.al	
   (Fairway	
   Medical	
  

Technologies,	
   Inc.,	
   2009)	
   developed	
   a	
   system	
   for	
   three-­‐dimensional	
   whole-­‐body	
  

optoacoustic	
   tomography	
   of	
   small	
   animals	
   for	
   applications	
   in	
   preclinical	
   research.	
   The	
  

	
  

	
  

	
  

	
  

a)	
  

b)	
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tomographic	
   images	
  were	
   obtained	
  while	
   the	
   objects	
   of	
   study	
   (phantoms	
   or	
  mice)	
  were	
  

rotated	
   within	
   a	
   sphere	
   outlined	
   by	
   a	
   concave	
   arc-­‐shaped	
   array	
   of	
   64	
   piezocomposite	
  

transducers.	
  Two	
  pulsed	
  lasers	
  operating	
  in	
  the	
  near-­‐IR	
  spectral	
  range	
  (755	
  and	
  1064	
  nm)	
  

with	
   an	
   average	
   pulsed	
   energy	
   of	
   about	
   100	
   mJ,	
   a	
   repetition	
   rate	
   of	
   10	
   Hz,	
   and	
   pulse	
  

duration	
   of	
   15	
   to	
   75	
   ns	
   were	
   used	
   as	
   optical	
   illumination	
   sources.	
   Both	
   kidneys	
   were	
  

visualized	
   along	
  with	
   the	
   spleen	
   and	
   a	
   partial	
   lobe	
   of	
   the	
   liver	
  with	
   spatial	
   resolution	
   of	
  

approximately	
  0.5	
  mm	
  (figure	
  1.7).	
  

	
  

	
  

Figure	
   1.7:	
   Optoacoustic	
   whole	
   body	
   scanner	
   with	
   spherical	
   detection	
   geometry.	
   a)	
   Experimental	
   setup	
  
showing	
   64	
   elements	
   arc	
   array.	
   b)	
   Three	
   dimensional	
   image	
   of	
   a	
   nude	
   mouse	
   acquired	
   using	
   775	
   nm	
  
illuminations[75].	
  Reprinted	
  with	
  permission,	
  Journal	
  of	
  Biomedical	
  Optics,	
  Volume	
  14,	
  Issue	
  6,	
  Figures	
  1	
  and	
  
6	
  (2009).	
  

	
  

Optoacoustic	
   imaging	
   (OAI)	
   can	
   also	
   be	
   used	
   to	
   identify	
   atherosclerotic	
   plaques.	
  

Atherosclerosis	
  is	
  a	
  systemic	
  disease	
  in	
  which	
  lipid	
  accumulates	
  in	
  arterial	
  walls	
  and	
  form	
  

atherosclerotic	
  plaques.	
  Inflammation	
  also	
  occurs	
  and	
  leads	
  to	
  an	
  increase	
  in	
  blood	
  content	
  

in	
   the	
  plaque.	
  The	
  major	
  complication	
  of	
  atherosclerosis	
   is	
  a	
  rupture	
  of	
   the	
  plaque	
  which	
  

will	
   form	
  a	
   thrombus	
   that	
   can	
  block	
  blood	
   flow	
   in	
   the	
   artery,	
   leading	
   to	
   the	
  death	
  of	
   the	
  

tissue	
  fed	
  by	
  the	
  artery[77].	
  The	
  vulnerability	
  of	
  a	
  plaque	
  to	
  rupture	
  depends	
  on	
  the	
  content	
  

(a)	
   (b)	
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of	
  the	
  plaque.	
  Thus,	
  information	
  on	
  the	
  content	
  of	
  the	
  plaque	
  will	
  allow	
  identification	
  of	
  the	
  

vulnerable	
  plaques	
  and	
  take	
  action	
  before	
  it	
  ruptures.	
  A	
  group	
  from	
  the	
  University	
  of	
  Texas	
  

led	
   by	
   S.	
   Sethuraman	
   and	
  SY	
   Emelianov	
   [78][64][79]	
   demonstrated	
   a	
   new	
   device	
   for	
  

intravascular	
  optoacoustic	
  using	
  a	
  commercial	
  intravascular	
  ultrasound	
  probe.	
  This	
  probe	
  

consists	
   of	
   a	
   catheter	
   with	
   a	
   high	
   frequency	
   (40	
   MHz)	
   transducer	
   at	
   the	
   tip.	
   Such	
   high	
  

frequency	
  can	
  be	
  used	
  because	
   the	
  required	
   imaging	
  depth	
   is	
  small	
  since	
   the	
  plaques	
  are	
  

usually	
   a	
   few	
   millimeters	
   thick.	
   Ex	
   vivo	
   studies	
   on	
   cholesterol	
   fed	
   rabbits	
   show	
   that	
  

optoacoustic	
  tomography	
  can	
  be	
  used	
  to	
  identify	
  atherosclerotic	
  plaques[80].	
  

1.7	
  Contrast	
  agents	
  

Optoacoustic	
   imaging	
   (OAI)	
   provides	
   good	
   image	
   quality	
   (image	
   resolution	
   around	
   60	
  

µm)[81]	
   for	
   various	
   applications	
  without	
  using	
   any	
   exogenous	
   contrast	
   agents.	
  However,	
  

the	
  use	
  of	
  an	
  exogenous	
  contrast	
  agent	
  can	
  greatly	
  enhance	
   image	
  contrast.	
  A	
   long	
   list	
  of	
  

contrast	
  agents	
  for	
  biomedical	
  imaging	
  is	
  available,	
  but	
  each	
  has	
  pros	
  and	
  cons.	
  The	
  optical	
  

absorption	
  of	
   endogenous	
   tissue	
   is	
   at	
   a	
  minimum	
   in	
   the	
  near-­‐infrared	
   (NIR)	
   region	
   from	
  

700	
   to	
  1100	
  nm	
  known	
  as	
   the	
   therapeutic	
  optical	
  window	
  due	
   to	
   the	
  maximum	
  depth	
  of	
  

penetration	
  in	
  tissues.	
  	
  

While	
   selecting	
   a	
   contrast	
   agent	
   for	
   OAI,	
   one	
   should	
   carefully	
   consider	
   the	
   absorption	
  

spectrum,	
   toxicity,	
   size,	
   shape,	
   composition,	
   surface	
   chemistry,	
   targeting	
   moieties,	
   and	
  

stability.	
  The	
  list	
  of	
  OAI	
  contrast	
  agents	
  start	
  with	
  dyes	
  and	
  then	
  noble	
  metals	
  (gold,	
  silver)	
  

nanoparticles,	
  carbon	
  nanotubes,	
  nanobeacons	
  and	
  more	
  recently	
  microbubbles[82].	
  

Indocyanine	
   green	
   (ICG),	
   IRDye800CW,	
   AlexaFluor-­‐750	
   and	
   Methylene	
   blue	
   are	
   some	
  

common	
  dyes	
  used	
  for	
  OAI[83].	
  These	
  are	
  biocompatible	
  and	
  are	
  absorbing	
  in	
  the	
  visible-­‐

NIR	
  optical	
  window.	
  These	
  dyes	
  are	
   typically	
  small	
  molecules	
  on	
   the	
  order	
  1	
  nm	
  and	
  are	
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able	
   to	
  quickly	
   clear	
   from	
   the	
  body	
   through	
   the	
   renal	
   system.	
  Despite	
  all	
   the	
  advantages,	
  

these	
   dyes	
   also	
   have	
   some	
   limitations,	
   such	
   as	
   poor	
   photostability[84],	
   low	
   quantum	
  

yield[85],	
  insufficient	
  stability	
  in	
  biological	
  system,	
  low	
  detection	
  sensitivity[85]	
  etc.	
  

Noble	
  metal	
  nanoparticles	
  are	
  widely	
   investigated	
  as	
  optoacoustic	
  contrast	
  agents,	
  due	
  to	
  

their	
   strong	
   and	
   tunable	
   optical	
   properties	
   that	
   result	
   from	
   Surface	
   Plasmon	
   Resonance	
  

(SPR).	
  The	
  SPR	
  effect	
  of	
  metal	
  nanoparticles	
  provides	
  them	
  an	
  optical	
  absorption	
  which	
  is	
  

five	
   orders	
   of	
   magnitude	
   higher	
   than	
   dyes[86].	
   	
   Plasmonic	
   nanoparticles	
   have	
   been	
  

synthesized	
  in	
  different	
  shapes	
  and	
  sizes,	
  each	
  with	
  unique	
  optical	
  characterization.	
  Choice	
  

of	
   nanoparticles	
   is	
   based	
   on	
   the	
   application	
   such	
   as	
   imaging	
   depth,	
   optical	
   wavelength	
  

range	
   and	
   biological	
   interaction.	
   Gold	
   nanospheres	
   are	
   the	
  most	
   basic	
   shape	
   that	
   can	
   be	
  

synthesized[87].	
   Their	
   peak	
   absorption	
   (approximately	
   520	
   nm)	
   lies	
   to	
   the	
   left	
   of	
   the	
  

therapeutic	
   optical	
   window,	
   in	
   a	
   wavelength	
   region	
   where	
   blood	
   and	
   melanin	
   absorb	
  

strongly.	
  Nanorods	
  are	
  extensively	
  used	
   in	
  OA	
   imaging	
  studies	
  because	
  of	
   their	
   relatively	
  

simple	
   synthesis	
   and	
   tunable	
   absorption	
   in	
   the	
   NIR	
   region[88][89][90].	
   Gold	
   nanoshells	
  

(which	
  consist	
  of	
  a	
  spherical	
  silica	
  core	
  surrounded	
  by	
  a	
  thin	
  layer	
  of	
  gold)	
  have	
  also	
  been	
  

used	
   for	
   OA	
   imaging	
   contrast[91][92].	
   However,	
   nanoshells	
   exhibit	
   significantly	
   more	
  

scattering	
   than	
   absorption	
   and	
   a	
   broad	
   optical	
   spectrum,	
  making	
   them	
   less	
   effective	
   OA	
  

contrast	
  agents	
  than	
  nanorods[93].	
  Gold	
  nanoplates	
  also	
  show	
  promise	
  for	
  OA	
  imaging	
  at	
  

NIR	
  wavelengths[94].	
   Recently,	
   Dr.	
   Pan	
   and	
   Lanza[95]	
   introduced	
  molecular	
   OA	
   imaging	
  

with	
  colloidal	
  gold	
  nanobeacons.	
  Gold	
  nanobeacons	
  are	
  a	
  robust	
  nanoparticle	
  platform	
  that	
  

entraps	
   multiple	
   copies	
   of	
   tiny	
   spherical	
   gold	
   nanoparticles	
   (2–4nm)	
   within	
   a	
   larger	
  

colloidal	
   particle	
   encapsulated	
   by	
   biocompatible	
   synthetic	
   or	
   natural	
   amphilines.	
   The	
  

utilization	
  of	
  numerous	
  small	
  gold	
  particles	
  greatly	
  amplifies	
  the	
  signal	
  without	
  exceeding	
  

the	
  6nm	
  renal	
  elimination	
  threshold	
  size	
  of	
  humans,	
  while	
  the	
   large	
  particle	
  dimension	
  is	
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optimal	
   for	
   vascular	
   imaging,	
   such	
   as	
   specific	
   delineation	
   of	
   angiogenesis	
   from	
   small	
   but	
  

maturing	
  microvessels[96].	
  

Single-­‐walled	
  carbon	
  nanotubes	
  (SWNTs)	
  are	
  nonplasmonic	
  nanoparticles	
  that	
  can	
  also	
  be	
  

used	
   in	
  OA	
  imaging.	
  SWNTs	
  absorb	
  over	
  a	
  broad	
  spectrum,	
   including	
  the	
  optical	
  window,	
  

resulting	
   in	
   a	
   large	
   OA	
   signal[97].	
   Similar	
   to	
   plasmonic	
   nanoparticles,	
   SWNTs	
   can	
   be	
  

modified	
  to	
  expand	
  their	
  capabilities.	
  For	
  example,	
  gold-­‐coated	
  SWNTs	
  have	
  been	
  shown	
  to	
  

produce	
   an	
   OA	
   signal	
   that	
   is	
   commensurate	
   with	
   that	
   generated	
   by	
   gold	
   nanorods	
   and	
  

much	
   larger	
   than	
   the	
   signal	
   resulting	
   from	
   plain	
   SWNTs[98].	
   Alternatively,	
   dyes	
   can	
   be	
  

attached	
  to	
  SWNTs	
  resulting	
  in	
  greater	
  absorption	
  than	
  the	
  dye	
  or	
  SWNTs	
  alone[99].	
  

Microbubbles	
  have	
  become	
  well	
  established	
  over	
  the	
  past	
  20–30	
  years	
  as	
  the	
  most	
  effective	
  

type	
   of	
   contrast	
   agent	
   particle	
   available	
   for	
   ultrasound	
   imaging[100].	
   They	
   have	
   been	
  

successfully	
   employed	
   with	
   a	
   wide	
   range	
   of	
   imaging	
   techniques,	
   and	
   their	
   potential	
   for	
  

therapeutic	
   applications	
   is	
   currently	
   under	
   investigation.	
   However,	
   while	
   a	
   fairly	
  

substantial	
   amount	
   of	
   theoretical	
   and	
   experimental	
   research	
   has	
   been	
   conducted,	
   their	
  

behavior	
   is	
  by	
  no	
  means	
  fully	
  understood.	
   Jian	
  et	
  al.	
   [101]	
  recently	
   introduce	
  OA	
  contrast	
  

opportunities	
   associated	
  with	
   theranostic	
  multifunctional	
  micro-­‐	
   and	
   nanobubbles.	
   Their	
  

work,	
   although	
   still	
   early,	
   describes	
   an	
   approach	
   based	
   on	
   encapsulation	
   of	
   highly	
  

absorbing	
   optical	
   contrast	
   agents,	
   such	
   as	
   gold	
   nanoparticles,	
   India	
   ink	
   and	
   Indocyanine	
  

green,	
  for	
  development	
  of	
  multimodal	
  imaging	
  contrasts[101].	
  	
  

Gold	
  nanocages,	
  invented	
  by	
  Younan	
  Xia	
  and	
  colleagues	
  at	
  Washington	
  University	
  are	
  a	
  new	
  

type	
  of	
  nanostructure	
  that	
  have	
  hollow	
  interiors	
  and	
  ultrathin	
  porous	
  walls[102].	
  They	
  are	
  

typically	
   between	
   30–100	
  nm	
   in	
   diameter.	
   The	
   structures	
   can	
   be	
   designed	
   to	
   absorb	
  

strongly	
  and	
  scatter	
  light	
  in	
  the	
  near-­‐infrared	
  (IR)	
  region	
  of	
  the	
  electromagnetic	
  spectrum	
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(from	
   700–900	
  nm).	
   Their	
   compact	
   size,	
   bio	
   inertness[103]	
   and	
   well-­‐defined	
   surface	
  

chemistry[104],	
  combined	
  with	
  a	
  strong	
  and	
  highly	
  wavelength-­‐tunable	
  optical	
  absorption	
  

in	
   the	
   near-­‐infrared	
   window	
   of	
   soft	
   tissues[104],	
   make	
   them	
   particularly	
   attractive	
   as	
  

exogenous	
  contrast	
  agent.	
  Like	
  gold	
  nanorods	
  and	
  nanoshells,	
  the	
  optical	
  properties	
  of	
  gold	
  

nanocages	
   can	
   be	
   precisely	
   tuned	
   to	
   the	
   specific	
   wavelength	
   in	
   the	
   electromagnetic	
  

spectrum[105].	
   Compared	
   with	
   the	
   former	
   two	
   nanostructures,	
   nanocages	
   can	
   have	
  

stronger	
   absorption	
   in	
   the	
   near	
   infrared	
   while	
   maintaining	
   their	
   relatively	
   small	
  

dimensions	
  (e.g.,	
  30-­‐40	
  nm	
  in	
  edge	
  length)[105].	
  This	
  feature	
  makes	
  gold	
  nanocages	
  a	
  class	
  

of	
   ideal	
   contrast	
   enhancement	
   agents	
   for	
   use	
   with	
   optical	
   imaging	
   modalities	
   like	
  

optoacoustic	
  imaging.	
  Gold	
  nanocages	
  can	
  also	
  be	
  easily	
  bioconjugated	
  with	
  antibodies	
  for	
  

selective	
  targeting	
  of	
  cancer	
  cells[106].	
  Exposure	
  of	
  the	
  nanocages	
  to	
  light	
  can	
  convert	
  the	
  

absorbed	
  photons	
  into	
  phonons,	
  leading	
  to	
  a	
  temperature	
  increase	
  of	
  the	
  lattice[105].	
  Heat	
  

dissipation	
   from	
   the	
   hot	
   particles	
  may	
   selectively	
   cause	
   damages	
   to	
   the	
   targeted	
   cancer	
  

cells[107]	
  and	
  is	
  being	
  investigated	
  as	
  a	
  therapy[108].	
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1.8	
  Polyol	
  synthesis	
  

There	
   has	
   been	
   extensive	
   research	
   into	
   the	
   synthesis	
   of	
   metal	
   particles	
   by	
   the	
   polyol	
  

process.	
  Over	
  the	
  past	
  decade	
  the	
  polyol	
  process	
  has	
  been	
  used	
  to	
  prepare	
  elemental	
  Co,	
  Ni,	
  

Cu,	
  Ag,	
  Au,	
  Pt,	
  Pd,	
  Cd,	
  and	
  Fe	
  and	
  also	
  bimetallic	
  alloys	
  of	
  CoNi,	
  AgPd,	
  AuPt,	
  and	
  FePt[109].	
  

Papers	
  also	
  highlight	
   the	
   formation	
  of	
  metal	
  oxides	
   such	
  as	
  Fe3O4,	
  CoFe2O4,	
  CuFe2O4,	
   and	
  

ZnFe2O4[109].	
   More	
   recently,	
   the	
   polyol	
   process	
   has	
   been	
   used	
   to	
   prepare	
   aqueous	
  

ferrofluids	
   as	
   MRI	
   contrast	
   agents[110],	
   bimetallic	
   core/shell	
   nanoparticles	
   for	
  

catalysis[111],	
  TiO2	
  nanocomposites	
   for	
  monolithic	
  dye	
   sensitized	
   solar	
   cells[112],	
   cobalt	
  

carbide	
   nanoparticles	
   for	
   permanent	
   magnet	
   research[113],	
   and	
   Ag	
   and	
   Ag@Au	
  

nanoparticles	
  for	
  surface	
  enhanced	
  Raman	
  scattering[114].	
  

The	
  polyol	
  process	
  refers	
  to	
  a	
  polyalcohol	
  that	
  acts	
  not	
  only	
  as	
  a	
  solvent	
  but	
  also	
  as	
  a	
  mild	
  

reducing	
   agent,	
   and	
   when	
   coupled	
   with	
   a	
   base,	
   it	
   serves	
   as	
   a	
   perfect	
   medium	
   for	
   the	
  

reduction	
  of	
  metal	
  salt	
  precursors.	
  In	
  this	
  process,	
  a	
  solid	
  inorganic	
  precursor	
  is	
  suspended	
  

in	
  a	
  liquid	
  polyol.	
  The	
  solution	
  is	
  then	
  stirred	
  and	
  heated	
  to	
  a	
  given	
  temperature,	
  which	
  can	
  

reach	
  the	
  boiling	
  point	
  of	
  the	
  polyol	
  for	
  less	
  easily	
  reducible	
  metals.	
  The	
  starting	
  materials	
  

can	
  be	
  hydroxides	
  (e.g.,	
  Cu	
  (OH)	
  2),	
  nitrates	
  (e.g.,	
  AgNO3),	
  oxides	
  (e.g.,	
  Cu2O),	
  chlorides	
  (e.g.,	
  

FeCl2)	
  or	
  acetates	
  (e.g.,	
  Ni	
   (CH3COO)2).	
  The	
  reduction	
  to	
  metal	
  can	
  be	
  achieved	
   in	
  various	
  

polyol	
   such	
  as	
  ethylene	
  glycol	
   (BP:	
  197.3	
   ⁰C),	
  propylene	
  glycol	
   (BP:	
  188.2	
   ⁰C),	
  diethylene	
  

glycol	
  (BP:	
  244	
  ⁰C),	
  tetraethylene	
  glycol	
  (BP:	
  327	
  ⁰C),	
  and	
  butylene	
  glycol	
  BP:	
  (207.5	
  ⁰C).	
  	
  

The	
  choice	
  of	
  which	
  polyol	
  is	
  used	
  for	
  the	
  reduction	
  of	
  metal	
  precursors	
  is	
  determined	
  by	
  

the	
  boiling	
  point	
  and	
  reduction	
  potential	
  of	
  the	
  glycol;	
  for	
  example,	
  easily	
  reducible	
  metals	
  

(Pt,	
  Pd,	
  and	
  Cu)	
  do	
  not	
  require	
  high	
  heat	
  and	
  can	
  be	
  reduced	
  in	
  propylene	
  glycol	
  (BP~188	
  

⁰C),	
  while	
  less	
  easily	
  reducible	
  metals	
  (Co,	
  Fe,	
  and	
  Ni)	
  require	
  higher	
  temperature	
  for	
  which	
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tetraethylene	
  glycol	
  may	
  be	
  suitable	
  (BP	
  327	
  ⁰C).	
  Although	
  the	
  physical	
  properties	
  such	
  as	
  

size,	
   shape,	
   and	
   crystal	
   structure	
   of	
   the	
   particles	
   have	
   been	
   controlled	
   by	
   manipulating	
  

synthetic	
   conditions	
   influencing	
   the	
   nucleation	
   and	
   growth	
   steps,	
   there	
   are	
   limited	
  

attempts	
   to	
   fully	
   understand	
   the	
   polyol	
   reaction	
   mechanism[115].	
   Consequently,	
  

nanoparticles	
   are	
   often	
   synthesized	
   through	
   trial	
   and	
   error	
   or	
   combinatorial	
   methods,	
  

running	
  large	
  numbers	
  of	
  experiments	
  and	
  systematically	
  varying	
  the	
  parameters.	
  Larcher	
  

et	
   al.	
   utilized	
   theoretical	
   calculations	
   to	
   prepare	
   a	
   thermodynamic	
   approach	
   to	
   a	
  

mechanism	
   for	
   the	
  polyol	
  process[116].In	
   their	
   calculations	
   they	
  assumed	
   that	
  precursor	
  

reduction	
  results	
  in	
  the	
  total	
  oxidation	
  of	
  ethylene	
  glycol	
  into	
  CO2	
  and	
  H2O.	
  In	
  this	
  situation,	
  

above	
   the	
   boiling	
   point	
   (200	
   ⁰C),	
   the	
   ethylene	
   glycol	
   has	
   the	
   maximum	
   reducing	
  

power[117].	
  

As	
  mentioned	
  earlier	
   in	
   this	
   chapter	
   there	
  were	
   limited	
   attempts	
   to	
   fully	
  understand	
   the	
  

polyol	
  reaction	
  mechanism,	
  but	
  then	
  Dr.	
  Younan	
  Xia[102]	
  and	
  his	
  group	
  developed	
  polyol	
  

synthesis	
   as	
   a	
   simple,	
   robust	
   and	
   versatile	
   method	
   for	
   producing	
   silver	
   nanocubes	
   as	
  

monodispersed	
   samples	
   and	
   he	
   also	
   published	
   the	
   mechanism	
   behind	
   this	
   method.	
  

Ethylene	
  glycol,	
  PVP	
  and	
  inorganic	
  salt	
  precursor	
  (AgNO3)	
  were	
  the	
  main	
  reagent	
   for	
  this	
  

study[118].	
  

The	
  main	
  feature	
  of	
  the	
  reaction	
  mechanism	
  is	
  that	
  the	
  reduction	
  reaction	
  proceeds	
  via	
  the	
  

solution	
   rather	
   than	
   the	
   solid	
   phase.	
   Therefore,	
   the	
   metal	
   particles	
   are	
   formed	
   by	
  

nucleation	
  and	
  growth	
  from	
  solution.	
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The	
   formation	
   of	
   the	
   main	
   product,	
   i.e.	
   diacetyl,	
   can	
   be	
   explained	
   in	
   terms	
   of	
   a	
   double	
  

oxidation	
  of	
  acetaldehyde,	
  previously	
  produced	
  by	
  dehydration	
  of	
  ethylene-­‐glycol[119],	
  as	
  

follows:	
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  (diacetyl	
  (butane-­‐2,	
  3	
  dione)	
  

According	
   to	
   this	
   mechanism,	
   the	
   polyol	
   acts	
   as	
   a	
   solvent	
   for	
   the	
   starting	
   inorganic	
  

compound	
  due	
  to	
  the	
  rather	
  high	
  dielectric	
  constant	
  of	
  these	
  organic	
  media.	
  In	
  particular,	
  

silver	
  nitrate	
   is	
  soluble	
   in	
  ethylene	
  glycol	
   to	
  such	
  an	
  extent	
   that	
  a	
  complete	
  dissolution	
   is	
  

observed	
  as	
  the	
  first	
  step	
  of	
  the	
  reaction.	
  	
  

An	
  envelopment	
  of	
  reduced	
  metal	
  atoms	
  within	
  a	
  suitable	
  layer	
  could	
  act	
  as	
  a	
  protection	
  for	
  

the	
   nanometric	
   particles	
   during	
   their	
   growth[120][121][122].	
   A	
   number	
   of	
   organic	
  

materials	
   are	
   known	
   to	
   work	
   as	
   protective	
   agents	
   for	
   preventing	
   colloid	
   sintering[123].	
  

Among	
  them	
  poly	
  (N-­‐vinylpyrrolidone)	
  (PVP)	
  exhibits	
  the	
  best	
  protecting	
  properties[124].	
  

Prevention	
  of	
  particle	
   sintering	
  can	
  be	
  achieved	
  by	
  adding	
  a	
  critical	
  dosage	
  of	
  an	
  organic	
  

protective	
   agent,	
   which	
   covers	
   the	
   particles	
   and	
   inhibits	
   any	
   possibility	
   of	
   silver-­‐silver	
  

particle	
  bond	
   formation.	
  The	
  presence	
  of	
   this	
   agent	
  at	
   the	
   solid/liquid	
   interface	
  does	
  not	
  

interfere	
  with	
  the	
  silver	
  discussion-­‐surface	
  deposition	
  process	
  since	
  the	
  particles	
  grow	
  to	
  a	
  

definite	
  size.	
  Beside	
  this	
  steric	
  stabilizing	
  activity,	
  PVP	
  allows	
  the	
  reaction	
  to	
  happen	
  also	
  at	
  

room	
   temperature	
   and	
   decreases	
   the	
   particle	
   size[124].	
   Polyvinylpirrolidone	
   is	
   a	
  

homopolymer	
  whose	
   individual	
  unit	
  contains	
  an	
  amide	
  group.	
  The	
  N	
  and	
  O	
  atoms	
  of	
   this	
  

polar	
   group	
  probably	
   have	
   a	
   strong	
   affinity	
   for	
   the	
   silver	
   ions	
   and	
  metallic	
   silver.	
   A	
   PVP	
  

macromolecule	
   in	
  solution,	
  which	
  most	
   likely	
  adopts	
  a	
  pseudo-­‐random	
  coil	
  conformation,	
  

-­‐H2O	
  

2M	
  (I)	
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may	
   take	
   part	
   in	
   some	
   form	
   of	
   association	
   with	
   the	
   metal	
   atoms,	
   thus	
   increasing	
   the	
  

probability	
  of	
  nucleus	
  formation.	
  It	
  should	
  be	
  pointed	
  out	
  that	
  ethylene-­‐glycol	
  can	
  also	
  act	
  

as	
   a	
  protective	
   agent	
  but	
   in	
   the	
  polyol	
  process	
   it	
   is	
  not	
   able	
   to	
  prevent	
  particle	
   sintering	
  

because	
  of	
  the	
  high	
  temperatures	
  required	
  for	
  the	
  reaction.	
  Moreover,	
  the	
  presence	
  of	
  PVP	
  

also	
  decreases	
  the	
  mean	
  particle	
  size.	
  This	
  effect	
  can	
  be	
  explained	
  according	
  to	
  the	
  above	
  

described	
   reaction	
   mechanism.	
   Because	
   of	
   the	
   PVP	
   presence,	
   the	
   rate	
   of	
   spontaneous	
  

nucleation	
  increases,	
  and	
  a	
  higher	
  number	
  of	
  nuclei	
  are	
  formed	
  during	
  the	
  nucleation	
  burst.	
  

Thus,	
  the	
  number	
  of	
  final	
  particles	
  increases	
  as	
  well,	
  and	
  for	
  a	
  given	
  amount	
  of	
  precipitated	
  

metal,	
  the	
  mean	
  particle	
  size	
  therefore	
  decreases[125].	
  

Wiley	
  and	
  Xia	
  conducted	
  an	
  experiment,	
  in	
  which	
  small	
  gold	
  nanoparticles	
  were	
  attached	
  as	
  

markers	
   to	
   the	
   surfaces	
  of	
   silver	
  nanowires	
   through	
   the	
  dithiol	
   linkage,	
   and	
  verified	
   that	
  

PVP	
  interacted	
  more	
  strongly	
  with	
  silver	
  atoms	
  on	
  the	
  {100}	
  facets	
  than	
  those	
  on	
  the	
  {111}	
  

facets[120].	
   This	
   binding	
   specificity	
   can	
   be	
   attributed	
   to	
   the	
   difference	
   in	
   surface	
   atom	
  

density,	
  1.20	
  X	
  1019	
  versus	
  1.38	
  X	
  1019	
  m-­‐2	
  for	
  the	
  {100}	
  and	
  {111}	
  planes.	
  

The	
  reduction	
  of	
  AgNO3	
  by	
  ethylene	
  glycol	
  at	
  150	
  ⁰C	
  led	
  to	
  the	
  formation	
  of	
  elemental	
  silver	
  

(step	
  I	
  in	
  Figure	
  1.8)	
  at	
  a	
  moderate	
  rate,	
  because	
  of	
  the	
  strong	
  dependence	
  of	
  the	
  reducing	
  

power	
  of	
  ethylene	
  glycol	
  on	
  the	
  reaction	
  temperature[120].	
  Clusters[126]	
  of	
  a	
  critical	
  size	
  

(or	
  nuclei)	
  appeared	
  (i.e.,	
  nucleation,	
  steps	
  II	
  and	
  III	
  in	
  Figure	
  1.8)	
  once	
  the	
  concentration	
  of	
  

zero-­‐valent	
  silver	
  reached	
  a	
  critical	
  value.	
  This	
  depiction	
   is	
  built	
  upon	
  La	
  Mer’s	
  model	
   for	
  

the	
   nucleation	
   of	
   monodispersed	
   sols	
   in	
   a	
   homogeneous	
   system.	
   The	
   hot	
   solution	
  

consistently	
  turned	
  yellow	
  as	
  the	
  AgNO3	
  and	
  PVP	
  solutions	
  were	
  introduced,	
  indicating	
  the	
  

formation	
   of	
   silver	
   nanoparticles	
   with	
   a	
   roughly	
   rounded	
   profile,	
   since	
   such	
   particles	
  

display	
  a	
  distinctive	
  SPR	
  peak	
  around	
  400	
  nm[127].	
  In	
  the	
  subsequent	
  growth	
  process	
  (step	
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IV	
  in	
  Figure	
  1.8),	
  silver	
  atoms	
  generated	
  from	
  the	
  reduction	
  of	
  AgNO3	
  diffused	
  to	
  the	
  surface	
  

of	
   nuclei	
   and	
   positioned	
   themselves	
   at	
   active	
   surface	
   sites,	
   forming	
  metallic	
   bonds	
   with	
  

their	
  neighbors.	
  By	
  adjusting	
  the	
  molar	
  ratio	
  between	
  PVP	
  and	
  AgNO3,	
  the	
  thickness	
  of	
  PVP	
  

coating	
  and	
  the	
  location	
  of	
  PVP	
  chains	
  on	
  the	
  surface	
  of	
  a	
  seed	
  could	
  both	
  be	
  modified.	
  This	
  

modification,	
   in	
   turn,	
   altered	
   the	
   resistance	
   of	
   each	
   facet	
   to	
   growth	
   (addition	
   of	
   silver	
  

atoms),	
   and	
   led	
   to	
   the	
   formation	
   of	
   silver	
   nanostructures	
   with	
   distinct	
   shapes.	
   The	
  

drawings	
  on	
  the	
  right	
  side	
  of	
  Figure	
  1.8	
  summarize	
  three	
  types	
  of	
  silver	
  nanostructures	
  that	
  

have	
  been	
  successfully	
  synthesized	
  by	
  means	
  of	
  this	
  PVP-­‐mediated	
  polyol	
  process.	
  	
  

	
  

Figure1.8:	
   Schematic	
   illustrating	
   the	
   reduction	
   of	
   silver	
   ions	
   by	
   ethylene	
   glycol	
   (I);	
   the	
   formation	
   of	
   silver	
  
clusters	
   (II);	
   the	
  nucleation	
  of	
   seeds	
   (III);	
   and	
   the	
  growth	
  of	
   seeds	
   into	
  nanocubes,	
  nanorods	
  or	
  nanowires,	
  
and	
  nanospheres	
  (IV).	
  The	
  formation	
  of	
  metal	
  clusters	
  and	
  seeds	
  with	
  different	
  cystallinities	
  depicted	
  in	
  the	
  
boxes	
  is	
  currently	
  being	
  studied.	
  This	
  article	
  focuses	
  on	
  the	
  growth	
  of	
  silver	
  nanostructures	
  with	
  well-­‐defined	
  
and	
   controllable	
   shapes.	
   The	
   surfaces	
  marked	
   in	
   light	
   and	
  dark	
   gray	
   represent	
   the	
   {111}	
   and	
   {100}	
   facets,	
  
respectively.	
  The	
  light	
  gray	
  lines	
  and	
  dark	
  grey	
  interior	
  planes	
  represent	
  the	
  twinned	
  boundaries	
  and	
  twinned	
  
planes,	
  respectively.	
  Figure	
  caption	
  copied	
  as	
  in[128].	
  

	
   	
  

	
  

Maybe	
   the	
   most	
   attractive	
   morphology	
   yet	
   synthesized	
   by	
   this	
   polyol	
   process	
   is	
   the	
  

nanocube.	
  To	
  produce	
   this	
   type	
  of	
  nanostructure,	
   the	
  concentration	
  of	
  AgNO3	
   in	
   the	
   final	
  

solution	
   must	
   be	
   relatively	
   high	
   (0.125–0.25m),	
   and	
   the	
   molar	
   ratio	
   between	
   PVP	
   and	
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AgNO3	
  must	
  be	
  low	
  (at	
  ~1.5)[129].	
  These	
  conditions	
  result	
  in	
  fast	
  nucleation	
  and	
  growth	
  of	
  

the	
   silver	
   seeds,	
   and	
  may	
   therefore	
   have	
   reduced	
   the	
   time	
   available	
   for	
   twin	
   defects	
   to	
  

form.	
   In	
   addition,	
   since	
   twinning	
   is	
   only	
   favorable	
  when	
   the	
   surface	
   energy	
   of	
   the	
   {100}	
  

facets	
  is	
  greater	
  than	
  that	
  of	
  the	
  {111}	
  facets[130].	
  The	
  presence	
  of	
  PVP	
  can	
  serve	
  to	
  reduce	
  

the	
  driving	
  force	
  for	
  twin	
  formation	
  through	
  its	
  selective	
  interaction	
  with	
  the	
  {100}	
  planes.	
  

Once	
   a	
   large	
   proportion	
   of	
   single-­‐crystal	
   seeds	
   form,	
   selective	
   adsorption	
   of	
   PVP	
   on	
   the	
  

{100}	
   facets	
  will	
   lead	
   to	
   preferential	
   addition	
   of	
   silver	
   atoms	
   to	
   the	
   {111}	
   facets.	
   As	
   the	
  

growth	
   rate	
   in	
   the	
  <111>	
  direction	
   is	
  greater	
   than	
   that	
   in	
   the	
  <100>	
  direction,	
   the	
   {100}	
  

sides	
  of	
  the	
  cube	
  will	
  become	
  enlarged	
  at	
  the	
  expense	
  of	
  the	
  {111}	
  corners[131].	
  After	
  the	
  

cubic	
  shape	
  is	
  formed,	
  each	
  face	
  of	
  the	
  silver	
  nanocube	
  will	
  have	
  the	
  same	
  growth	
  rate,	
  and	
  

further	
  growth	
  will	
  mainly	
  increase	
  the	
  size	
  with	
  no	
  significant	
  morphological	
  variation.	
  

1.9	
  Galvanic	
  replacement	
  reaction	
  

Galvanic	
   replacement	
   is	
   one	
   of	
   the	
   simple	
   and	
   effective	
   methods	
   for	
   generating	
   metal	
  

nanostructures	
   with	
   hollow	
   interiors.	
   The	
   driving	
   force	
   for	
   the	
   galvanic	
   replacement	
  

reaction	
   is	
   the	
   electrical	
   potential	
   difference	
   between	
   two	
  metals,	
   with	
   one	
  metal	
   acting	
  

principally	
  as	
   the	
  cathode	
  and	
   the	
  other	
  metal	
  as	
   the	
  anode.	
  For	
  example,	
   a	
  piece	
  of	
   zinc	
  

(Zn)	
  plate	
  placed	
  in	
  an	
  aqueous	
  1	
  M	
  Zn2+	
  solution	
  attains	
  a	
  potential	
  of	
  approximately	
  -­‐0.76	
  

V	
   relative	
   to	
   the	
   standard	
   hydrogen	
   electrode	
   (SHE)[132].	
  When	
   immersed	
   in	
   a	
   solution	
  

containing	
  Cu2+	
  ions,	
  the	
  zinc	
  begins	
  to	
  dissolve	
  and	
  elemental	
  copper	
  (Cu)	
  starts	
  to	
  form	
  as	
  

a	
  result	
  of	
  the	
  higher	
  reduction	
  potential	
  of	
  Cu2+/Cu	
  (0.34	
  V	
  versus	
  SHE)	
  and	
  the	
  coupling	
  of	
  

the	
  two	
  half	
  reactions:	
  	
  Cu2+	
  +	
  2e-­‐	
  →	
  Cu	
  and	
  Zn→Zn2+	
  +	
  2e-­‐.	
  The	
  rates	
  of	
  these	
  two	
  reactions	
  

must	
  be	
   the	
   same	
   to	
  preserve	
  electroneutrality.	
  Once	
  a	
   continuous	
   coating	
  of	
   copper	
  has	
  

been	
  formed	
  on	
  the	
  surface	
  of	
  the	
  zinc	
  plate,	
  further	
  reaction	
  can	
  be	
  prevented[133].	
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Significantly,	
   the	
  Zn2+/Zn	
  and	
  Cu2+/Cu	
   system	
  can	
  be	
   replaced	
  with	
  noble	
  metal	
   systems,	
  

e.g.	
  silver	
  (Ag)	
  nanostructures	
  and	
  chloroauric	
  acid	
  (HAuCl4),	
  opening	
  up	
  the	
  possibility	
  for	
  

preparing	
  noble	
  metal	
  nanostructures	
  with	
  hollow	
  interiors.	
  Since	
  the	
  standard	
  reduction	
  

potential	
  of	
  AuCl4-­‐/Au	
  (0.99V	
  versus	
  SHE)	
  is	
  higher	
  than	
  that	
  of	
  Ag+/Ag	
  (0.8V	
  versus	
  SHE),	
  

Ag	
  nanostructures	
   suspended	
   in	
   the	
   solution	
   can	
  be	
  oxidized	
  by	
  HAuCl4	
   according	
   to	
   the	
  

following	
  redox	
  reaction:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3Ag(s)	
  +	
  AuCl-­‐4	
  (aq)	
  →Au(s)	
  +	
  3Ag+	
  (aq)	
  +	
  4Cl-­‐	
  (aq)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.16)	
  

The	
  reaction	
  starts	
  with	
  the	
  formation	
  of	
  a	
  pinhole	
  on	
  one	
  of	
  the	
  six	
  faces	
  of	
  each	
  cube	
  as	
  Ag	
  

is	
  being	
  removed	
  owing	
  to	
  oxidation[134].	
  With	
  the	
  progression	
  of	
  this	
  corrosion	
  process,	
  

the	
   pitting	
   site	
   continues	
   to	
   serve	
   as	
   the	
   anode	
   where	
   Ag	
   is	
   oxidized	
   and	
   electrons	
   are	
  

exposed.	
  Released	
  electrons	
   then	
  migrated	
   to	
  nanocubes	
  surfaces	
  and	
  captured	
  by	
  AuCl4-­‐	
  

ions	
   to	
  generate	
  Au	
  atoms	
  via	
   reduction	
  as	
  Ag	
  and	
  Au	
  have	
   the	
  same	
   face	
  centered	
  cubic	
  

structure	
  and	
  essentially	
   identical	
   lattice	
  constant.	
  Therefore	
  Au	
  atoms	
  prefer	
   to	
  nucleate	
  

and	
   grow	
   on	
   the	
   surface	
   of	
   Ag	
   nanocubes.	
   In	
   the	
   beginning,	
   the	
   incomplete	
   layer	
   of	
   Au	
  

prevents	
   the	
   underneath	
   Ag	
   template	
   from	
   being	
   dissolved	
   and	
   also	
   allows	
   the	
   initially	
  

generated	
  pinhole	
  to	
  serve	
  as	
  a	
  primary	
  site	
  for	
  Ag	
  dissolution	
  [step	
  2	
  in	
  figure	
  1.9(a)	
  and	
  

1.9(d)]	
  that	
  eventually	
  turns	
  a	
  nanocube	
  into	
  a	
  nanobox	
  with	
  an	
  empty	
  interior.	
  Later	
  on,	
  

the	
  surface	
  pinhole	
  gradually	
  closes	
  due	
  to	
  different	
  mass	
  transfer	
  processes,	
  including	
  the	
  

lateral	
  diffusion	
  of	
  Au	
  atoms	
  around	
  the	
  edge	
  of	
  the	
  opening.	
  

After	
   the	
   sufficient	
   addition	
   of	
   HAuCl4,	
   the	
   void	
   space	
   achieves	
   its	
  maximum	
   size,	
   which	
  

completely	
   closes	
   the	
   pinhole	
   and	
   turned	
   a	
   nanocube	
   into	
   a	
   nanobox	
  with	
   uniform	
  wall	
  

thickness	
  [step	
  3	
  in	
  figure	
  1.9(a)	
  and	
  1.9(e)].	
  Elevated	
  temperature	
  gives	
  rise	
  to	
  Ag-­‐Au	
  alloy	
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during	
  replacement	
  reaction[135].	
  In	
  this	
  case,	
  the	
  composition	
  profile	
  of	
  the	
  Au/Ag	
  alloyed	
  

wall	
  should	
  evolve	
  with	
  time,	
   in	
  accordance	
  with	
  Fick’s	
  second	
  law.	
  The	
  relevant	
  solution	
  

for	
  the	
  inter-­‐diffusing	
  interface,	
  with	
  mutually	
  soluble	
  components,	
  can	
  be	
  expressed	
  as.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  C(x,	
  t)	
  =	
  0.5	
  +	
  0.5erf	
  {x/	
  [2(Dt)	
  1/2]}	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.17)	
  

(erf	
  =	
  error	
  function)	
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Figure	
  1.9:	
  (a)	
  Schematic	
  illustration	
  summarizing	
  all	
  major	
  morphological	
  and	
  structural	
  changes	
  involved	
  in	
  
the	
   galvanic	
   replacement	
   reaction	
   between	
   a	
   sharp	
   Ag	
   nanocube	
   and	
   HAuCl4.	
   The	
   cross-­‐sectional	
   views	
  
correspond	
  to	
  the	
  plane	
  along	
  dashed	
  lines.	
  (b)	
  SEM	
  image	
  of	
  the	
  sacrificial	
  templates	
  –	
  Ag	
  nanocubes;	
  (c)–(g)	
  
SEM	
  images	
  for	
  the	
  hollow	
  nanostructures	
  obtained	
  from	
  galvanic	
  replacement	
  reaction	
  at	
  steps	
  1,	
  2,	
  3,	
  5	
  and	
  
6	
  of	
  (a),	
  respectively.	
  Insets	
  of	
  (d)	
  (e)	
  are	
  the	
  transmission	
  electron	
  microscopy	
  (TEM)	
  images,	
  and	
  insets	
  of	
  
(b),	
   (f)	
   are	
   the	
   electron	
   diffraction	
   patterns	
   for	
   the	
   corresponding	
   nanostructures.	
   The	
   volumes	
   of	
   1mM	
  
HAuCl4	
  solution	
  added	
  to	
  the	
  suspension	
  of	
  Ag	
  cubes	
  in	
  5mL	
  water	
  are	
  0,	
  0.05,	
  0.30,	
  0.50,	
  0.75,	
  and	
  2.25mL	
  for	
  
sample	
   (b)	
   through	
   (g),	
   respectively.	
   The	
   concentration	
   of	
   Ag	
   for	
   the	
   initial	
   nanocube	
   suspension	
   was	
  
~0.8mM,	
  as	
  determined	
  with	
  atomic	
  emission	
  spectroscopy.	
  The	
  100nm	
  scale	
  bar	
  applies	
  to	
  all	
  SEM	
  images	
  	
  	
  	
  
Figure	
  caption	
  copied	
  as	
  in	
  [Xianmao	
  Lu,	
  USA][133].	
  

	
  

Here,	
   D	
   is	
   the	
   inter-­‐diffusion	
   coefficient	
   (m2s-­‐1),	
   and	
   C	
   is	
   the	
   atomic	
   fraction	
   of	
   Au	
   as	
   a	
  

function	
   of	
   time	
   (t)	
   (sec)	
   and	
   distance	
   (x)	
   (meters)	
   separated	
   from	
   the	
   interface.	
   D	
   is	
  

strongly	
  dependent	
  on	
  both	
  temperature	
  and	
  film	
  thickness,	
  and	
  the	
  magnitude	
  of	
  D	
  can	
  be	
  

significantly	
  increased	
  with	
  an	
  increase	
  in	
  reaction	
  temperature	
  or	
  a	
  decrease	
  of	
  thickness	
  

for	
   the	
   Au	
   layer[135][136].	
   The	
   dependence	
   of	
   D	
   on	
   the	
   thickness	
   of	
   Au	
   layer	
   has	
   been	
  

attributed	
  to	
  the	
  high	
  surface	
  energy	
  of	
  a	
  nanostructure	
  at	
  small	
  size	
  and	
  the	
  rich	
  vacancy	
  

defects	
  at	
  the	
  bimetallic	
  interface[137].	
  D	
  is	
  on	
  the	
  order	
  of	
  10-­‐24	
  m2/s	
  at	
  room	
  temperature	
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when	
   2.5	
   nm	
   Au	
   nanoparticles	
   are	
   coated	
   with	
   1	
   nm	
   Ag	
   layers[136].	
   According	
   to	
   the	
  

Arrhenius	
  equation:[138]	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   ⎟
⎠

⎞
⎜
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⎛ Δ−
=

kT
H

DD aexp0 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.18)	
  

The	
   value	
   of	
   D	
   is	
   estimated	
   to	
   be	
   on	
   the	
   order	
   of	
   10-­‐19	
   m2/s	
   at	
   100°C.	
   In	
   this	
   case,	
   the	
  

activation	
  enthalpy,	
  ΔHa,	
   is	
   taken	
  as	
  1.58	
  eV[139].	
  Since	
  the	
  Au	
   layer	
   formed	
  during	
  early	
  

stages	
   of	
   the	
   galvanic	
   replacement	
   reaction	
   (steps	
   1,	
   2,	
   and	
  3	
   in	
   Figure	
   1.9)	
  was	
   thinner	
  

than	
   2.5	
   nm,	
   the	
   inter-­‐diffusion	
   coefficient	
   is	
   assumed	
   to	
   be	
   ~10-­‐19	
   m2/s	
   during	
   the	
  

formation	
   of	
  Au/Ag	
   alloy	
  walls	
   of	
   the	
   nanoboxes.	
   According	
   to	
   equation	
   (1.17),	
   the	
   alloy	
  

layer	
   can	
   contain	
   as	
   much	
   as	
   10	
   per	
   cent	
   Ag,	
   even	
   though	
   the	
   nanobox	
   has	
   only	
   been	
  

annealed	
  at	
  100°C	
   for	
  20	
   s.	
   It	
   is	
  worth	
  noting	
   that	
   the	
  diffusion	
  coefficient	
  of	
  Ag	
   in	
  Au	
   is	
  

different	
  from	
  that	
  of	
  Au	
  in	
  Ag.	
  It	
  has	
  been	
  shown	
  that	
  Ag	
  diffuses	
  about	
  30%;	
  faster	
  in	
  Au	
  

than	
  Au	
  diffuses	
  in	
  Ag[140],	
  resulting	
  in	
  the	
  Kirkendall	
  effect,	
  which	
  creates	
  a	
  net	
  mass	
  flow	
  

towards	
   the	
  Au/Ag	
   alloy	
   shell	
   instead	
  of	
   the	
  un-­‐reacted	
  Ag	
   template[140].	
   Consequently,	
  

the	
  shell	
  composed	
  of	
  an	
  Au/Ag	
  alloy	
  is	
  well	
  maintained	
  without	
  volume	
  shrinkage.	
  The	
  Au	
  

shell	
   has	
   morphology	
   similar	
   to	
   that	
   of	
   the	
   Ag	
   template,	
   with	
   the	
   void	
   size	
   mainly	
  

determined	
  by	
  the	
  dimension	
  of	
  the	
  template.	
  On	
  the	
  basis	
  of	
  the	
  stoichiometry	
  relationship	
  

shown	
  in	
  equation	
  (1.16),	
  the	
  wall	
  thickness	
  of	
  each	
  Au	
  nanoshell	
  should	
  be	
  approximately	
  

one	
  tenth	
  of	
  the	
  lateral	
  dimension	
  of	
  the	
  corresponding	
  Ag	
  template[141].	
  	
  

When	
  more	
  HAuCl4	
  is	
  added	
  to	
  the	
  reaction	
  system,	
  the	
  Ag	
  atoms	
  in	
  the	
  Au/Ag	
  nanoboxes	
  

are	
   then	
   selectively	
   removed	
   through	
   a	
   dealloying	
   process[142].	
   At	
   this	
   stage,	
   numerous	
  

defects,	
  or	
  lattice	
  vacancies,	
  are	
  formed	
  because	
  reaction	
  stoichiometry,	
  i.e.	
  equation	
  (1.16),	
  

which	
  dictates	
   that	
   the	
   removal	
   of	
   three	
  Ag	
   atoms	
   corresponds	
   to	
   the	
  deposition	
  of	
   only	
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one	
   Au	
   atom.	
   The	
   resultant	
   vacancies	
   lead	
   to	
   negative	
   curvatures	
   for	
   the	
   solid	
   walls,	
  

causing	
  the	
  interfacial	
  area	
  and	
  the	
  surface	
  energy	
  to	
  increase[143].	
  To	
  release	
  these	
  lattice	
  

vacancies,	
   the	
   nanobox	
  will	
   reconstruct	
   its	
  morphology	
   via	
   a	
   process	
   similar	
   to	
   Ostwald	
  

ripening[144].	
  As	
   a	
   result,	
   each	
   corner	
  of	
   the	
  box	
  becomes	
   truncated	
   to	
   form	
  a	
  new	
   face	
  

bounded	
   by	
   one	
   of	
   the	
   {111}	
   crystallographic	
   planes	
   (step	
   4	
   in	
   Figure	
   1.9(a)	
   and	
   Figure	
  

1.9(f)).	
  As	
  more	
  Ag	
  atoms	
  extracted	
  by	
  AuCl4	
  ions	
  from	
  the	
  walls	
  of	
  the	
  truncated	
  box,	
  more	
  

lattice	
  vacancies	
  formed	
  that	
  start	
  to	
  coalesce	
  and	
  generate	
  pinholes	
  in	
  the	
  walls	
  (step	
  5	
  in	
  

Figure	
  1.9(a)).	
  Further	
  dealloying	
  leads	
  to	
  an	
  enlargement	
  of	
  the	
  lateral	
  dimensions	
  of	
  the	
  

pinholes	
   (step	
   6	
   in	
   Figure	
   1.9(a)	
   and	
   Figure	
   1.9(g)).	
   Complete	
   dealloying	
   will	
   cause	
   the	
  

porous	
  nanobox	
  (now	
  commonly	
  referred	
  to	
  as	
  nanocages)	
  to	
  collapse	
  into	
  small	
  fragments	
  

of	
  pure	
  Au	
  (step	
  7	
  in	
  Figure	
  1.9(a)).	
  	
  

At	
   the	
   end	
   we	
   can	
   say	
   that	
   gold	
   nanocage	
   (AuNCs)	
   is	
   a	
   unique	
   structure,	
   which	
   can	
   be	
  

synthesized	
  by	
  using	
  two	
  different	
  methods,	
  polyol	
  method	
  to	
  synthesize	
  silver	
  nanocube	
  

template	
   and	
   then	
   galvanic	
   replacement	
  method	
   to	
  make	
   a	
   hollow	
   cage	
   like	
   structure	
   of	
  

gold,	
  which	
  can	
  be	
  an	
  important	
  contrast	
  agent	
  in	
  optoacoustic	
  imaging	
  due	
  to	
  its	
  tunable	
  

absorbing	
  properties.	
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1.10	
  Hypothesis	
  and	
  Objectives	
  

	
  

One	
   of	
   the	
   greatest	
   challenges	
   in	
   OA	
   imaging	
   is	
   detecting	
   targets	
   (e.g.	
   cancers)	
   at	
   depth	
  

greater	
  than	
  2-­‐3cm.	
  This	
   is	
  a	
  result	
  of	
  high	
  optical	
  attenuation.	
  Metallic	
  nanoparticles	
  can	
  

potentially	
   be	
   used	
   to	
   improve	
   image	
   contrast.	
   Gold	
   nanocages	
   have	
   yet	
   to	
   be	
   fully	
  

characterized	
  as	
   a	
   contrast	
   agent	
   for	
   imaging.	
  We	
  hypothesize,	
   that	
   gold	
  nanocages,	
  with	
  

absorption	
  in	
  NIR	
  region	
  can	
  improve	
  detection	
  of	
  targets	
  in	
  optoacoustic	
  imaging,	
  

The	
  main	
  objectives	
  of	
  this	
  thesis	
  are:	
  

1. To	
   synthesize	
   gold	
   nanocages	
   using	
   silver	
   nanocubes	
   as	
   templates	
   via	
   polyol	
  

synthesis	
  and	
  galvanic	
  replacement	
  reactions.	
  (Chapter2)	
  

2. To	
   determine	
   the	
   stability	
   of	
   gold	
   nanocages	
   against	
   pulsed	
   (6ns)	
   laser	
   light	
   at	
  

relevant	
  energies.	
  (Chapter3)	
  

3. To	
  determine	
  the	
  contrast	
  properties	
  of	
  gold	
  nanocages	
  in	
  1%	
  Intralipid	
  based	
  tissue	
  

mimicking	
  phantoms	
  (Chapter	
  4)	
  and	
  ex	
  vivo	
  tissues	
  (porcine	
  muscles).	
  (Chapter	
  5)	
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Chapter	
  2:	
  Synthesis	
  of	
  gold	
  nanocages	
  using	
  silver	
  nanocubes	
  
as	
  template	
  
	
  

Synthesis	
  of	
  gold	
  nanocages	
   is	
  a	
   two	
  step	
  process.	
  The	
  first	
  step	
   involves	
  the	
  synthesis	
  of	
  

silver	
   nanocubes	
   of	
   high	
   purity	
   and	
   homogenous	
   size.	
   In	
   the	
   second	
   step,	
   these	
   silver	
  

nanocubes	
  work	
  as	
  sacrificial	
  templates	
  for	
  the	
  production	
  of	
  gold	
  nanocages	
  via	
  galvanic	
  

replacement	
  reaction.	
  

2.1	
  Silver	
  nanocubes	
  synthesis	
  

Polyol	
   process	
   has	
   been	
   used	
   for	
   the	
   synthesis	
   of	
   silver	
   nanocubes.	
   Recently	
   Xia	
   et	
   al.	
  

(2006)	
  made	
  significant	
  modifications	
   to	
   this	
  process	
   to	
  cut	
  down	
  the	
  reaction	
  time	
   from	
  

16-­‐26	
  hour	
  to	
  3-­‐8	
  minutes[145].	
  Two	
  different	
  protocols	
  have	
  been	
  used	
  for	
  the	
  synthesis	
  

of	
   silver	
   nanocubes,	
   published	
   by	
   Xia[146][147].	
   In	
   the	
   first	
   protocol[146],	
   silver	
   nitrate	
  

(AgNO3)	
  was	
  used	
  as	
  a	
  silver	
  precursor	
  and	
  sodium	
  sulphide	
  (Na2S)	
  as	
  a	
  catalyst	
  and	
  in	
  the	
  

second	
   protocol,	
   silver	
   trifluoroacetate	
   (CF3COOAg)	
   was	
   used	
   as	
   a	
   silver	
   precursor	
   and	
  

sodium	
   hydrosulfide	
   (NaHS)	
   as	
   a	
   catalyst.	
   Researchers	
   were	
   using	
   silver	
   nitrate	
   as	
   the	
  

precursor	
   for	
   nanocube	
   synthesis	
   but	
   recently,	
   in	
   2010,	
   Xia’s	
   group	
   switched	
   to	
   silver	
  

trifluoroacetate[147].	
   Their	
   argument	
   for	
   this	
   change	
   was	
   that,	
   the	
   nitrate	
   group	
   may	
  

decompose	
   at	
   an	
   elevated	
   temperature	
   typical	
   of	
   a	
   Polyol	
   synthesis	
   to	
   generate	
   ionic	
  

and/or	
   gaseous	
   species,	
   making	
   the	
   synthesis	
   more	
   difficult	
   to	
   understand	
   and	
  

control[147].	
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2.2	
  Materials	
  (Chemicals)	
  used	
  in	
  synthesis	
  

For	
  the	
  synthesis	
  of	
  silver	
  nanocubes,	
  the	
  following	
  reagents	
  were	
  used:	
  	
  

	
  

	
  

Table	
  2.1-­‐	
  List	
  of	
  chemicals	
  used	
  in	
  the	
  synthesis	
  of	
  silver	
  nanocubes/gold	
  nanocages.	
  

	
  

2.3	
  Synthesis	
  of	
  silver	
  nanocubes	
  using	
  AgNO3	
  as	
  a	
  precursor[146]	
  

2.3.1	
  Protocol	
  for	
  synthesis:	
  

An	
   oil	
   bath	
   (silicone	
   fluid)	
   was	
   heated	
   to	
   150⁰	
   C	
   with	
   continuous	
   stirring	
   (approx.	
   300	
  

rpm).	
   The	
   experimental	
   set	
   up	
   shown	
   in	
   figure	
   2.1A.	
   Four	
   24	
  ml	
   vials	
  were	
   used	
   in	
   one	
  

synthesis	
  batch;	
  clean	
  stir	
  bars	
  (Teflon	
  coated,	
  egg	
  shaped)	
  and	
  6	
  ml	
  of	
  ethylene	
  glycol	
  was	
  

added	
   to	
  each	
  vial	
   as	
   the	
   second	
  step.	
  A	
  vial	
  holder	
  was	
  used	
   to	
   suspend	
   the	
  vials	
   in	
   the	
  

heated	
  oil	
  bath.	
  Vial	
  caps	
  were	
  loosed	
  to	
  allow	
  water	
  vapour	
  to	
  escape.	
  Ethylene	
  glycol,	
  in	
  

Chemicals	
   Related	
  information	
  

Anhydrous	
  ethylene	
  glycol	
  (EG)	
   Sigma-­‐Aldrich,	
  102466,	
  ≥99%	
  

Polyvinylpyrrolidone	
  (PVP)	
   Mw:	
  55,000,	
  Aldrich,	
  CAS:	
  9003-­‐39-­‐8	
  

Silver	
  nitrate	
  (AgNO3)	
   ≥99.99%,	
  Sigma-­‐Aldrich,	
  

Silver	
  trifluoroacetate	
  (CF3COOAg)	
   ≥99.99%,	
  CAS:	
  2966-­‐50-­‐9	
  

Sodium	
  sulphide	
  (Na2S.9H2O)	
   Sigma-­‐Aldrich,	
  CAS:	
  1313-­‐84-­‐4	
  

Sodium	
  hydrosulfide	
  (NaHS)	
   Sigma-­‐Aldrich,	
  CAS:	
  207683-­‐19-­‐0	
  

Hydrochloric	
  acid	
  (HCl)	
   Reagent	
  grade,	
  38%	
  

Acetone	
   Reagent	
  grade	
  

Ethanol	
   Reagent	
  grade	
  

Chloroauric	
  acid	
  (HAuCl4.3H2O)	
   99.9%,	
  Aldrich,	
  CAS:	
  27988-­‐77-­‐8	
  

Sodium	
  chloride	
  (NaCl)	
   Sigma,	
  CAS:	
  7647-­‐14-­‐5	
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the	
  vials	
  was	
  heated	
  for	
  1	
  hour	
  to	
  remove	
  all	
  the	
  water.	
  Meanwhile	
  three	
  different	
  solutions	
  

were	
  prepared:	
  

Firstly,	
  a	
  PVP	
  solution	
  in	
  ethylene	
  glycol	
  was	
  prepared	
  (PVP	
  works	
  as	
  capping	
  agent).	
  For	
  

one	
  vial,	
  0.03g	
  of	
  PVP	
  was	
  required	
  to	
  dissolve	
  in	
  1.5	
  ml	
  (0.18	
  M)	
  of	
  ethylene,	
  therefore	
  for	
  

the	
  4	
  vials;	
  0.14	
  g	
  of	
  PVP	
  was	
  dissolved	
  in	
  7	
  ml	
  of	
  ethylene	
  glycol	
  (little	
  excess	
  for	
  proper	
  

pipette	
  technique).	
  

Then	
  a	
  second,	
  1	
  ml	
  solution	
  of	
  approximately	
  3	
  mM	
  Na2S	
  in	
  ethylene	
  glycol	
  was	
  prepared.	
  

This	
   solution	
   will	
   be	
   used	
   to	
   catalyze	
   the	
   reduction	
   of	
   Ag+	
   during	
   silver	
   cube	
   synthesis.	
  

Initially	
  a	
  30	
  mM	
  solution	
  of	
  Na2S	
  in	
  ethylene	
  glycol	
  was	
  prepared	
  by	
  adding	
  0.072	
  g	
  of	
  Na2S	
  

in	
   10	
   ml	
   of	
   ethylene	
   glycol.	
   Then	
   a	
   vortex	
   mixer	
   (Fisher,	
   vortex	
   Genie	
   2)	
   was	
   used	
   to	
  

dissolve	
  Na2S	
  in	
  ethylene	
  glycol.	
  Next,	
  100	
  µl	
  of	
  30	
  mM	
  solution	
  was	
  transferred	
  to	
  another	
  

vial	
  and	
  900	
  µl	
  of	
  ethylene	
  glycol	
  was	
  added	
  to	
  make	
  an	
  approx.	
  3	
  mM	
  Na2S	
  solution	
  (Term	
  

approximately	
  used	
   for	
  Na2S	
   concentration,	
  because	
  of	
   the	
  hygroscopic	
  nature	
  of	
   sodium	
  

sulphide).	
   The	
   solution	
   was	
   again	
   agitated	
   for	
   5	
   min	
   before	
   the	
   addition	
   to	
   synthesis	
  

reaction.	
  

Finally,	
   a	
   third	
   solution,	
   silver	
   nitrate	
   in	
   ethylene	
   glycol	
   was	
   prepared	
   to	
   use	
   as	
   silver	
  

precursor.	
  A	
  0.024	
  g	
  of	
  AgNO3	
  in	
  0.5	
  ml	
  of	
  ethylene	
  glycol	
  (0.28	
  mM)	
  was	
  required	
  for	
  each	
  

vial.	
   Then	
   0.12	
   g	
   of	
   AgNO3	
   was	
   added	
   to	
   2.5	
   ml	
   of	
   ethylene	
   glycol	
   to	
   prepare	
   enough	
  

solution	
  for	
  four	
  reaction	
  vials.	
  Each	
  vial	
  was	
  sealed	
  and	
  agitated	
  using	
  a	
  vortex	
  mixer	
  until	
  

all	
  the	
  silver	
  nitrate	
  was	
  dissolved.	
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Figure	
  2.1:	
  	
  setup	
  of	
  synthesis	
  reaction,	
  showing	
  the	
  oil	
  bath	
  on	
  hot	
  plate	
  and	
  arrangement	
  of	
  reaction	
  vials	
  in	
  
oil	
  bath	
  (A).	
  Desired	
  green-­‐ochre	
  color	
  after	
  the	
  complition	
  of	
  reaction	
  (B).	
  

	
  

Then,	
   after	
   1	
   hour	
   of	
   heating	
   of	
   the	
   ethylene	
   glycol,	
   the	
   vials	
   caps	
  were	
   removed	
   and	
   4	
  

different	
   volumes	
   (70,	
   80,	
   90,	
   100	
   µl)	
   of	
   sodium	
   sulphide	
   solution	
   were	
   added	
   using	
   a	
  

micropipette	
  (VWR)	
  into	
  vial	
  1	
  to	
  vial	
  4,	
  respectively,	
  and	
  the	
  vials	
  were	
  recapped	
  loosely.	
  

After	
  8	
  min,	
  the	
  caps	
  were	
  removed	
  again	
  and	
  1.5	
  ml	
  of	
  the	
  PVP	
  solution	
  was	
  added	
  to	
  each	
  

vial	
  (in	
  two	
  aliquots	
  of	
  0.75	
  ml).	
  After	
  the	
  addition	
  of	
  the	
  PVP	
  solution,	
  a	
  0.5	
  ml	
  of	
  AgNO3	
  

solution	
   was	
   added	
   immediately	
   into	
   each	
   vial	
   and	
   the	
   vials	
   were	
   loosely	
   recapped.	
   	
   A	
  

series	
   of	
   color	
   changes	
   occurred	
   upon	
   injection	
   of	
   the	
   AgNO3/EG	
   solution	
   (step	
   IX).	
  

Immediately	
   after	
   the	
   addition,	
   the	
   mixture	
   turned	
   purple/black	
   -­‐	
   transparent	
   bright	
  

yellow	
  (with	
  in	
  1	
  min)	
  -­‐	
  yellow-­‐orange	
  to	
  orange	
  brown	
  (within	
  2-­‐3	
  min)	
  -­‐	
  deposition	
  of	
  Ag	
  

(B) 

Vial holder 

(A) 
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on	
   walls	
   (within	
   5	
   min)	
   -­‐	
   opaque,	
   ruddy-­‐red	
   when	
   viewing	
   the	
   reaction	
   meniscus	
   and	
  

green-­‐ochre	
  when	
  viewed	
  head	
  on	
  (within	
  7-­‐10	
  min)	
  (shown	
  in	
  figure	
  2.1B).	
  And	
  then,	
  after	
  

10	
  min,	
  as	
  soon	
  as	
  green-­‐ochre	
  colour	
  occurred	
  the	
  reaction	
  was	
  quenched	
  by	
  placing	
  vials	
  

in	
  water	
  bath	
  at	
  room	
  temperature.	
  

2.3.2	
  Washing	
  of	
  reaction	
  content:	
  

	
  After	
   cooling,	
   the	
   contents	
   of	
   the	
   vials	
  were	
   transferred	
   into	
   their	
   corresponding	
   30	
  ml	
  

centrifuge	
  tubes.	
  Vials	
  were	
  rinsed	
  twice	
  with	
  6	
  ml	
  of	
  acetone	
  each	
  time	
  and	
  washings	
  were	
  

transferred	
   to	
   appropriate	
   tubes.	
   Contents	
   in	
   each	
   centrifuge	
   tube	
   were	
   spun	
   down	
  

(Ultracentrifuge,	
   Beckman	
   Coulter)	
   at	
   2000g	
   for	
   25	
   min.	
   Supernatant	
   was	
   removed	
   and	
  

discarded	
  by	
  using	
  disposable	
  glass	
  pipettes.	
  And	
   then,	
  2	
  ml	
  of	
  deionised	
   (DI)	
  water	
  was	
  

injected	
   into	
   each	
   tube	
   and	
  was	
   agitated	
  via	
   sonication	
   (Branson	
  200)	
   to	
   re-­‐disperse	
   the	
  

product.	
   Then	
  half	
   of	
   the	
   volume	
  was	
   transferred	
   to	
   1.5	
  ml	
   volume	
   centrifuge	
   tubes	
   and	
  

again	
  centrifuged	
  (Beckman	
  Coulter,	
  Optima	
  L-­‐90K)	
  at	
  9000g	
  for	
  10	
  min.	
  Supernatant	
  was	
  

removed	
  and	
  rest	
  of	
  the	
  contents	
  were	
  transferred	
  to	
  1.5	
  ml	
  tubes	
  and	
  again	
  centrifuged	
  at	
  

9000	
   g	
   for	
   10	
   min.	
   Washing	
   was	
   repeated	
   3	
   times.	
   Finally	
   washed	
   products	
   were	
   re-­‐

dispersed	
  in	
  4	
  ml	
  of	
  DI	
  water	
  and	
  stored	
  for	
  characterization	
  and	
  further	
  use.	
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2.4	
  Synthesis	
  of	
  silver	
  nanocubes	
  using	
  CF3COOAg	
  as	
  precursor[147]	
  

2.4.1	
  Protocol	
  for	
  synthesis:	
  

A	
  50	
  ml	
   volume	
  of	
   ethylene	
   glycol	
  was	
   added	
   to	
   a	
   250	
  ml	
   round	
  bottom	
   flask	
   (RB)	
   (ace	
  

glass)	
  and	
  heated	
  under	
  magnetic	
  stirring	
  in	
  an	
  oil	
  bath	
  pre	
  set	
  to	
  150⁰	
  C.	
  Three	
  different	
  

solutions	
  were	
  prepared	
  during	
  the	
  heating	
  period.	
  First,	
  a	
  PVP	
  solution	
  in	
  ethylene	
  glycol	
  

was	
  prepared.	
   In	
  a	
  24	
  ml	
  vial,	
  350mg	
  of	
  PVP	
  was	
  weighed	
  and	
  17.5	
  ml	
  of	
  ethylene	
  glycol	
  

(0.364	
  mM)	
  was	
  added	
  and	
  then	
  agitated	
  via	
  a	
  vortex	
  mixer	
  to	
  dissolve	
  the	
  PVP	
  completely.	
  

Second,	
  a	
  3	
  mM	
  solution	
  of	
  3.2	
  mg	
  HNaS	
  in	
  19	
  ml	
  ethylene	
  glycol	
  was	
  prepared.	
  Third,	
  a	
  325	
  

mM	
  solution	
  of	
   silver	
   trifluoroacetate	
   in	
   a	
  24	
  ml	
   vial	
  was	
  prepared	
  by	
   adding	
  359	
  mg	
  of	
  

CF3COOAg	
  into	
  5	
  ml	
  of	
  ethylene	
  glycol.	
  A	
  vortex	
  mixer	
  was	
  used	
  to	
  agitate	
  the	
  solution	
  for	
  

proper	
  mixing.	
  A	
  HCl	
  solution	
  in	
  ethylene	
  glycol	
  was	
  also	
  prepared	
  by	
  adding	
  5	
  µl	
  of	
  HCl	
  to	
  

20	
  ml	
  (3	
  mM)	
  ethylene	
  glycol	
  (HCl	
  increases	
  production	
  of	
  high-­‐quality	
  Ag	
  nanocubes,	
  as	
  Cl-­‐	
  

ion	
   acted	
   as	
   ligand	
   for	
   oxidative	
   etching	
   to	
   eliminate	
   twinned	
   particles).	
   Sodium	
  

hydrosulfide	
  (HNaS)	
  solution	
  (0.6	
  ml)	
  was	
  quickly	
  injected	
  into	
  the	
  heated	
  ethylene	
  glycol	
  

after	
  its	
  temperature	
  had	
  reached	
  150⁰	
  C.	
  Then	
  after	
  4	
  min,	
  a	
  5	
  ml	
  HCl	
  solution	
  was	
  injected	
  

into	
  the	
  heated	
  reaction	
  solution.	
  Two	
  min	
  after	
  the	
  addition	
  of	
  HCl	
  solution,	
  12.5	
  ml	
  of	
  PVP	
  

solution	
   was	
   added	
   to	
   the	
   reaction	
   mixture.	
   After	
   4	
   min,	
   4	
   ml	
   of	
   silver	
   trifluoroacetate	
  

solution	
  was	
  injected	
  into	
  the	
  reaction	
  mixture.	
  During	
  the	
  entire	
  process,	
  the	
  RB	
  flask	
  was	
  

capped	
  with	
   a	
   glass	
   stopper	
   except	
  during	
   the	
   addition	
  of	
   reagents.	
  After	
   the	
   addition	
  of	
  

CF3COOAg,	
   the	
   transparent	
   reaction	
   mixture	
   turned	
   to	
   a	
   whitish	
   color	
   and	
   then	
   quickly	
  

turned	
  yellow	
  within	
  1	
  min.	
  The	
  reaction	
  was	
  allowed	
  to	
  proceed	
  for	
  30	
  min	
  and	
  its	
  color	
  

went	
  through	
  three	
  stages	
  of	
  dark	
  red,	
  reddish	
  grey	
  and	
  finally	
  brown.	
  Finally,	
  the	
  reaction	
  

was	
  quenched	
  after	
  30	
  min	
  by	
  placing	
  the	
  RB	
  flask	
  into	
  a	
  water	
  bath	
  at	
  room	
  temperature.	
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2.4.2	
  Washing	
  of	
  reaction	
  content	
  

	
  The	
  same	
  procedure	
  was	
  followed	
  as	
  mentioned	
  in	
  first	
  protocol	
  (chapter	
  2,	
  section	
  2.3.2)	
  

and	
  the	
  final	
  product	
  was	
  stored	
  in	
  DI	
  water.	
  

After	
   the	
   washing,	
   final	
   product	
   from	
   both	
   the	
   protocols	
   was	
   characterised	
   by	
   using	
  

different	
  techniques	
  mentioned	
  in	
  section	
  2.5	
  of	
  the	
  chapter.	
  

	
  

2.5	
  Results	
  and	
  discussions	
  
	
  

To	
  achieve	
  necessary	
   shape,	
   size	
   and	
  purity	
  of	
   silver	
  nanocubes	
   for	
   the	
   synthesis	
  of	
   gold	
  

nanocages	
   38	
   batches	
   were	
   synthesized.	
   Optical	
   properties	
   of	
   silver	
   nanocubes	
   were	
  

analyzed	
   by	
   using	
   UV-­‐Vis-­‐NIR	
   spectrophotometer	
   (Varian,	
   Cary-­‐50Bio).	
   Structural	
   and	
  

purity	
  information	
  for	
  the	
  silver	
  nanocubes	
  were	
  collected	
  using	
  X-­‐ray	
  Diffraction	
  (XRD,	
  D8	
  

Advance,	
   Bruker	
   axs).	
   Thermogravimetric	
   analysis	
   (TGA,	
  Q500)	
  was	
   done	
   to	
   confirm	
   the	
  

presence	
  of	
  PVP	
  after	
   the	
   final	
  washing	
  because	
   it	
   is	
   very	
  difficult	
   to	
   remove	
  all	
   the	
  PVP	
  

from	
  synthesized	
  cubes	
  as	
  PVP	
  has	
  very	
  high	
  affinity	
  with	
  silver.	
  The	
  geometric	
  parameters	
  

of	
   synthesized	
   silver	
   nanocubes	
   were	
   determined	
   by	
   the	
   High	
   Resolution-­‐Transmission	
  

Electron	
   Microscope	
   (HR-­‐TEM,	
   Hitachi	
   BioTEM	
   7500:	
  Nissei-­‐Sangyo,	
   Rexdale,	
   Ontario,	
  

Canada,	
   Camera:	
   AMT	
   XR40	
   side	
   mount,	
   Advance	
   Microscopy	
   Techniques,	
   Danvers,	
   MA,	
  

USA).	
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2.5.1	
  Optical	
  absorption	
  characterization	
  

It	
  is	
  known	
  that	
  localized	
  surface	
  plasmon	
  resonances	
  (LSPR)	
  is	
  based	
  on	
  the	
  size	
  of	
  cubes	
  

and	
  size	
  depends	
  upon	
   the	
  reaction	
   time	
  of	
   the	
  nanocube	
  synthesis[147].	
  The	
  absorption	
  

spectrum	
  for	
  representative	
  synthesized	
  silver	
  nanocubes	
  using	
  protocol	
  1	
  and	
  batch	
  no	
  8	
  

is	
  shown	
  in	
  Figure	
  2.2.	
  	
  	
  	
  

	
  

	
  

Figure2.2:	
  Optical	
  absorption	
  graph	
  of	
  silver	
  nanocubes	
  obtained	
  from	
  a	
  SNC-­‐8	
  synthesis	
  batch.	
  

	
  

Figure	
   2.2	
   shows	
   the	
   LSPR	
   of	
   silver	
   nanocubes	
   is	
   at	
   420	
   nm,	
   that	
   indicates	
   the	
   size	
   of	
  

nanocubes	
   is	
  between	
  30-­‐45	
  nm[147].	
  All	
   the	
  batches	
  of	
  Ag	
  nanocube	
  synthesized	
  (using	
  

protocol	
  1	
  and	
  2)	
  had	
  similar	
  LSPR.	
  However,	
  optical	
  absorption	
  cannot	
  confirm	
  the	
  exact	
  

shape	
  of	
  the	
  metal	
  nanopartcles.	
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2.5.2	
  X-­‐ray	
  diffraction	
  measurements	
  of	
  Ag	
  nanocubes	
  

X-­‐ray	
   powder	
   diffraction	
   (XRD)	
   is	
   a	
   rapid	
   analytical	
   technique	
   primarily	
   used	
   for	
   phase	
  

identification	
  of	
  a	
  crystalline	
  material	
  and	
  can	
  provide	
  information	
  on	
  unit	
  cell	
  dimensions.	
  In	
  

this	
  thesis,	
  XRD	
  is	
  used	
  to	
  determine	
  the	
  crystallinity	
  and	
  purity	
  of	
  silver	
  nanocubes.	
  For	
  the	
  

sample	
  preparation,	
  a	
  few	
  drops	
  of	
  silver	
  nanocube	
  solution	
  were	
  spread	
  on	
  a	
  glass	
  slide	
  and	
  

air	
  dried	
  before	
  using.	
  

A	
   representative	
   of	
   the	
   X-­‐ray	
   diffraction	
   pattern	
   of	
   the	
   silver	
   nanocubes	
   synthesized	
   by	
  

polyol	
   method	
   (protocol	
   1)	
   is	
   shown	
   in	
   Figure	
   2.3.	
   Different	
   batches	
   tested	
   using	
   XRD,	
  

generated	
  identical	
  patterns.	
  

	
  

	
  

Figure2.3:	
  XRD	
  pattern	
  of	
  silver	
  nanocubes,	
  black	
  peaks	
  representing	
  the	
  synthesized	
  nanocubes	
  and	
  red	
  
pattern	
  are	
  standard	
  XRD	
  patterns	
  for	
  silver	
  nanoparticles.	
  	
  

	
  

A	
   number	
   of	
   strong	
  Bragg	
   reflections	
   can	
  be	
   seen	
  which	
   correspond	
   to	
   the	
   (111),	
   (200),	
  

(220)	
   and	
   (311)	
   reflections	
   of	
   face-­‐centered	
   cubic	
   (FCC)	
   silver[148].	
   No	
   spurious	
  

2θ⁰	
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diffractions	
   due	
   to	
   crystallographic	
   impurities	
   are	
   observed[149].	
   All	
   the	
   reflections	
  

correspond	
  to	
  pure	
  silver	
  metal	
  with	
  face	
  centered	
  cubic	
  symmetry.	
  The	
  high	
  intense	
  peak	
  

for	
   FCC	
   materials	
   is	
   generally	
   (1	
   1	
   1)	
   reflection,	
   which	
   is	
   observed	
   in	
   the	
   sample.	
   The	
  

intensity	
  of	
  peaks	
  indicates	
  the	
  high	
  degree	
  of	
  crystallinity	
  of	
  the	
  silver	
  nanoparticles.	
  The	
  

XRD	
  demonstrates	
  that	
  silver	
  nanoparticles	
  formed	
  are	
  crystalline.	
  Four	
  peaks	
  at	
  2θ	
  values	
  

of	
  38,	
  44,	
  64	
  and	
  77	
  deg.	
  corresponding	
  to	
  (111),	
  (200),	
  (220)	
  and	
  (311)	
  planes	
  of	
  silver	
  are	
  

observed	
  and	
  compared	
  with	
  the	
  standard	
  powder	
  diffraction	
  card	
  of	
   Joint	
  Committee	
  on	
  

Powder	
  Diffraction	
  Standards	
  (JCPDS)	
  (red	
  color	
  pattern	
  in	
  graph).	
  The	
  XRD	
  study	
  indicates	
  

that	
   the	
   resultant	
   particles	
   are	
   (FCC)	
   silver	
   nanoparticles[150].	
   However,	
   XRD	
   cannot	
  

provide	
  information	
  about	
  the	
  shape	
  of	
  the	
  nanoparticles.	
  

2.5.3	
  Thermogravimetric	
  analysis	
  of	
  Ag	
  nanocubes	
  

Thermogravimetric	
  analysis	
  (TGA)	
  is	
  an	
  analytical	
  technique	
  used	
  to	
  determine	
  a	
  material’s	
  

thermal	
  stability	
  and	
   its	
   fraction	
  of	
  volatile	
  components	
  by	
  monitoring	
  the	
  weight	
  change	
  

that	
  occurs	
  as	
  a	
  specimen	
  is	
  heated.	
  The	
  measurement	
  is	
  normally	
  carried	
  out	
  in	
  air	
  or	
  in	
  an	
  

inert	
  atmosphere,	
   such	
  as	
  Nitrogen	
  or	
  Argon,	
  and	
   the	
  weight	
   is	
   recorded	
  as	
  a	
   function	
  of	
  

increasing	
  temperature.	
  Pollyvinylpyrolidone	
  (PVP)	
  was	
  used	
  as	
  stabilizer	
  in	
  the	
  synthesis	
  

of	
   silver	
   nanocube	
   and	
   PVP	
   has	
   has	
   high	
   affinity	
   with	
   the	
   silver[145],	
   Therefore,	
  

thermogravimetric	
  analysis	
  (TGA)	
  was	
  used	
  to	
  determine	
  if	
  any	
  PVP	
  was	
  left	
  on	
  the	
  silver	
  

nanocubes	
   after	
   several	
   washings.	
   Sample	
   for	
   the	
   TGA	
   analysis	
   was	
   prepared	
   by	
   freeze	
  

drying	
   (Virtis	
   benchtop)	
   of	
   silver	
   nanocubes.	
   Decomposition	
   temperature	
   of	
   pure	
   PVP	
   is	
  

380⁰C[151].	
  Figure	
  2.4	
  shows	
  the	
  TGA	
  of	
  synthesized	
  silver	
  nanocubes	
  (protocol	
  1,	
  SNC-­‐8	
  

batch).	
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Figure2.4:	
  TGA	
  of	
  silver	
  nanocubes	
  obtained	
  from	
  SNC-­‐8	
  synthesis	
  batch.	
  

	
  

Figure	
  	
  2.4	
  shows	
  the	
  continuous	
  decrease	
  in	
  mass	
  of	
  sample	
  with	
  increasing	
  temperature	
  

indicating	
   the	
   presence	
   and	
   decomposition	
   of	
   PVP.	
   Decomposition	
   temperature	
   of	
   PVP	
  

attached	
   on	
   silver	
   nanocubes	
   is	
   	
   350⁰C	
   according	
   to	
   TGA	
   graph	
   shown	
   in	
   Figure	
   2.4.	
  

Thermogravimetric	
   analysis	
   of	
   PVP	
   coated	
   on	
   Pt	
   was	
   done	
   by	
   Du	
   et	
   al.[151]	
   also	
  

demonstrate	
   that	
   PVP	
   decomposed	
   at	
   350⁰C	
   which	
   is	
   also	
   30⁰C	
   less	
   than	
   the	
   pure	
   PVP	
  

decomposition	
  temperature.	
  The	
  weight	
  loss	
  below	
  90⁰C	
  is	
  due	
  to	
  evaporation	
  of	
  absorbed	
  

water	
  and	
  the	
  weight	
  loss	
  starts	
  above	
  100⁰C	
  is	
  attributed	
  to	
  the	
  thermal	
  decomposition	
  of	
  

PVP.	
   Thus,	
   TGA	
   confirmed	
   the	
   presence	
   of	
   PVP	
   on	
   silver	
   nanocubes,	
   even	
   after	
   several	
  

washings.	
  TGA	
  graph	
  shown	
  in	
  Figure	
  	
  2.4	
  demonstrates	
  that	
  only	
  3.58%	
  	
  (0.1003mg	
  out	
  of	
  

2.8	
  mg	
  sample)	
  PVP	
  is	
  present	
  which	
  could	
  be	
  ignored	
  and	
  no	
  further	
  washings	
  were	
  done.	
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2.5.4	
  Transmission	
  electron	
  microscope	
  imaging	
  (TEM)	
  of	
  Ag	
  nanocubes	
  

 
The	
  transmission	
  electron	
  microscope	
  uses	
  a	
  high	
  energy	
  electron	
  beam	
  transmitted	
  through	
  

a	
  very	
  thin	
  sample	
  to	
  image	
  and	
  analyze	
  the	
  microstructure	
  of	
  materials	
  with	
  high	
  resolution.	
  

The	
  beam	
  of	
  electrons	
  from	
  the	
  electron	
  gun	
  is	
  focused	
  into	
  a	
  small,	
  thin,	
  coherent	
  beam	
  by	
  

the	
   use	
   of	
   the	
   condenser	
   lens.	
   This	
   beam	
   is	
   restricted	
   by	
   the	
   condenser	
   aperture,	
   which	
  

excludes	
   high	
   angle	
   electrons.	
   The	
   beam	
   then	
   strikes	
   the	
   specimen	
   and	
   parts	
   of	
   it	
   are	
  

transmitted	
  depending	
  upon	
  the	
  thickness	
  and	
  electron	
  transparency	
  of	
  the	
  specimen.	
  This	
  

transmitted	
   portion	
   is	
   focused	
   by	
   the	
   objective	
   lens	
   into	
   an	
   image	
   on	
   phosphor	
   screen	
   or	
  

charge	
   coupled	
  device	
   (CCD)	
   camera.	
  Optional	
  objective	
  apertures	
   can	
  be	
  used	
   to	
   enhance	
  

the	
  contrast	
  by	
  blocking	
  out	
  high-­‐angle	
  diffracted	
  electrons.	
  The	
  image	
  then	
  passed	
  down	
  the	
  

column	
   through	
   the	
   intermediate	
   and	
   projector	
   lenses,	
   is	
   enlarged	
   all	
   the	
  way.	
  The	
   image	
  

strikes	
  the	
  phosphor	
  screen	
  and	
   light	
   is	
  generated,	
  allowing	
  the	
  user	
  to	
  see	
  the	
   image.	
  The	
  

darker	
   areas	
   of	
   the	
   image	
   represent	
   those	
   areas	
   of	
   the	
   sample	
   that	
   fewer	
   electrons	
   are	
  

transmitted	
  through	
  while	
  the	
  lighter	
  areas	
  of	
  the	
  image	
  represent	
  those	
  areas	
  of	
  the	
  sample	
  

that	
  more	
  electrons	
  were	
  transmitted	
  through.	
  

In	
   this	
   section	
   of	
   thesis,	
   TEM	
   imaging	
   was	
   conducted	
   to	
   confirm	
   the	
   geometry	
   of	
  

synthesized	
   nanoparticles.	
   For	
   the	
   sample	
   preparation,	
   a	
   drop	
   from	
   silver	
   nanocube	
  

suspension	
  (Ag	
  nanocubes	
  in	
  DI	
  water)	
  poured	
  on	
  the	
  carbon	
  coated	
  grid	
  and	
  after	
  1	
  min	
  

extra	
   water	
   was	
   absorbed	
   by	
   a	
   Kimwipes	
   (VWR)	
   and	
   sample	
   was	
   ready	
   to	
   load.	
   As	
  

mentioned	
  earlier,	
  two	
  different	
  protocols	
  were	
  followed	
  for	
  the	
  silver	
  nanocube	
  synthesis.	
  

Figure	
  2.5	
   (a,b,c)	
   shows	
   the	
  TEM	
   images	
   for	
   representative	
   silver	
  nanocubes	
   synthesized	
  

using	
  protocol-­‐1[146].	
  The	
  three	
  figures	
  are	
  from	
  three	
  different	
  synthesis	
  batches	
  (SNC-­‐7,	
  

SNC-­‐8	
  and	
  SNC-­‐9).	
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Figure	
  2.5:	
  TEM	
  images	
  of	
  different	
  synthesis	
  batches	
  of	
  Ag	
  nanocubes	
  following	
  the	
  protocol	
  1.	
  a)	
  SNC-­‐7,	
  b)	
  
SNC-­‐8	
  and	
  c)	
  SNC-­‐9.	
  

Figure	
  2.6	
  (a,b,c)	
  are	
  TEM	
  images	
  of	
  Ag	
  nanocubes	
  synthesized	
  using	
  protocol	
  2[147].	
  The	
  

three	
  figures	
  are	
  from	
  three	
  different	
  synthesis	
  batches	
  (Exp-­‐25,	
  Exp-­‐26a	
  and	
  Exp-­‐26b).	
  

(a)	
   (b)	
  

(c)	
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Figure	
  2.6:	
  TEM	
  images	
  of	
  different	
  synthesis	
  batches	
  of	
  Ag	
  nanocubes	
  following	
  the	
  protocol	
  2[147].	
  a)	
  Exp-­‐

25,	
  b)	
  Exp-­‐26a	
  and	
  c)	
  Exp-­‐26b.	
  	
  

	
  

	
  

	
  

(a)	
  

(c)	
  

(b)	
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Figure	
   2.7	
   shows	
   the	
   TEM	
   images	
   of	
   the	
   best	
   result	
   batch	
   (Exp-­‐27)	
   synthesized	
   using	
  

protocol	
   2.	
   Figure	
   2.7c	
   shows	
   the	
   size	
  measurement	
   of	
   cubes	
  present	
   in	
   image.	
  All	
   three	
  

images	
  are	
  from	
  same	
  batch	
  but	
  from	
  different	
  part	
  (mesh)	
  of	
  grid.	
  Figure	
  2.7	
  a	
  and	
  b	
  have	
  

only	
  2	
  and	
  3	
  nanocubes,	
  as	
  sometime	
  only	
  a	
  few	
  particles	
  are	
  accumulated	
  on	
  a	
  part	
  of	
  the	
  

grid	
  and	
  sometime	
  plenty	
  of	
  particles	
  accumulated	
  at	
  the	
  same	
  place,	
  as	
  in	
  Figure	
  2.7c.	
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Figure	
  2.7:	
  TEM	
  images	
  of	
  Ag	
  nanocubes	
  fabricated	
  using	
  protocol	
  2	
  shows	
  the	
  size	
  of	
  nanocubes.	
  (a,b	
  and	
  c)	
  
different	
  images	
  from	
  same	
  batch	
  (Exp-­‐27).	
  

	
  

Figure	
   2.5	
   represents	
   the	
   silver	
   nanoparticles	
   synthesized	
   by	
   using	
   AgNO3	
   as	
   silver	
  

precursor	
   (protocol	
   1).	
   Figure	
   2.5a	
   confirms	
   that	
   most	
   of	
   the	
   silver	
   nanoparticles	
   are	
  

nanorods	
   with	
   some	
   other	
   structures,	
   but	
   no	
   nanocubes	
   are	
   present.	
   Figure	
   2.5b	
   and	
   c	
  

shows	
  nanorods	
   that	
  are	
   lesser	
   in	
  number	
  with	
  most	
  of	
   the	
  structures	
   that	
  are	
  spherical.	
  

(a)	
  

(c)	
  

(b)	
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Also	
   the	
   batches	
   in	
   Figure	
   2.5	
   b	
   and	
   c	
   lacking	
   nanocubes.	
   Figure	
   2.6	
   represents	
   the	
   Ag	
  

nanoparticles	
   synthesized	
   by	
   using	
   CF3COOAg	
   as	
   silver	
   precursor	
   (protocol	
   2).	
   Initial	
  

batches	
   (Figure	
   2.6	
   a,	
   b)	
   provide	
   silver	
   nanoparticles	
   of	
   different	
   structures,	
   but	
   in	
   the	
  

further	
  batches,	
  Ag	
  nanocubes	
  were	
  present	
  but	
  in	
  small	
  numbers	
  (Figure	
  2.6c).	
  

Out	
  of	
  38	
  synthesis	
  batches,	
  protocol	
  1	
  was	
  used	
   for	
   initial	
  32	
  batches	
  and	
   last	
  5	
  batches	
  

were	
   synthesized	
   by	
   using	
   protocol	
   2.	
   The	
   difficulty	
   we	
   faced	
   in	
   using	
   protocol	
   1	
   is	
   the	
  

addition	
  of	
  sodium	
  sulfide	
  (Na2S),	
  as	
  it	
  is	
  hygroscopic	
  in	
  nature.	
  Therefore,	
  addition	
  of	
  exact	
  

amount	
  was	
  difficult	
   and	
  we	
  used	
  4	
  vials	
   in	
  one	
   synthesis	
  with	
  all	
   the	
  other	
   reactants	
   in	
  

same	
  number	
  and	
  amount	
  but	
  4	
  different	
  amounts	
  (near	
  to	
  required	
  amount)	
  of	
  Na2S	
  were	
  

added	
  (different	
  in	
  each	
  vial)	
  as	
  optimization	
  to	
  enhance	
  the	
  probability	
  of	
  addition	
  of	
  right	
  

amount.	
  But	
  even	
  after	
  trying	
  32	
  times	
  we	
  were	
  only	
  getting	
  a	
  few	
  nanocubes,	
  nanospheres	
  

and	
  nanorods	
  were	
  the	
  main	
  yield.	
  In	
  the	
  protocol	
  2	
  we	
  used	
  sodium	
  hydrosulfide	
  (NaHS),	
  

which	
  is	
  stable	
   in	
  comparison	
  to	
  Na2S.	
  After	
  further	
  optimization	
  in	
  the	
  synthesis	
  process	
  

(protocol	
   2),	
  we	
  were	
   able	
   to	
   synthesize	
   25-­‐30%	
  Ag	
   nanocubes	
  with	
   rest	
   of	
   the	
  mixture	
  

containing	
  different	
  structures	
  as	
  shown	
  in	
  figure	
  2.7.	
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2.6	
  Conclusion	
  	
  

To	
  use	
  silver	
  nanocubes	
  as	
   the	
  templates	
   in	
   the	
  synthesis	
  of	
  gold	
  nanocages	
  at	
   least	
  95%	
  

purity	
  is	
  required.	
  Yet	
  after	
  the	
  synthesis	
  of	
  38	
  batches	
  (over	
  a	
  period	
  of	
  4	
  months)	
  using	
  2	
  

different	
  protocols,	
  only	
  30%	
  purity	
  was	
  achieved.	
  At	
  this	
  point	
  it	
  was	
  decided	
  to	
  abandon	
  

the	
   synthesis	
   of	
   gold	
   nanocages	
   due	
   to	
   the	
   challenges	
   with	
   optimizing	
   the	
   synthesis	
  

process.	
  The	
  reaction	
  is	
  very	
  sensitive,	
  according	
  to	
  Xia	
  [146].	
  For	
  example,	
  Sodium	
  sulfide	
  

(Na2S)	
   is	
   highly	
   hygroscopic.	
   Therefore,	
   there	
   is	
   an	
   unavoidable	
   uncertainty	
   in	
   the	
  

concentration	
  of	
  Na2S,	
  which	
  may	
  cause	
  reaction	
  to	
  fail.	
  There	
  are	
  many	
  other	
  critical	
  steps	
  

in	
  the	
  synthesis,	
  such	
  as	
  temperature	
  control;	
  injection	
  of	
  reagents	
  to	
  ethylene	
  glycol	
  may	
  

also	
  cause	
  reaction	
  to	
  fail.	
  

	
  

Due	
   to	
   the	
   sensitivity	
   of	
   the	
   reaction,	
   it	
  was	
   taking	
   too	
   long	
   to	
   optimize	
   the	
   protocol	
   for	
  

higher	
  purity	
  nanocubes.	
  Our	
  priority	
  in	
  this	
  project	
  was	
  to	
  study	
  the	
  stability	
  and	
  contrast	
  

properties	
   of	
   AuNCs.	
   Therefore,	
   instead	
   of	
   investing	
   more	
   time	
   on	
   the	
   synthesis	
   of	
   Ag	
  

nanocubes,	
  a	
  collaboration	
  with	
  Xia’s	
  Group	
  (Georgia	
  Tech)	
  was	
  initiated	
  and	
  nanocages	
  of	
  

40-­‐45	
  nm	
   size	
  were	
   acquired	
   and	
  used	
   for	
   the	
   thesis	
  work.	
   Figure	
  2.8	
   shows	
   absorption	
  

spectra	
  of	
  AuNCs	
  used	
  in	
  thesis	
  work.	
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Figure	
  2.8:	
  Optical	
  absorption	
  spectrum	
  of	
  gold	
  nanocages.	
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Chapter	
  3:	
  Stability	
  Measurement	
  of	
  gold	
  nanocages	
  (AuNCs)	
  

Gold	
   nanocages	
   are	
   cubic	
   hollow	
   structures	
   with	
   porous	
   walls	
   with	
   thickness	
   of	
   5-­‐7nm.	
  

Their	
   localized	
  surface	
  plasmon	
  resonance	
  (LSPR)	
  is	
  tunable	
  with	
  the	
  size.	
  AuNCs	
  used	
  in	
  

this	
  study	
  are	
  45-­‐50nm	
  in	
  size	
  and	
  have	
  LSPR	
  of	
  731nm.	
  Due	
  to	
  small	
  size	
  and	
  thin	
  walls	
  

their	
   stability	
   against	
   laser	
   exposer	
   is	
   the	
   point	
   of	
   concern.	
   This	
   chapter	
   describes	
   the	
  

stability	
  study	
  of	
  AuNCs	
  performed	
  by	
  illuminating	
  them	
  against	
  different	
  laser	
  energies	
  for	
  

different	
  time	
  periods.	
  	
  

	
  

3.1	
  Optoacoustic	
  detection	
  system	
  

A	
  prototype	
  reverse-­‐mode	
  optoacoustic	
  system	
  (SENO	
  Medical,	
  San	
  Antonio,	
  TX)	
  was	
  used	
  

in	
   this	
   research	
   work.	
   A	
   schematic	
   of	
   the	
   device	
   is	
   shown	
   in	
   figure	
   (3.1).	
   This	
   system	
  

operates	
  at	
   two	
  wavelengths,	
  1064	
  nm	
  (Nd:	
  YAG)	
  and	
  775	
  nm	
  (Ti:	
  Sapphire)	
  with	
  pulsed	
  

laser	
   light	
   (6	
   ns)	
   coupled	
   to	
   a	
   bifurcated	
   fibre	
   bundle.	
   Maximum	
   energy	
   output	
   falls	
  

between	
  50	
  and	
  200	
  mJ	
  at	
  both	
  wavelengths.	
  The	
  output	
  energy	
  is	
  controlled	
  through	
  a	
  Q-­‐

Switch	
  delay,	
  whereby	
  the	
  shortest	
  delay	
  outputs	
  the	
  highest	
  energy	
  	
  

Q-­‐switching	
   also	
   known	
   as	
   quality	
   switching	
   is	
   a	
   method	
   for	
   generating	
   intense	
   short	
  

pulses	
  (nanoseconds)	
  of	
  light	
  with	
  a	
  laser.	
  An	
  Nd:	
  YAG	
  crystal	
  is	
  used	
  as	
  a	
  lasing	
  medium,	
  

which	
  is	
  optically	
  pumped,	
  by	
  using	
  a	
  flash	
  lamp	
  to	
  excite	
  the	
  atoms	
  of	
  the	
  medium.	
  Both	
  

ends	
   of	
   lasing	
  medium	
   have	
   reflecting	
   surfaces,	
  which	
   allows	
   the	
  wave	
   to	
   intensify	
   as	
   it	
  

moves	
   back	
   and	
   forth	
   across	
   the	
   active	
   medium.	
   This	
   helps	
   to	
   increase	
   the	
   numbers	
   of	
  

pumped	
  atoms	
  and	
  produces	
  a	
  powerful	
  “giant”	
  pulse.	
  In	
  the	
  Seno	
  system,	
  the	
  laser	
  output	
  

can	
  be	
  further	
  adjusted	
  through	
  attenuator	
  settings.	
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Figure	
  3.1:	
  schematic	
  representation	
  of	
  prototype	
  reverse-­‐mode	
  Optoacoustic	
  system.	
  Bifurcated	
  fibre	
  bundle	
  
located	
  on	
  each	
  side	
  of	
  transducer.	
  	
  

	
  

The	
   output	
   laser	
   beam	
   has	
   a	
   pulse	
   width	
   of	
   6	
   ns,	
   repetition	
   rate	
   of	
   10	
   Hz	
   and	
   a	
   beam	
  

diameter	
  of	
  9	
  mm	
  at	
  25	
  mm.	
  A	
  wavelength	
  of	
  775	
  nm	
  was	
  selected	
  for	
  all	
  the	
  optoacoustic	
  

experiments.	
   This	
   wavelength	
   is	
   near	
   to	
   the	
   optical	
   absorption	
   wavelength	
   of	
   gold	
  

nanocages	
   (731	
  nm)	
  used	
   in	
   this	
   experiment.	
   The	
  American	
  National	
   Standards	
   Institute	
  

(ANSI)	
  sets	
  clinical	
   limits	
   for	
   laser	
  exposure	
   to	
  humans.	
  These	
   limits	
  known	
  as	
  maximum	
  

permissible	
  exposures	
  (MPEs)	
  are	
  set	
  to	
  be	
  below	
  hazardous	
  levels.	
  In	
  clinical	
  practice,	
  it	
  is	
  

suggested	
   that	
   the	
  exposure	
   level	
  at	
   the	
  MPE	
  may	
  cause	
  discomfort	
   to	
  patients[152].	
  The	
  

ANSI	
   limit	
   for	
  775	
  nm	
  wavelength	
  pulsed	
   laser,	
  with	
  6	
  ns	
  pulse	
  width,	
   is	
  10	
  mJ/cm2;	
   for	
  

1064	
   nm,	
   the	
   ANSI	
   limit	
   is	
   100	
   mJ/cm2[153].	
   Figure	
   3.2	
   shows	
   the	
   Seno	
   prototype	
   OA	
  

imaging	
   system	
  we	
  used	
   in	
   our	
   lab.	
   The	
   transducer	
   array,	
   fibre	
   bundles,	
   camera	
   and	
   the	
  

sample	
   are	
   all	
   submerged	
   in	
   a	
   water-­‐filled	
   Plexi	
   glass	
   container	
   for	
   optimal	
   acoustic	
  

coupling.	
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Figure	
  3.2:	
  a)	
  Seno	
  medical	
  optoacoustic	
  imaging	
  system,	
  view	
  of	
  laser	
  unit,	
  water	
  bath,	
  computer	
  and	
  
monitor,	
  b)	
  components	
  of	
  water	
  bath.	
  

	
  

(a)	
  

(b)	
  



65	
  
	
  

An	
   eight-­‐element	
   annular	
   array	
  wideband	
   ultrasound	
   transducer	
  with	
   a	
   nominal	
   central	
  

frequency	
  of	
  5	
  MHz	
  was	
  used	
  for	
  OA	
  detection.	
  The	
  transducer	
  has	
  a	
  focal	
  width	
  of	
  0.5	
  mm,	
  

focal	
  point	
  at	
  25	
  mm,	
  focal	
  length	
  of	
  10	
  mm	
  (about	
  the	
  focal	
  point)	
  and	
  a	
  maximum	
  depth	
  of	
  

60	
  mm	
  (see	
  figure	
  3.3).	
  The	
  transducer’s	
  focal	
  point	
  corresponds	
  to	
  where	
  the	
  laser	
  beams	
  

from	
  each	
  fibre	
  bundle	
  intersect	
  to	
  give	
  a	
  maximum	
  illumination	
  diameter	
  of	
  approximately	
  

9	
  mm.	
  

	
  

	
  

Figure	
  3.3:	
  Schematic	
  of	
  eight-­‐element	
  annular	
  array	
  transducer	
  response	
  and	
  parameters.	
  A	
  represents	
  the	
  
focal	
  width	
  of	
  transducer	
  (0.5	
  mm);	
  B	
  is	
  the	
  focal	
  point	
  (25	
  mm);	
  C	
  is	
  the	
  focal	
  length	
  (10	
  mm)	
  centered	
  about	
  
the	
  focal	
  point;	
  and	
  D	
  is	
  the	
  maximum	
  depth	
  (60	
  mm).	
  

	
  

A	
   cuvette	
   (quartz)	
   filled	
   with	
   gold	
   nanocages	
   was	
   fixed	
   to	
   a	
   holder	
   and	
   mounted	
   on	
   a	
  

translation	
  stage	
  which	
  can	
  be	
  translated	
  in	
  X,	
  Y	
  and	
  Z	
  direction,	
  under	
  video	
  guidance.	
  The	
  

video	
   camera	
   and	
   system	
  motor	
   (which	
  moves	
   both	
   the	
   camera	
   and	
   sample	
   holder)	
   are	
  

linked	
  to	
  the	
  data	
  acquisition	
  system.	
  The	
  area	
  of	
  the	
  sample	
  to	
  be	
  scanned	
  is	
  known	
  as	
  a	
  

region	
  of	
  interest	
  (ROI)	
  and	
  was	
  selected	
  within	
  the	
  focal	
  length	
  of	
  transducer	
  (25	
  mm,	
  ±	
  5	
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mm	
  from	
  the	
  transducer	
  front).	
  The	
  value	
  of	
  X,	
  Y	
  and	
  Z-­‐axis	
  of	
  the	
  ROI	
  were	
  then	
  selected	
  in	
  

their	
  respective	
  scan	
  ranges.	
  Selected	
  ROIs	
  were	
  then	
  scanned	
  for	
  the	
  OA	
  data	
  acquisition.	
  	
  

	
  

The	
  additional	
  detection	
  parameters	
   to	
  be	
  selected	
  before	
  scanning	
   includes	
   the	
  speed	
  of	
  

sound,	
   OA	
   signal	
   averaging,	
   water	
   bath	
   temperature,	
   time	
   gain	
   control	
   and	
   desired	
   step	
  

size.	
  

The	
  laser	
  energy	
  from	
  a	
  Q-­‐Switch	
  laser	
  system	
  has	
  the	
  tendency	
  to	
  fluctuate	
  (from	
  pulse	
  to	
  

pulse)	
  and	
  this	
  phenomenon	
  can	
  affect	
  the	
  strength	
  of	
  OA	
  signals.	
  Illuminating	
  one	
  location	
  

of	
   the	
   sample	
   with	
   many	
   pulses	
   and	
   averaging	
   the	
   number	
   of	
   OA	
   signals	
   can	
   minimize	
  

fluctuations	
  in	
  OA	
  signal	
  due	
  to	
  variable	
  input	
  laser	
  pulse	
  energy.	
  Signal	
  averaging	
  is	
  helpful	
  

to	
  improve	
  signal	
  to	
  noise	
  ratio	
  but	
  at	
  the	
  expense	
  of	
  longer	
  scan	
  times.	
  

Optoacoustic	
   targets,	
   which	
   are	
   similar	
   in	
   size,	
   shape,	
   optical	
   absorption	
   and	
   speed	
   of	
  

sound,	
   should	
   yield	
   the	
   same	
   OA	
   signal	
   strength	
   no	
   matter	
   the	
   depth.	
   However,	
   due	
   to	
  

exponential	
  light	
  attenuation	
  and	
  the	
  attenuation	
  of	
  the	
  generated	
  sound	
  waves	
  with	
  depth,	
  

this	
  is	
  not	
  achievable.	
  Time	
  gain	
  controls	
  (TGCs)	
  are	
  signal	
  amplifications	
  functions	
  applied	
  

to	
   the	
  OA	
  signals	
   to	
  compensate	
   for	
   these	
   losses	
  at	
  depth[154].	
  The	
   type	
  of	
  TGC	
   function	
  

applied	
  is	
  dependent	
  on	
  the	
  tissue	
  of	
  interest	
  and	
  the	
  application.	
  In	
  this	
  thesis,	
  a	
  TGC	
  with	
  

constant	
   amplification,	
   at	
   all	
   the	
   depth,	
  was	
   used	
   for	
   all	
   experiments.	
   Constant	
   TGC	
  was	
  

used	
  because	
  the	
  attenuation	
  profile	
  for	
  the	
  cuvette	
  used	
  in	
  our	
  study	
  was	
  not	
  known,	
  such	
  

that,	
  an	
  appropriate	
  TGC	
  was	
  not	
  available.	
  Therefore,	
  a	
  constant	
  TGC	
  was	
  used	
  such	
  that,	
  

all	
  the	
  OA	
  signals	
  were	
  amplified	
  to	
  a	
  similar	
  level.	
  	
  

Step-­‐size	
  is	
  an	
  important	
  parameter	
  in	
  OA	
  data	
  collection,	
  as	
  it	
  is	
  related	
  to	
  the	
  resolution	
  of	
  

OA	
  image.	
  Step	
  size	
  indicates	
  the	
  distance	
  between	
  each	
  OA	
  signal	
  acquisition	
  location.	
  The	
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smaller	
  the	
  step	
  size,	
  the	
  better	
  the	
  overall	
  resolution	
  of	
  the	
  OA	
  image.	
  The	
  Seno	
  system	
  has	
  

a	
  step	
  size	
  range	
  from	
  0.01	
  mm	
  to	
  1	
  mm.	
  Although	
  the	
  resolution	
  is	
  improved	
  with	
  smaller	
  

step	
   sizes,	
   this	
   is	
   at	
   the	
   cost	
  of	
   longer	
   scan-­‐times.	
  A	
   step	
   size	
  of	
  0.1	
  mm	
  was	
  used	
   for	
   all	
  

experiments	
  as	
  this	
  generated	
  an	
  acceptable	
  spatial	
  data	
  set	
  for	
  analysis.	
  	
  

The	
  temperature	
  of	
  the	
  water	
  in	
  the	
  water	
  tank	
  can	
  be	
  controlled	
  to	
  mimic	
  the	
  temperature	
  

of	
  the	
  system	
  of	
  interest.	
  For	
  in-­‐vivo,	
  small	
  animal,	
  imaging	
  studies,	
  it	
  is	
  often	
  required	
  that	
  

the	
  water	
  remain	
  at	
  core	
  body	
  temperature	
  to	
  avoid	
  shock.	
  The	
  water	
  temperature	
  can	
  be	
  

changed	
  and	
  held	
  at	
  a	
  desired	
  temperature	
  through	
  a	
  heater	
  and	
  water	
  pump	
  system.	
  For	
  

the	
   experiments	
   in	
   this	
   thesis,	
   the	
   temperature	
   of	
   water	
   bath	
  was	
   at	
   room	
   temperature	
  

(24⁰C)	
  as	
  no	
  in-­‐vivo	
  experiments	
  were	
  completed	
  in	
  this	
  study.	
  

	
  

3.2	
  Optoacoustic	
  detection	
  of	
  gold	
  nanocages	
  	
  

A	
  cuvette	
  holder	
  as	
  shown	
  in	
  figure	
  3.4,	
  made	
  up	
  of	
  Plexi	
  glass	
  was	
  designed,	
  fabricated	
  and	
  

used	
   to	
   mount	
   the	
   sample	
   cuvette	
   with	
   the	
   translation	
   stage.	
   This	
   holder	
   was	
   built	
  

specifically	
  to	
  hold	
  a	
  10	
  mm	
  path	
  length	
  cuvette.	
  The	
  cuvette	
  fits	
  perfectly	
  in	
  the	
  socket	
  and	
  

additionally	
  there	
  are	
  two	
  Teflon	
  screws	
  to	
  fix	
  the	
  cuvette.	
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Figure	
  3.4:	
  Cuvette	
  holder	
  (Plexi	
  glass)	
  with	
  two	
  Teflon	
  screws	
  to	
  hold	
  cuvette	
  firmly.	
  

	
  

Pre	
   experimental	
   work	
   was	
   completed	
   to	
   calculate	
   the	
   energy	
   output	
   from	
   the	
   fiber	
  

bundles,	
   in	
  order	
  to	
  set	
  the	
  energy	
  level	
  for	
  illumination.	
  All	
  the	
  experimental	
  parameters	
  

required	
  were	
  set	
  before	
  each	
  experiment.	
  A	
  screen	
  capture	
  of	
   the	
  graphic	
  user	
   interface	
  

(GUI)	
  is	
  shown	
  in	
  figure	
  3.5.	
  	
  

A	
  constant	
  speed	
  of	
  sound	
  at	
  1.54	
  mm/µs	
  and	
  775	
  nm	
  (Ti:	
  Sapphire)	
  wavelength	
  were	
  used	
  

for	
  all	
  experiments.	
  Two	
  different	
  energies,	
  10	
  mJ	
  and	
  5	
  mJ	
  were	
  used.	
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Figure	
   3.5:	
   Data	
   collection	
   graphic	
   user	
   interface	
   (GUI),	
   with	
   all	
   the	
   required	
   parameters	
   for	
   OA	
   data	
  
collection	
  for	
  stability	
  experiment.	
  

	
  

The	
   cuvette	
   filled	
   with	
   AuNCs	
   (0.32	
   ×	
   1011	
   particles/ml,	
   1	
   by	
   25th	
   of	
   original	
   AuNCs	
  

concentration,	
  8	
  ×	
  1011	
  particles/ml)	
  was	
  sealed	
  with	
  paraffin	
  to	
  avoid	
  leakage,	
  and	
  placed	
  in	
  

the	
  holder.	
  The	
  holder	
  was	
  then	
  mounted	
  on	
  a	
  translation	
  stage.	
  The	
  scanning	
  area	
  (ROI)	
  was	
  

selected	
  to	
  provide	
  a	
  scanning	
  time	
  little	
  more	
  than	
  5	
  min	
  (which	
  allows	
  to	
  stop	
  illumination	
  

accordingly	
  for	
  1,	
  3	
  and	
  5	
  min	
  exposure	
  time).	
  No	
  raster	
  scanning	
  (a	
  pattern	
  of	
  closely	
  spaced	
  

rows	
  of	
   dots	
   that	
   form	
  an	
   image)	
  was	
  done.	
  The	
   cuvette	
  was	
   filled	
   to	
  10	
  mm	
   level	
   (1	
  ml	
   of	
  

sample),	
  so	
  that	
  the	
  9	
  mm	
  diameter	
  laser	
  beam	
  covered	
  almost	
  the	
  whole	
  volume,	
  as	
  shown	
  in	
  

figure	
  3.6.	
   	
  First,	
  with	
  an	
  energy	
  of	
  10	
  mJ,	
   three	
  different	
  AuNCs	
  sample	
  were	
  exposed	
   for	
  1	
  

min,	
  3	
  min	
  and	
  5	
  min	
  and	
  then	
  the	
  process	
  was	
  repeated	
  for	
  a	
  5	
  mJ	
  energy;	
  again	
  with	
  three	
  

different	
  samples	
  for	
  1	
  min,	
  3	
  min	
  and	
  5	
  min.	
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Figure	
  3.6:	
  Schematic	
  representation	
  of	
  AuNCs	
  sample	
  covered	
  with	
  9	
  mm	
  spot	
  of	
  laser	
  beam.	
  

	
  

Swirling	
   of	
   AuNCs	
   sample	
   during	
   experiment	
  was	
   needed	
   to	
   avoid	
   any	
   sedimentation	
   of	
  

gold	
   nanoparticles	
   and	
   to	
   ensure	
   maximized	
   exposure	
   for	
   all	
   particles.	
   The	
   effects	
   of	
  

swirling	
   were	
   investigated	
   for	
   5,	
   3	
   and	
   1	
   min	
   exposure.	
   For	
   the	
   5	
   min	
   exposure,	
   the	
  

illumination	
  was	
  paused	
  twice,	
  first	
  after	
  90	
  seconds	
  and	
  then	
  after	
  180	
  seconds.	
  For	
  the	
  3	
  

min	
   and	
   1	
   min	
   exposure,	
   the	
   illumination	
   was	
   paused	
   once,	
   after	
   90	
   seconds	
   and	
   30	
  

seconds,	
   respectively.	
   Figure	
   3.7	
   shows	
   the	
   difference	
   between	
   swirled	
   and	
   non-­‐swirled	
  

samples.	
  A	
  decrease	
   in	
  peak	
  amplitude	
  and	
  a	
  blue	
  shift	
  of	
   the	
  peak	
   in	
   the	
   swirled	
  AuNCs	
  

sample	
   demonstrates	
   that	
  with	
   the	
   swirling	
   process	
  more	
   particles	
  were	
   exposed	
   to	
   OA	
  

laser	
   light.	
  Further,	
   the	
   laser	
  beams	
  are	
   typically	
  Gaussian	
  (characteristic	
  symmetric	
   “bell	
  

curve”	
   shape)	
  and	
  hence	
   the	
   central	
   region	
  of	
   the	
  beam	
  has	
  a	
  higher	
  photon	
   flux.	
  All	
   the	
  

AuNCs	
  samples	
  were	
  swirled	
  during	
  the	
  stability	
  study.	
  

	
  

	
  

	
  

Beam spot; 9 
mm diameter 10 mm 

10 mm 

Cuvette 

AuNCs 
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Figure	
  3.7:	
  UV-­‐Vis	
  absorption	
  graph	
  showing	
   the	
  effect	
  of	
   swirling	
  a	
  gold	
  nanocages	
   in	
  middle	
  of	
  exposure.	
  
Blue	
   represents	
   non-­‐exposed	
   AuNCs.	
   Green	
   represents	
   the	
   AuNCs	
   sample,	
   which	
   was	
   not	
   swirled.	
   Red	
  
represents	
  the	
  swirled	
  sample.	
  

	
  

Three	
  methods	
  were	
  used	
  to	
  characterize	
  the	
  stability	
  of	
  AuNCs	
  against	
  pulsed	
  laser	
  light:	
  

optoacoustic	
  detection,	
  TEM	
  imaging	
  and	
  optical	
  absorption	
  spectra.	
   	
  When	
  all	
   six	
  AuNCs	
  

samples	
  (3	
  sample	
  at	
  10	
  mJ	
  and	
  3	
  samples	
  at	
  5	
  mJ)	
  were	
  exposed,	
  30	
  µl	
  aliquots	
  of	
  exposed	
  

AuNCs	
  were	
   taken	
  out	
   from	
  each	
   cuvette	
   for	
  TEM	
   imaging	
  and	
   the	
   rest	
  of	
   the	
  nanocages	
  

samples	
  were	
  diluted	
  with	
  DI	
  water	
   (equal	
   amount	
  of	
  water	
  was	
   added	
   to	
   all	
   the	
  AuNCs	
  

samples)	
   for	
   UV-­‐Vis	
   absorption	
   (to	
   an	
   acceptable	
   concentration).	
   For	
   the	
   TEM	
   imaging,	
  

carbon	
  coated	
  grids	
  were	
  used	
  and	
  all	
  the	
  images	
  were	
  taken	
  at	
  80	
  kV.	
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3.3	
  Results	
  and	
  discussion	
  

3.3.1	
  Optoacoustic	
  signal	
  detection	
  

This	
  section	
  of	
   the	
   thesis	
   focuses	
  on	
  amplitude-­‐based	
  optoacoustic	
  analysis	
   to	
   investigate	
  

the	
  effects	
  of	
  laser	
  energy	
  and	
  exposure	
  time	
  on	
  AuNCs	
  stability.	
  OA	
  data	
  was	
  acquired	
  by	
  

exposing	
  gold	
  nanocages	
  (0.32	
  ×	
  1011	
  particles/ml)	
  at	
  5	
  mJ	
  and	
  10	
  mJ	
  laser	
  pulse	
  energy	
  for	
  

1	
   min,	
   3	
   min	
   and	
   5	
   min	
   (separate	
   AuNCs	
   sample	
   for	
   each	
   exposure	
   time	
   and	
   for	
   every	
  

repeat).	
  The	
  optoacoustic	
  imaging	
  system	
  records	
  data	
  every	
  second.	
  Therefore,	
  for	
  1,	
  3	
  and	
  

5	
  min	
  exposure,	
  60,	
  180	
  and	
  300	
  data	
  points	
  were	
  generated,	
  respectively.	
   	
   In	
   this	
  study,	
  

the	
  OA	
  signal	
  is	
  integrated	
  over	
  a	
  time	
  delay	
  region	
  (converted	
  to	
  distance)	
  to	
  give	
  the	
  area	
  

under	
  the	
  OA	
  data	
  curve.	
  The	
  Hilbert	
  Transform	
  is	
  applied	
  to	
  all	
  OA	
  signals.	
  	
  

For	
   Hilbert	
   transform,	
   data	
   was	
   exported	
   to	
   MATLAB	
   (version	
   R2009b.	
   Natick,	
  

Massachusetts:	
   The	
   Math	
   Works	
   Inc.,	
   2009)	
   for	
   individual	
   OA	
   signal	
   inspection	
   and	
  

analysis.	
  The	
  Hilbert	
  Transform	
  is	
  a	
  filter	
  that	
  changes	
  the	
  phase	
  of	
  the	
  spectral	
  component	
  

of	
  a	
  signal	
  by	
  90°	
  and	
  it	
  affects	
  only	
  the	
  phase	
  of	
  the	
  signal,	
  has	
  no	
  effect	
  on	
  its	
  amplitude.	
  

The	
  original	
  signal	
  and	
   its	
  Hilbert	
  Transform	
  are	
  orthogonal[155]	
   to	
  each	
  other	
  and	
  have	
  

same	
  intensity.	
  

Figure	
  3.8	
  shows	
  data	
  for	
  the	
  first	
  second	
  of	
  exposure	
  of	
  a	
  gold	
  nanocages	
  sample	
  exposed	
  

at	
  10	
  mJ	
  for	
  1,	
  3	
  and	
  5	
  minutes,	
  figure	
  3.8a,	
  3.8b	
  and	
  3.8c,	
  respectively.	
  The	
  box	
  shows	
  the	
  

cuvette	
  (filled	
  with	
  AuNCs)	
  positioned	
  ∼	
  25	
  mm	
  from	
  the	
  transducer	
  array.	
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Figure	
  3.8:	
  OA	
  signals	
  (obtained	
  at	
  t=1sec)	
  from	
  AuNCs	
  exposed	
  at	
  10	
  mJ	
  for	
  (a)	
  1	
  min,	
  (b)	
  3	
  min	
  and	
  (c)	
  5	
  min	
  
exposure	
  durations.	
  Boxes	
  are	
  representing	
  the	
  position	
  of	
  cuvette	
  from	
  the	
  transducer	
  array.	
  	
  	
  	
  	
  	
  	
  

(a)	
  

(c)	
  

(b)	
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The	
   unusually	
   higher	
   OA	
   signals	
   prior	
   to	
   the	
   cuvette	
   region,	
   from	
   0-­‐20mm,	
   are	
   present.	
  

However,	
   a	
   constant	
   TGC	
   was	
   applied	
   which	
   means	
   all	
   transducers	
   should	
   have	
   similar	
  

amplification.	
   The	
   strong	
   OA	
   signals	
   observed	
   1	
   to	
   20	
   mm	
   from	
   the	
   transducer	
   are	
  

emerging	
  from	
  water	
  and,	
  hence,	
  must	
  be	
  artefacts.	
  This	
  is	
  likely	
  a	
  result	
  of	
  a	
  TGC	
  firmware	
  

error.	
  

	
  Figure	
   3.9	
   (AuNCs	
   exposed	
   at	
   10	
  mJ	
   laser	
   energy	
   for	
   5	
  min)	
   shows	
   OA	
   signal	
   over	
   the	
  

length	
  of	
  cuvette	
  (from	
  24	
  to	
  34	
  mm)	
  at	
  t	
  =	
  1s	
  (fig	
  3.9a)	
  and	
  at	
  t	
  =	
  300s	
  exposures	
  (fig	
  3.9b).	
  

This	
   OA	
   plot	
   shows	
   a	
   reduction	
   in	
   OA	
   signal	
   at	
   300s	
   compared	
   to	
   1s,	
   which	
   indicates	
   a	
  

change	
   in	
   the	
  optical	
   and	
   thermo	
  mechanical	
   properties	
   of	
  AuNCs,	
   results	
   from	
   the	
   laser	
  

exposure.	
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Figure	
  3.9:	
  OA	
  signal	
  over	
  the	
  length	
  of	
  cuvette	
  (24-­‐34mm	
  from	
  the	
  transducer).	
  (a)	
  at	
  the	
  first	
  second	
  of	
  
exposure	
  (b)	
  at	
  the	
  final	
  (300th)	
  second	
  of	
  exposure.	
  	
  

	
  	
  

3.3.2	
  OA	
  signal	
  analysis	
  

The	
   OA	
   signals	
   within	
   the	
   range	
   of	
   the	
   cuvette	
   are	
   integrated	
   to	
   give	
   a	
   single	
   value	
  

representing	
  the	
  OA	
  signal	
  from	
  the	
  AuNCs.	
  Figure	
  3.10	
  shows	
  the	
  OA	
  signals	
  versus	
  time	
  

for	
  5	
  mJ	
  and	
  10	
  mJ	
  exposures.	
  Figure	
  3.10a	
  for	
  1	
  min,	
  3.10b	
  for	
  3	
  min	
  and	
  3.10c	
  for	
  5	
  min	
  

exposure	
  durations.	
  Fig	
  3.10	
  shows	
  a	
  decrease	
  in	
  OA	
  signal	
  with	
  exposure	
  time.	
  Error	
  bars	
  

show	
  the	
  standard	
  deviation,	
  as	
  three	
  sets	
  of	
  each	
  experiment	
  was	
  done.	
  

	
  

	
  

(a)	
   (b)	
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Figure	
  3.10:	
  Area	
  under	
  curve	
  versus	
  time	
  plot	
  demonstrating	
  the	
  trend	
  of	
  OA	
  absorption	
  drop	
  with	
  time	
  (two	
  
slots:	
  initial	
  and	
  final	
  10	
  seconds)	
  at	
  two	
  different	
  energies	
  (5	
  and	
  10	
  mJ)	
  (a)	
  1	
  minute	
  exposure	
  (b)	
  3	
  minute	
  
exposure	
  and	
  (c)	
  5	
  minute	
  exposure.	
  	
  	
  

	
  

(b)	
  

(c)	
  

(a)	
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The	
  data	
  in	
  fig	
  3.10	
  indicates	
  that	
  OA	
  signals	
  are	
  greater	
  for	
  a	
  5	
  mJ	
  energy	
  pulse	
  than	
  for	
  a	
  

10	
  mJ	
  energy	
  pulse.	
  This	
  contradicts	
  our	
  understanding	
  of	
  OA	
  wave	
  generation	
  as	
  described	
  

by	
   equation	
   1.3	
   in	
   chapter	
   1.	
   This	
   is	
   unexpected,	
   because	
   it	
   is	
   known	
   that,	
   higher	
   pulse	
  

energy	
  means	
  more	
  photons	
  available	
  to	
  be	
  absorbed.	
  Therefore,	
  the	
  OA	
  signals	
  observed	
  

at	
   the	
   first	
   second	
  of	
   exposure	
   should	
  be	
  higher	
   for	
   the	
  10	
  mJ	
   laser	
  pulse	
  energy.	
   In	
   this	
  

study,	
   the	
  OA	
   system	
   records	
  data	
   every	
   second.	
  Therefore	
   the	
   first	
   data	
  point	
   shown	
   in	
  

these	
  plots	
  is	
  recorded	
  after	
  1	
  second,	
  which	
  for	
  our	
  system	
  corresponds	
  to	
  10	
  laser	
  pulses	
  

being	
   delivered.	
   Other	
   studies	
   have	
   demonstrated	
   that	
   gold	
   nanoparticles	
   are	
   damaged	
  

after	
   1	
   pulse	
   at	
   these	
   high	
   energies[156].	
   	
   Therefore,	
   data	
   shown	
   in	
   figure	
   3.10	
   likely	
  

underestimates	
   the	
   overall	
   effect	
   of	
   laser	
   exposure	
   on	
   our	
   AuNCs.	
   The	
   trends	
   shown	
   in	
  

figure	
  3.10	
  also	
  demonstrates	
  that	
  maximum	
  damage	
  done	
  in	
  the	
  initial	
  10	
  seconds	
  and	
  the	
  

final	
  10	
  seconds	
  values	
  shown	
  in	
  these	
  plots	
  are	
  stable	
  and	
  constant	
  for	
  all	
  three	
  exposures	
  

sets	
   (OA	
   signal	
   of	
   0.65	
   for	
   5	
  mJ	
   and	
  OA	
   signal	
   of	
   0.40	
   for	
   10	
  mJ	
   pulse	
   energy).	
   It	
   is	
   also	
  

confirmed	
  with	
  TEM	
  imaging	
  and	
  optical	
  absorption	
  data	
  analysis,	
  that	
  damage	
  at	
  10	
  mJ	
  is	
  

greater	
  than	
  the	
  5	
  mJ	
  pulse	
  energy;	
  therefore,	
  due	
  to	
  the	
  massive	
  destruction	
  at	
  10	
  mJ,	
  the	
  

OA	
  values	
  for	
  5	
  mJ	
  absorption	
  after	
  one	
  second	
  are	
  higher	
  than	
  10	
  mJ	
  absorption.	
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Dependent Variable: score 5mJ 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 3 0.19327200 0.06442400 38.80 <.0001 

Error 176 0.29225740 0.00166055   

Corrected Total 179 0.48552940    

	
  

Table	
  3.1:	
  The	
  One	
  Way	
  ANOVA	
  statistical	
  measurement	
  for	
  5	
  mJ	
  energy	
  exposure.	
  

	
  

Dependent Variable: score10mj 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 3 0.42880206 0.14293402 55.35 <.0001 

Error 156 0.40281761 0.00258216   

Corrected Total 159 0.83161967    

	
  

Table	
  3.2:	
  The	
  One	
  Way	
  ANOVA	
  statistical	
  measurement	
  for	
  10	
  mJ	
  energy	
  exposure.	
  

	
  	
  

The	
  data	
  shown	
  in	
  Table	
  3.1	
  and	
  3.2	
  correspond	
  to	
  the	
  OA	
  signal	
  plots	
  in	
  figure	
  3.10.	
  A	
  One	
  

Way	
  ANOVA	
  was	
  used	
  to	
  determine	
  if	
  the	
  values	
  of	
  initial	
  and	
  final	
  10	
  seconds	
  sets	
  for	
  all	
  

the	
   experiments	
   were	
   significantly	
   different	
   and	
   there	
   are	
   significant	
   differences	
   in	
   the	
  

scores	
  between	
  exposures,	
  and	
  between	
  the	
  AuNCs	
  samples	
  (Appendix	
  F	
  &	
  G).	
  Calculated	
  

F-­‐values	
  are	
  given	
  in	
  the	
  Table	
  3.1	
  (5	
  mJ)	
  and	
  Table	
  3.2	
  (10	
  mJ)	
  and	
  indicate	
  that	
  OA	
  signals	
  

from	
  the	
  first	
  and	
  last	
  10	
  seconds	
  were	
  significantly	
  different.	
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3.3.3	
  TEM	
  imaging	
  analysis	
  

TEM	
  imaging	
  was	
  done	
  to	
  confirm	
  the	
  conformational	
  changes	
   in	
  AuNCs	
  exposed	
  to	
   laser	
  

pulses.	
   High-­‐resolution	
   (HR)	
   mode	
   was	
   used	
   at	
   80	
   kV,	
   a	
   magnification	
   of	
   50000x	
   to	
  

150000x	
  was	
  used	
  to	
  capture	
  the	
  images	
  of	
  AuNCs.	
  Figure	
  3.11	
  shows	
  TEM	
  images	
  of	
  gold	
  

nanocages	
   used	
   in	
   this	
   study.	
   All	
   the	
   AuNCs	
  were	
   cubical	
  with	
   sharp	
   edges	
   and	
   corners,	
  

only	
   a	
   few	
  other	
   structures	
   (≈5%),	
   such	
  as	
  octagonal,	
   triangle	
  or	
   spherical	
  were	
  present.	
  	
  

Figures	
  3.12,	
  3.13	
  and	
  3.14	
  show	
  TEM	
  images	
  of	
  gold	
  nanocages	
  after	
  1,	
  3	
  and	
  5	
  minutes	
  of	
  

exposures	
   at	
   5	
   mJ	
   respectively.	
   The	
   corresponding	
   UV-­‐Vis	
   spectra	
   are	
   shown	
   in	
   figure	
  

3.18a,	
  b	
  and	
  c.	
  Figures	
  3.15,	
  3.16	
  and	
  3.17	
  show	
  TEM	
   images	
  of	
  gold	
  nanocages	
  after	
   the	
  

exposure	
  of	
  1,	
  3	
  and	
  5	
  min	
  at	
  10	
  mJ	
  respectively.	
  The	
  corresponding	
  UV-­‐Vis	
  spectra	
  shown	
  

in	
  figure	
  3.18d,	
  e	
  and	
  f.	
  

	
  

	
  

Figure	
  3.11:	
  (a)	
  TEM	
  images	
  of	
  gold	
  nanocages	
  at	
  50000x	
  magnification	
  before	
  the	
  exposure	
  to	
  pulsed	
  laser	
  
energy,	
  (b)	
  At	
  150000x	
  magnification.	
  

	
  

(a)	
   (b)	
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Figure3.12:	
  TEM	
  images	
  of	
  AuNCs	
  exposed	
  at	
  5	
  mJ	
  energy	
  for	
  1	
  min	
  (a,	
  b	
  are	
  images	
  of	
  the	
  same	
  sample	
  from	
  
a	
  different	
  part	
  of	
  a	
  grid).	
  

	
  

	
  

Figure	
  3.13:	
  TEM	
  images	
  of	
  AuNCs	
  exposed	
  at	
  5	
  mJ	
  energy	
  for3	
  min	
  (a,	
  b	
  are	
  images	
  of	
  the	
  same	
  sample	
  from	
  
a	
  different	
  part	
  of	
  a	
  grid).	
  

	
  	
  

(a)	
   (b)	
  

(a)	
   (b)	
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Figure	
  3.14:	
  TEM	
  images	
  of	
  AuNCs	
  exposed	
  at	
  5	
  mJ	
  energy	
  for	
  5	
  min	
  (a,	
  b	
  are	
  images	
  of	
  the	
  same	
  sample	
  from	
  
a	
  different	
  part	
  of	
  a	
  grid).	
  

	
  

After	
   the	
   exposure	
   at	
   5	
   mJ	
   of	
   energy,	
   approximately	
   26%	
   of	
   nanocages	
   lost	
   their	
   cubic	
  

shape	
  after	
  1	
  min	
  exposure;	
  corners	
  become	
  truncated	
  and	
  the	
  walls	
  of	
  the	
  AuNCs	
  started	
  

melting.	
  The	
  percentage	
  values	
  were	
  calculated	
  by	
  manual	
  counting	
  each	
  kind	
  of	
  structures	
  

with	
  an	
  individual	
  TEM	
  image	
  of	
  the	
  exposed	
  AuNCs.	
  More	
  structural	
  damage	
  is	
  observed	
  at	
  

5	
  mJ	
  laser	
  energy	
  for	
  3	
  and	
  5	
  min	
  exposures.	
  Most	
  of	
  the	
  nanocages	
  are	
  melted	
  (60-­‐70%)	
  

and	
  occupied	
  a	
  shape	
  between	
  cubic	
  and	
  sphere.	
  	
  

	
  

	
  

(a)	
   (b)	
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Figure	
  3.15:	
  TEM	
  images	
  of	
  AuNCs	
  exposed	
  at	
  10	
  mJ	
  energy	
  for	
  1	
  min	
  (a)	
  and	
  (b)	
  are	
  images	
  of	
  the	
  same	
  
sample	
  from	
  a	
  different	
  part	
  of	
  a	
  grid.	
  

	
  

	
  

Figure	
  3.16:	
  TEM	
  images	
  of	
  AuNCs	
  exposed	
  at	
  10	
  mJ	
  energy	
  for	
  3	
  min	
  (a)	
  and	
  (b)	
  are	
  images	
  of	
  the	
  same	
  
sample	
  from	
  a	
  different	
  part	
  of	
  a	
  grid.	
  

	
  

	
  

(a)	
   (b)	
  

(a)	
   (b)	
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Figure	
  3.17:	
  TEM	
  images	
  of	
  AuNCs	
  exposed	
  at	
  10	
  mJ	
  energy	
  for	
  5	
  min	
  (a)	
  and	
  (b)	
  are	
  images	
  of	
  the	
  same	
  
sample	
  from	
  a	
  different	
  part	
  of	
  a	
  grid.	
  

	
  

	
  Gold	
  nanocages	
  exposed	
  to	
  10	
  mJ	
  pulsed	
  laser	
  experience	
  greater	
  damage	
  compared	
  to	
  the	
  

5	
  mJ	
  laser	
  pulse.	
  AuNCs	
  exposed	
  at	
  10	
  mJ	
  for	
  1	
  min	
  (figure	
  3.15)	
  show	
  approximately	
  58%	
  

damage.	
   Exposure	
   at	
   3	
  minute	
   (figure	
   3.16)	
   and	
   5	
  min	
   (figure	
   3.17)	
   shows	
   approximate	
  

80%	
  and	
  91%	
  damage,	
   respectively.	
  Around	
  20%	
  to	
  50	
  %	
  of	
   the	
  AuNCs	
   turned	
  spherical	
  

and	
   fragmentation	
   occurred	
   for	
   all	
   three	
   exposures	
   times.	
   Spheres	
   and	
   other	
   structures,	
  

which	
  are	
  less	
  than	
  20	
  nm	
  in	
  size,	
  are	
  due	
  to	
  fragmentation.	
  This	
  TEM	
  imaging	
  of	
  exposed	
  

AuNCs	
   is	
   consistent	
  with	
   the	
  optical	
  absorption	
  analysis.	
  Optical	
  absorption	
  plots	
   (Figure	
  

3.18d,	
  e	
  and	
  f),	
  corresponding	
  to	
  the	
  10	
  mJ	
  exposure	
  showing	
  a	
  shift	
   to	
  the	
  peak	
  position	
  

and	
  decrease	
  in	
  amplitude.	
  The	
  decrease	
  in	
  peak	
  amplitude	
  and	
  shift	
  of	
  peak	
  to	
  the	
  lower	
  

wavelength	
   is	
   related	
  with	
  melting	
  and	
   fragmentation	
  of	
  AuNCs,	
   as	
  LSPR	
  depends	
  on	
   the	
  

shape	
  and	
  size	
  of	
  nanoparticles.	
  Melting	
  and	
  fragmentation	
  converted	
  cubic	
  nanocages	
  into	
  

truncated	
   AuNCs	
   and	
   in	
   other	
   structures	
   between	
   cube	
   and	
   spheres,	
   change	
   in	
   peak	
  

position	
  strongly	
  depend	
  on	
  the	
  aspect	
  ratio[157].	
  

	
  

(a)	
   (b)	
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3.3.4	
  Optical	
  absorption	
  spectra	
  

Metal	
  nanoparticles	
  have	
  unique	
  optical	
   absorption	
  as	
   a	
   function	
  of	
   their	
   size	
   and	
   shape.	
  

This	
   concept	
   has	
   been	
   used	
   in	
   this	
   study	
   to	
   monitor	
   changes	
   in	
   the	
   LSPR	
   to	
   study	
   the	
  

stability	
   of	
   AuNCs.	
   Figure3.18	
   shows	
   the	
   optical	
   absorption	
   spectra	
   for	
   a	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

0.32	
   ×	
   1011	
   particles/ml	
   concentration	
   AuNCs	
   sample	
   before	
   and	
   after	
   the	
   exposure	
   at	
  

different	
   energies	
   (5	
   mJ	
   and	
   10	
   mJ)	
   for	
   different	
   time	
   periods	
   (1,	
   3,	
   5	
   min).	
   Each	
  

experimental	
  parameter	
  set	
  was	
  repeated	
  three	
  times.	
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Figure	
  3.18:	
  (a,	
  b,	
  c)	
  Optical	
  absorption	
  spectra	
  of	
  AuNCs	
  (0.32	
  ×	
  1011	
  particles/ml)	
  sample	
  before	
  and	
  after	
  
the	
   exposure	
   at	
   5	
  mJ	
   laser	
   energy	
   at	
  775	
  nm.	
   (d,	
   e,	
   f)	
   at	
   10	
  mJ	
   laser	
   energy	
   at	
  775	
  nm	
   for	
  1,	
   3	
   and	
  5	
  min.	
  
vertical	
  lines	
  are	
  showing	
  blue	
  shift	
  of	
  peaks	
  from	
  non	
  exposed	
  sample	
  to	
  maximum	
  exposed.	
  

(c)	
  

(d)	
  (a)	
  

(b)	
   (e)	
  

(f)	
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Figure	
  3.18a,	
  shows	
  the	
  optical	
  absorption	
  graph	
  for	
  5	
  mJ	
  laser	
  pulses.	
  The	
  decrease	
  in	
  peak	
  

amplitude	
  is	
  5.6%	
  for	
  a	
  1	
  min	
  exposure	
  and	
  12.9%	
  for	
  a	
  5	
  min	
  exposure.	
  Blue	
  shifts	
  in	
  the	
  

absorption	
  peaks	
  of	
  1.38	
  nm	
  and	
  7.95	
  nm	
  for	
  1	
  min	
  and	
  5	
  exposures,	
  respectively,	
  are	
  also	
  

observed.	
   	
  This	
  experiment	
  was	
  repeated	
  a	
  total	
  of	
  three	
  times	
  and	
  figure	
  3.18b	
  and	
  c	
  are	
  

presenting	
   optical	
   spectra	
   of	
   two	
   other	
   repeats.	
   Optical	
   absorption	
   data	
   from	
   all	
   3	
  

experiments	
  show	
  similar	
  trend,	
  decrease	
  in	
  peak	
  amplitude	
  with	
  increasing	
  exposure	
  time.	
  	
  	
  

A	
  decrease	
  in	
  peak	
  amplitude	
  and	
  blue	
  shift	
  in	
  the	
  peak	
  for	
  5	
  mJ	
  is	
  comparatively	
  less	
  than	
  

10	
  mJ	
  energy	
  (Figure	
  3.18d,	
  e	
  and	
  f)	
  but	
  noticeable,	
  and	
  indicates	
  conformational	
  changes	
  

in	
  AuNCs	
  structure	
  for	
  a	
  5	
  mJ	
  laser	
  pulse.	
  	
  

Figure	
  3.18d	
  shows	
  the	
  optical	
  absorption	
  of	
  AuNCs	
  exposed	
   to	
  10	
  mJ	
   laser	
  pulses.	
  For	
  1	
  

min	
   exposure	
   time,	
   the	
   decrease	
   in	
   peak	
   amplitude	
   is	
   51.7%	
   and	
   for	
   a	
   5	
   minute,	
   the	
  

decrease	
   is	
  66.7%.	
  Blue	
   shifts	
   in	
   the	
  peak	
  absorptions	
  of	
  16.7nm	
  and	
  82.91nm	
   for	
  1	
  min	
  

and	
  5	
  min	
  exposures,	
  respectively,	
  are	
  observed.	
  A	
  decrease	
  in	
  peak	
  amplitude,	
  a	
  blue	
  shift	
  

and	
  a	
  small	
  bump	
  at	
  450	
  nm	
  (gold	
  nanoparticles	
  of	
  approximately	
  30	
  nm	
  in	
  size	
  have	
  LSPR	
  

at	
  450	
  nm)[158]	
  are	
   indicating	
  conformational	
  changes	
   in	
  AuNCs.	
  There	
  are	
   two	
  possible	
  

theories	
   for	
   such	
   conformational	
   changes	
   in	
   gold	
   nanocages.	
   First	
   is	
   a	
   result	
   of	
   AuNCs	
  

melting	
   due	
   to	
   a	
   generation	
   of	
   substantial	
   internal	
   heat	
   after	
   absorbing	
   laser	
   energy.	
  

Second	
   is	
   the	
   fragmentation	
   of	
   AuNCs	
   into	
   smaller	
   pieces	
   after	
   their	
   reshaping.	
   These	
  

conclusions	
   are	
   drawn	
   from	
   the	
   research	
   work	
   of	
   S.	
   Link	
   et.al[159]	
   and	
   M.	
   Gordel	
   et.	
  

al[160]	
  on	
  the	
  reshaping	
  of	
  gold	
  nanorods.	
  According	
   to	
  Link	
  and	
  Gordel,	
   laser	
   fluence	
   in	
  

the	
  order	
  of	
  0.25	
   Joule	
  cm-­‐2	
   can	
  melt	
   the	
  gold	
  nanoparticles	
  and	
  higher	
   laser	
   fluence	
  ~	
  1	
  

Joule	
  cm-­‐2	
  can	
  fragment	
  the	
  gold	
  nanorods	
  after	
  melting.	
  Link	
  et	
  al.	
  also	
  demonstrated	
  that	
  

nanosecond	
   pulses	
   can	
   cause	
   fragmentation	
   and	
   femtosecond	
   pulses	
   can	
   cause	
  

melting[161].	
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Figure	
  3.19	
   shows	
   the	
  peak	
   optical	
   absorption	
   values	
   (and	
   standard	
  deviations	
   for	
   the	
  3	
  

repeated	
  experiments)	
  for	
  the	
  AuNCs	
  as	
  a	
  function	
  of	
  exposure	
  time	
  and	
  laser	
  pulse	
  energy.	
  

Figure	
  3.19a	
  and	
  3.19b	
   show	
  a	
   trend	
  of	
  decreasing	
  peak	
  amplitude	
  at	
  5	
  mJ	
  and	
  10	
  mJ	
  of	
  

energy,	
  respectively.	
  Table	
  3.3	
  presents	
  an	
  overview	
  of	
  the	
  changes	
  in	
  the	
  peak	
  amplitude	
  

and	
   in	
   wavelength	
   observed	
   for	
   5	
   mJ	
   and	
   10	
   mJ	
   laser	
   pulses.	
   The	
   change	
   in	
   peak	
  

wavelength	
  was	
  calculated	
  by	
  subtracting	
  the	
  peak	
  wavelength	
  for	
  the	
  exposed	
  AuNCs	
  with	
  

the	
  peak	
  wavelength	
  for	
  the	
  non-­‐exposed	
  AuNCs.	
  And	
  the	
  percent	
  change	
  in	
  peak	
  amplitude	
  

was	
  calculated	
  by	
  averaging	
  3	
  values	
  of	
  peak	
  amplitude,	
  divided	
  by	
  peak	
  amplitude	
  of	
  non-­‐

exposed	
  AuNCs	
  sample	
  and	
  multiplied	
  by	
  100.	
  	
  

	
  

                                                                [Peak  amplitude  exposed/Peak  amplitude  non-­‐exposed  ×  100]                                                          (3.1)  
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Figure3.19:	
  Peak	
  optical	
  absorption	
  changes	
  as	
  a	
   function	
  of	
   laser	
  exposure	
  duration	
  for	
  a)	
  5	
  mJ	
   laser	
  pulse	
  
and	
  b)	
  10	
  mJ	
  laser	
  pulse.	
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Exposure	
  time	
  

Average	
  percentage	
  change	
  in	
  
peak	
  absorption	
  (±1SD)	
  

5	
  mJ	
  laser	
  pulse	
   10	
  mJ	
  laser	
  pulse	
  

1	
  min	
   5.57	
  ±1.38	
   51.7	
  ±2.20	
  

3	
  min	
   7.20	
  ±0.35	
   59.6	
  ±0.99	
  

5	
  min	
   12.9	
  ±3.15	
   66.7	
  ±0.80	
  

	
  

Exposure	
  time	
  

Average	
  shift	
  in	
  the	
  peak	
  
wavelength	
  (nm)	
  (±1SD)	
  

5	
  mJ	
  laser	
  pulse	
   10	
  mJ	
  laser	
  pulse	
  

1	
  min	
   1.38±0.23	
   16.7±1.31	
  

3	
  min	
   4.75±0.98	
   49.0±5.52	
  

5	
  min	
   7.95±1.07	
   80.0±	
  0.23	
  

	
  

Table	
  3.3:	
  Calculated	
  average	
  change	
  in	
  peak	
  amplitude	
  (from	
  optical	
  absorption	
  graphs)	
  and	
  shift	
  in	
  the	
  peak	
  
of	
  AuNCs	
  exposed	
  at	
  5	
  and	
  10	
  mJ.	
  

	
  

The	
  findings	
  indicate	
  that	
  gold	
  nanocages	
  are	
  not	
  stable.	
  During	
  the	
  optoacoustic	
  imaging,	
  

gold	
  nanocages	
  were	
  exposed	
  to	
  nanosecond	
  laser	
  pulses	
  of	
  5	
  mJ	
  and	
  10	
  mJ.	
  The	
  nanocages	
  

absorbed	
   a	
   portion	
   of	
   the	
   light	
   and	
   generate	
   substantial	
   heat	
   that	
   leads	
   to	
   nanocages	
  

reshaping	
  and	
  an	
  associated	
  reduction	
  in	
  absorption	
  cross-­‐section.	
  This	
  theory	
  is	
  based	
  on	
  

previous	
  work	
  [162][163][164][156]	
   	
  shown	
  for	
  melting	
  of	
  nanospheres	
  and	
  nanorods	
  to	
  

occur	
  at	
  significantly	
  lower	
  temperatures	
  than	
  bulk	
  melting	
  of	
  the	
  metal	
  [MP	
  of	
  bulk	
  gold	
  is	
  

1064⁰C,	
  MP	
  of	
  nanogold	
  (>5nm)	
  is	
  750-­‐800⁰C][165],	
  in	
  part	
  because	
  surface	
  reorganization	
  

processes	
  dominate.	
  

The	
  data	
  is	
  consistent	
  with	
  much	
  of	
  the	
  damage	
  occurring	
  in	
  the	
  first	
  second	
  of	
  exposure.	
  

TEM	
   data	
   indicate	
   that	
  melting	
   occurred	
   at	
   5	
  mJ	
  while	
   both;	
  melting	
   and	
   fragmentation	
  

were	
  observed	
  at	
  10	
  mJ.	
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Since	
   results	
   from	
   the	
   5	
  mJ	
   energy	
   illumination	
   demonstrate	
   conformational	
   changes	
   in	
  

AuNCs,	
   a	
   lower	
   energy,	
   2.5	
  mJ,	
  was	
   also	
   tested	
   by	
   exposing	
  AuNCs	
   for	
   5	
  minute.	
   Optical	
  

absorption	
   data	
   for	
   the	
   AuNCs	
   used	
   in	
   this	
   experiment	
   are	
   shown	
   in	
   figure	
   3.20,	
   and	
  

demonstrate	
   no	
   change	
   in	
   absorption.	
   This	
   indicates	
   that,	
   threshold	
   energy	
   required	
   to	
  

damage	
  AuNCs	
  used	
  in	
  this	
  research	
  is	
  higher	
  than	
  2.5	
  mJ.	
  

	
  

	
  

Figure	
  3.20:	
  Optical	
  absorption	
  plots	
  of	
  AuNCs,	
  before	
  and	
  after	
  the	
  exposure	
  at	
  2.5	
  mJ	
  energy.	
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3.4	
  Conclusion	
  

	
  

In	
  conclusion,	
  we	
  can	
  say	
  that,	
  5	
  mJ	
  and	
  10	
  mJ	
  laser	
  pulse	
  energy	
  can	
  be	
  problematic	
  for	
  in-­‐

vitro	
   studies,	
   as	
   AuNCs	
   losing	
   their	
   primary	
   structure	
   on	
   direct	
   exposure.	
   Furthermore,	
  

change	
  in	
  structure	
  can	
  cause	
  a	
  change	
  in	
  OA	
  signals.	
  However,	
  AuNCs	
  can	
  be	
  still	
  used	
  for	
  

tissue	
  imaging	
  due	
  to	
  optical	
  attenuation,	
  because	
  most	
  of	
  the	
  light	
  is	
  absorbed	
  or	
  scattered	
  

while	
  travelling	
  through	
  a	
  medium.	
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Chapter	
  4:	
  Contrast	
  study	
  of	
  gold	
  nanocages	
  (AuNCs)	
  

This	
  chapter	
   includes	
  the	
  preparation	
  of	
   liquid	
  phantom	
  using	
  1%	
  Intralipid	
  as	
  scattering	
  

material	
   and	
   Naphthol	
   green	
   dye	
   as	
   absorber	
   and	
   contrast	
   study	
   of	
   AuNCs	
   using	
   this	
  

phantom	
   with	
   different	
   absorption	
   coefficient.	
   The	
   AuNCs	
   stability	
   study	
   in	
   Chapter	
   3	
  

shows	
  that	
  AuNCs	
  are	
  not	
  stable	
  at	
  5	
  mJ	
  and	
  10	
  mJ	
  laser	
  exposures.	
  Therefore	
  this	
  phantom	
  

study	
   is	
   important	
   to	
   find	
   out	
   their	
   stability	
   when	
   light	
   reached	
   the	
   nanocages	
   after	
  

crossing	
  a	
  background	
  medium	
  and	
  to	
  find	
  out	
  their	
  contrast	
  properties.	
  	
  

4.1	
  Tissue	
  mimicking	
  phantoms	
  

4.1.1	
  Overview	
  	
  

In	
   medical	
   imaging,	
   phantoms	
   are	
   imaging	
   specimens	
   of	
   known	
   geometric	
   and	
  material	
  

composition	
  and	
  are	
  commonly	
  used	
   in	
   the	
  development	
  and	
  characterization	
  of	
   imaging	
  

system	
  or	
  algorithms[166].	
  A	
  tissue-­‐mimicking	
  phantom	
  emulates	
  important	
  properties	
  of	
  

biological	
   tissue	
   for	
   the	
   purpose	
   of	
   providing	
   a	
   more	
   clinically	
   realistic	
   imaging	
  

environment.	
  	
  Depending	
  on	
  the	
  imaging	
  modality,	
  certain	
  physical	
  properties	
  are	
  of	
  critical	
  

importance	
   when	
   constructing	
   a	
   tissue-­‐mimicking	
   phantom.	
   In	
   the	
   case	
   of	
   OA	
   imaging,	
  

optical	
  absorption	
  and	
  scattering	
  are	
  two	
  of	
  the	
  most	
  important	
  phantom	
  parameters.	
  	
  

The	
  magnitude	
   of	
   a	
   generated	
   OA	
   signal	
   is	
   related	
   to	
   both	
   the	
   local	
   fluence	
   and	
   optical	
  

absorption	
   at	
   the	
   signal-­‐generating	
   source	
   (e.g.,	
   blood	
   or	
   plasmonic	
   nanoparticles).	
  

Consequently,	
  optical	
  scattering	
  is	
  the	
  dominating	
  optical	
  loss	
  mechanism	
  in	
  soft	
  tissue	
  and	
  

becomes	
   important	
   when	
   attempting	
   to	
   achieve	
   biologically	
   realistic	
   local	
   fluence[166].	
  

Scattering	
  also	
  increases	
  the	
  turbidity	
  of	
  a	
  medium,	
  which	
  tends	
  to	
  increase	
  the	
  irradiation	
  

volume.	
   Optical	
   absorption	
   tends	
   to	
   be	
   a	
  much	
   less	
   significant	
   loss	
  mechanism	
   in	
   tissue	
  



93	
  
	
  

(when	
  compared	
  to	
  optical	
  scattering),	
  but	
   it	
  does	
  play	
  a	
  critical	
  role	
   in	
  the	
  generation	
  of	
  

OA	
  signals.	
  For	
  example,	
  aortic	
  tissues	
  have	
  an	
  optical	
  scattering	
  coefficient	
  of	
  315	
  cm-­‐1	
  and	
  

an	
   optical	
   absorption	
   coefficient	
   of	
   0.52	
   cm-­‐1	
   at	
   633	
   nm[167].	
   The	
   primary	
   endogenous	
  

optical	
   absorber	
   in	
   deep	
   tissues	
   are	
   oxygenated	
   hemoglobin	
   (between	
   10	
   cm−1	
  and	
   100	
  

cm−1	
  in	
  the	
  range	
  of	
  400	
  nm	
  to	
  1300	
  nm)[168]	
  and	
  deoxygenated	
  hemoglobin	
  (between	
  2	
  

cm−1	
  and	
  105	
  cm−1	
  in	
   the	
  range	
  of	
  400	
  nm	
  to	
  1300	
  nm)[168].	
  Both	
  optical	
   scattering	
  and	
  

absorption	
   have	
   strong	
  wavelength	
   dependence	
   in	
   tissue.	
   	
  	
   To	
   introduce	
   absorption	
   at	
   a	
  

specific	
   wavelength,	
   colored	
   dyes	
   are	
   commonly	
   used	
   in	
   phantom	
   preparation,	
   To	
  

introduce	
   scattering,	
   Intralipid	
  solution	
   or	
   polystyrene	
   beads	
   are	
   frequently	
  

utilized[169][170].	
   Intralipid	
   is	
   a	
   liquid	
   soybean	
   emulsion	
   that	
   is	
   commonly	
   available	
   in	
  

10%	
   and	
   20%	
   concentrations.	
   It	
   has	
   been	
   used	
   as	
   a	
   scattering	
   medium	
   in	
   many	
   OA	
  

studies[171][172].	
  	
  

Gel	
  phantoms	
  are	
  more	
   commonly	
  used	
   for	
  OA	
   imaging	
  but	
   liquid	
  phantoms	
  prove	
   to	
  be	
  

more	
  useful	
  when	
  target	
  positions	
  are	
  to	
  be	
  varied.	
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4.2	
  Materials	
  and	
  method	
  

4.2.1	
  Intralipid	
  phantom	
  preparations	
  

In	
   this	
   study	
   a	
   1%	
   Intralipid	
   stock	
   solution	
   was	
   used	
   as	
   the	
   scattering	
   medium	
   and	
  

Naphthol	
   green	
   dye	
   as	
   the	
   absorbing	
   medium	
   to	
   prepare	
   phantoms.	
   A	
   1%	
   Intralipid	
  

dilution	
  was	
  prepared	
   from	
  a	
  20%	
  Intralipid	
  stock	
  solution.	
  A	
  1%	
  Intralipid	
  was	
  selected	
  

for	
   this	
   study	
   because	
   its	
   optical	
   properties	
   are	
   well	
   characterized[173].	
   A	
   10	
   ml	
   stock	
  

solution	
  of	
  0.2%	
  Naphthol	
  green	
  was	
  prepared.	
  Different	
  depths	
  of	
  the	
  OA	
  target	
  with	
  in	
  a	
  

tissue	
  equivalent	
  background	
  were	
  investigated.	
  But,	
  instead	
  of	
  varying	
  physical	
  depth,	
  the	
  

optical	
  depth	
  was	
  varied.	
  A	
  5	
  mm	
  layer	
  of	
  Intralipid	
  phantom	
  at	
  front	
  of	
  cuvette	
  sample	
  was	
  

used	
  for	
  all	
  the	
  experiments	
  and	
  the	
  optical	
  depth	
  was	
  varied	
  by	
  adding	
  a	
  fixed	
  amount	
  of	
  

Naphthol	
  green	
  dye	
   to	
   the	
  background.	
  Optical	
  depth	
  approach	
  was	
  chosen	
  to	
  ensure	
   the	
  

target	
   is	
   at	
   the	
   same	
   distance	
   from	
   the	
   transducer	
   for	
   all	
   the	
   experiments	
   as	
   such	
   the	
  

transducer	
  response	
  is	
  the	
  same.	
  	
  	
  

Based	
  on	
   the	
  absorption	
  coefficient	
   (µa)	
  range	
  of	
  soft	
   tissues,	
  phantom	
  solutions	
  with	
  six	
  

different	
  absorption	
  coefficients	
  were	
  prepared.	
  The	
  list	
  of	
  the	
  phantoms	
  are	
  given	
  in	
  table	
  

4.1	
  including	
  1%	
  Intralipid	
  alone	
  (no	
  absorber)	
  used	
  as	
  the	
  seventh	
  phantom.	
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Phantom	
  

Composition	
  of	
  
background	
  medium	
  

µa	
  (desired)of	
  
background	
  medium	
  

1	
   11,142	
  µl	
  1%	
  IL	
  +	
  858	
  µl	
  NG	
   µa	
  =	
  4	
  cm-­‐1	
  

2	
   11,574	
  µl	
  1%	
  IL	
  +426	
  µl	
  NG	
   µa	
  =	
  2	
  cm-­‐1	
  

3	
   11,682	
  µl	
  1%	
  IL	
  +	
  318	
  µl	
  NG	
   µa	
  =	
  1.5	
  cm-­‐1	
  

4	
   11,790	
  µl	
  1%	
  IL	
  +	
  210	
  µl	
  NG	
   µa	
  =	
  1.0	
  cm-­‐1	
  

5	
   11,898	
  µl	
  1%	
  IL	
  +	
  102	
  µl	
  NG	
   µa	
  =	
  0.5	
  cm-­‐1	
  

6	
   11,984	
  µl	
  1%	
  IL	
  +	
  16	
  µl	
  NG	
   µa	
  =	
  0.1	
  cm-­‐1	
  

7	
   12,000	
  µl	
  1%	
  IL	
  +	
  0.0	
  µl	
  NG	
   µa	
  =	
  0.03	
  cm-­‐1	
  (1%IL	
  only)	
  

	
  

Table	
  4.1:	
  Composition	
  of	
  1%	
  Intralipid	
  and	
  Naphthol	
  green	
  required	
  for	
  desired	
  µa	
  of	
  phantom	
  at	
  775	
  nm.	
  

	
  

To	
  calculate	
  the	
  required	
  amount	
  of	
  Naphthol	
  green	
  needed	
  to	
  prepare	
  a	
  phantom	
  with	
  a	
  

desired	
  µa,	
  the	
  following	
  equation	
  was	
  used:	
  	
  

µa	
  (NG)	
  =	
  ln	
  (10)	
  ×	
  Absorption	
  (absorption	
  of	
  NG,	
  0.01%	
  at	
  775	
  nm)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (4.1)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

µa	
  (water)	
  ×	
  (VT	
  x	
  VNG)	
  +	
  µa	
  (NG)	
  ×	
  VNG	
  =	
  µa	
  (desired)	
  ×	
  VT	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (4.2)	
  

where	
  NG	
  stands	
  for	
  Naphthol	
  green,	
  VT	
  for	
  total	
  volume,	
  VNG	
  for	
  volume	
  of	
  Naphthol	
  green	
  

and	
  µa	
  (desired)	
  is	
  the	
  desired	
  absorption	
  coefficient	
  of	
  the	
  phantom.	
  

The	
   optical	
   absorption	
   of	
   Naphthol	
   green	
   stock	
   solution	
   was	
   measured	
   using	
   a	
  

spectrometer	
   (Cary-­‐50).	
   The	
   absorption	
   at	
   775	
   nm	
   wavelength	
   was	
   used	
   for	
   the	
   above	
  

calculations,	
   as	
   a	
   775	
  nm	
  wavelength	
  was	
   used	
   for	
   the	
  OA	
  detection.	
   A	
   stock	
   solution	
   of	
  

0.2%	
  NG	
  was	
  prepared	
  and	
  it	
  was	
  further	
  diluted	
  to	
  0.01%	
  to	
  measure	
  optical	
  absorption.	
  

Total	
  volume	
  of	
  each	
  phantom	
  was	
  12	
  ml	
  (total	
  volume	
  of	
  box	
   is	
  15ml,	
  we	
  chose	
  a	
   lower	
  

limit	
  to	
  avoid	
  overflow	
  of	
  liquid	
  due	
  to	
  the	
  insertion	
  of	
  cuvette	
  into	
  the	
  box).	
  The	
  µa	
  of	
  water	
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at	
  775	
  nm	
   is	
  0.024	
  cm-­‐1.	
  The	
  absorption	
  of	
  Naphthol	
  green	
   (0.01%)	
  at	
  775	
  nm	
  was	
  1.21,	
  

used	
  for	
  all	
  calculations.	
  

	
  

4.2.2	
  Target:	
  Gold	
  nanocages	
  

Three	
  different	
  AuNCs	
  concentrations,	
  8.0	
  ×	
  1011	
  particles/ml	
  (original	
  concentration),	
  2.7	
  

×	
  1011	
  particles/ml	
  and	
  1.6	
  ×	
  1011	
  particles/ml	
  were	
  used	
  as	
  the	
  optoacoustic	
  targets	
  in	
  this	
  

study.	
   These	
   two	
   dilutions,	
   1	
   by	
   3rd	
   (2.7	
   ×	
   1011	
   particles/ml)	
   and	
   1	
   by	
   5th	
   (1.6	
   ×	
   1011	
  

particles/ml)	
   were	
   prepared	
   by	
   adding	
   appropriate	
   amount	
   of	
   DI	
   water	
   in	
   a	
   portion	
   of	
  

original	
  concentration	
  solution	
  of	
  gold	
  nanocages.	
  

4.2.3	
  Intralipid	
  box	
  

A	
  Plexi	
  glass	
  box	
  (20	
  mm	
  x	
  20	
  mm	
  x	
  40	
  mm)	
  was	
  built	
  from	
  a	
  2	
  mm	
  thick	
  Plexi	
  glass	
  sheet.	
  

The	
  box	
  has	
  only	
  one	
  opening	
  (7.5	
  mm	
  x	
  12.5	
  mm)	
  on	
  the	
  top	
  to	
  pour	
  in	
  phantom	
  material	
  

(Intralipid,	
  Naphthol	
  green	
  dye)	
  and	
  to	
  position	
  the	
  5	
  mm	
  pathlength	
  cuvette	
  (Quartz,	
  WPI).	
  

The	
  distance	
  between	
  the	
  front	
  wall	
  of	
  cuvette	
  and	
  the	
  inner	
  wall	
  of	
  Plexi	
  glass	
  was	
  5	
  mm,	
  

which	
  provides	
  for	
  5	
  mms	
  of	
  1%	
  Intralipid	
  +	
  Naphthol	
  green	
  dye	
  in	
  front	
  of	
  the	
  cuvette.	
  As	
  

shown	
   in	
   figure	
   4.1,	
   the	
   box	
   was	
   attached	
   with	
   a	
   platform,	
   which	
   was	
   fixed	
   to	
   the	
  

translation	
  stage.	
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Figure	
  4.1:	
  (A)	
  Plexi	
  glass	
  box.	
  (B)	
  Box	
  filled	
  with	
  1%	
  Intralipid	
  phantom;	
  attached	
  with	
  the	
  platform	
  with	
  two	
  
screws,	
  cuvette	
  placed	
  in	
  the	
  slit	
  and	
  sealed	
  with	
  paraffin	
  wax.	
  

	
  

	
  

4.3	
  Optoacoustic	
  phantom	
  

First,	
   the	
  plexiglass	
  box	
  was	
   filled	
  with	
   the	
   Intralipid	
  +	
  Naphthol	
  green	
  phantom	
  mixture	
  

using	
   a	
   single	
   opening	
   at	
   top,	
   then	
   the	
   sample	
   cuvette	
   was	
   sealed	
   with	
   parafilm	
   and	
  

inserted	
  into	
  the	
  box	
  through	
  the	
  same	
  opening.	
  The	
  box	
  was	
  then	
  sealed	
  with	
  paraffin	
  wax	
  

(Figure	
   4.1b)	
   to	
   avoid	
   any	
   mixing	
   of	
   water	
   with	
   phantom.	
   Finally,	
   the	
   box	
   was	
   fixed	
   to	
  

translation	
  stage	
  of	
  the	
  OA	
  system.	
  Figure	
  4.2	
  shows	
  the	
  OA	
  scanning	
  path.	
  

	
  

	
  

	
  

(A) (B) 
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Figure	
  4.2:	
  Schematic	
  of	
  Intralipid	
  box	
  with	
  cuvette,	
  dashed	
  arrow	
  showing	
  scanning	
  path	
  from	
  X1	
  to	
  X2	
  (31	
  
mm).	
  

	
  

Three	
  different	
  AuNCs	
  concentrations	
  and	
  a	
  water	
  (blank)	
  target	
  for	
  seven	
  phantoms	
  with	
  

different	
  absorption	
  coefficients	
  were	
  used	
  for	
  a	
  total	
  of	
  28	
  experiments.	
  	
  

4.4	
  Phantoms	
  optoacoustic	
  detection	
  

OA	
  data	
  was	
  collected	
  using	
  a	
  reverse-­‐mode	
  optoacoustic	
   imaging	
  system	
  (Seno	
  medical).	
  

The	
  phantom	
  was	
  exposed	
  to	
  10	
  mJ	
  optical	
  pulses	
  at	
  775	
  nm.	
  The	
  time	
  gain	
  control	
  (TGC)	
  

was	
   set	
   to	
   constant	
   and	
   a	
   0.1	
   mm	
   step	
   size	
   was	
   used	
   for	
   all	
   the	
   experiments.	
   The	
  

laser/transducer	
  head	
  scanned	
  across	
  a	
  defined	
  path,	
  31mm	
  (which	
  includes	
  the	
  thickness	
  

of	
  cuvette	
  walls),	
  across	
  the	
  full	
  width	
  of	
  the	
  cuvette	
  target	
  and	
  into	
  the	
  surrounding	
  liquid	
  

background	
  for	
  a	
  total	
  of	
  311	
  OA	
  measurement	
  points.	
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4.5	
  Results	
  and	
  discussion	
  

Figure	
  4.3	
  shows	
  a	
  schematic	
  of	
  the	
  scanning	
  path	
  and	
  representative	
  Hilbert	
  transformed	
  

OA	
   signals	
   at	
   5	
   selected	
   points	
   along	
   the	
   path.	
   The	
   asterisk	
   marks	
   (1-­‐5)	
   represent	
   five	
  

specific	
   points	
   whose	
   corresponding	
   OA	
   signal	
   are	
   shown	
   in	
   Figures	
   4.3b	
   to	
   4.3f,	
  

respectively.	
  Asterisk	
  1	
   is	
   the	
   start	
   point	
   and	
  5	
   represents	
   the	
   end	
  point	
   of	
   the	
   scanning	
  

path	
  the	
  total	
  distance	
  travelled	
  by	
  the	
  OA	
  transducer	
   is	
  31	
  mm.	
  Figure	
  4.3	
  demonstrates	
  

how	
   OA	
   signals	
   changes	
   as	
   the	
   transducer	
   crosses	
   the	
   AuNCs	
   filled	
   cuvette.	
   Figure	
   4.3d	
  

shows	
  the	
  highest	
  OA	
  signal	
  intensity,	
  as	
  the	
  AuNCs	
  particles	
  are	
  illuminated	
  by	
  entire	
  laser	
  

beam	
  diameter	
  such	
  that	
  a	
  maximum	
  number	
  of	
  gold	
  particles	
  are	
  exposed.	
  	
  

	
  

	
  

	
  

	
  

(a)	
   (b)	
  

1	
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Figure	
  4.3:	
  (a)	
  schematic	
  of	
  the	
  scanning	
  path,	
  stars	
  are	
  showing	
  the	
  different	
  points	
  whose	
  corresponding	
  OA	
  
signals	
  are	
  shown	
   in	
  b,	
   c,	
  d,	
  e	
  and	
   f.	
  The	
  boxes	
   in	
   the	
   figure	
  b,	
   c,	
  d,	
   e	
  and	
   f	
  are	
   representing	
   the	
  position	
  of	
  
cuvette	
  and	
  the	
  numbers	
  written	
  in	
  boxes	
  are	
  showing	
  the	
  related	
  data	
  point	
  (figure	
  a).	
  

	
  

	
  

	
  

	
  

(f)	
  (e)	
  

(d)	
  (c)	
  

3	
  

2	
  

4	
  
5	
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Figure	
  4.3b	
  and	
  4.3f	
  are	
  symmetrical	
  and	
  demonstrate	
  minimum	
  signal	
   intensity	
  because	
  

the	
  entire	
  laser	
  beam	
  was	
  directed	
  away	
  from	
  the	
  cuvette,	
  to	
  the	
  left	
  and	
  right,	
  respectively.	
  

Figure	
  4.3c	
  and	
  4.3e	
  should	
  exhibit	
  symmetry	
  as	
   in	
  both	
  cases	
   the	
   laser	
  beam	
  is	
  partially	
  

covering	
  the	
  AuNCs	
  filled	
  cuvette.	
  However,	
  the	
  observed	
  lack	
  of	
  the	
  symmetry	
  difference	
  

in	
  the	
  number	
  of	
  AuNCs	
  particle	
  exposed	
  at	
  these	
  two	
  points.	
  

	
  

4.5.1	
   Effect	
   of	
   background	
   medium	
   and	
   AuNCs	
   concentration	
   on	
   OA	
  
signal	
  amplitude	
  

	
  

Figure	
  4.4	
  shows	
  OA	
  signals	
  from	
  three	
  different	
  AuNCs	
  particle	
  concentrations	
  (8.0	
  ×	
  1011	
  

particles/ml,	
   2.7	
   ×	
   1011	
   particles/ml	
   and	
   1.6	
   ×	
   1011	
   particles/ml)	
   in	
   the	
   seven	
   different	
  

background	
  phantoms	
  investigated.	
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Figure	
   4.4:	
   OA	
   signals	
   as	
   a	
   function	
   of	
   scanning	
   path	
   for	
   all	
   7	
   optical	
   backgrounds	
   investigated	
   for	
   target	
  
concentrations	
  of	
  (a)	
  8.0	
  ×1011	
  particles/ml,	
  (b)	
  2.7	
  ×	
  1011	
  particles/ml	
  and	
  (c)	
  1.6	
  ×	
  1011	
  particles/ml.	
  

	
  

Data	
   shown	
   in	
   figure	
   4.4	
   demonstrate	
   the	
   effect	
   of	
   AuNCs	
   concentrations	
   and	
   changing	
  

background	
  absorption	
  on	
   the	
  OA	
  signals.	
  An	
  OA	
  signal	
  amplitude	
  of	
  11.41	
  was	
  observed	
  

for	
  1.6	
  ×	
  1011	
  particles/ml	
  in	
  a	
  1%	
  Intralipid	
  background	
  and	
  the	
  OA	
  signal	
  increased	
  with	
  

(b)	
  (a)	
  

(c)	
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increasing	
  AuNCs	
  concentration.	
  The	
  peak	
  OA	
  signals	
  for	
  2.7	
  ×	
  1011	
  particles/ml	
  and	
  8.0	
  ×	
  

1011	
  particles/ml	
  are	
  17.49	
  and	
  25.77,	
  respectively,	
  for	
  the	
  same	
  1%	
  IL	
  background.	
  Table	
  

4.2	
  shows	
  all	
  the	
  peak	
  OA	
  signals	
  corresponding	
  to	
  the	
  data	
  shown	
  in	
  figure	
  4.4.	
  The	
  effect	
  

of	
   increasing	
   µa	
   (absorption	
   coefficient)	
   in	
   the	
   background	
   is	
   also	
   observed	
   clearly.	
   The	
  

peak	
  OA	
  signal	
  decreases	
  with	
  increased	
  background	
  optical	
  absorption.	
  Figure	
  4.4	
  shows	
  

that	
   the	
  peak	
  OA	
  signal	
   is	
  greatest	
   for	
   the	
  1%	
  Intralipid	
  background	
  alone,	
  as	
   there	
   is	
  no	
  

added	
  absorber.	
  And	
  the	
  OA	
  signals	
  for	
  AuNCs	
  in	
  a	
  highly	
  absorbing	
  background	
  (µa=4cm-­‐1)	
  

are	
   the	
   lowest	
   for	
   all	
   concentrations.	
   The	
   exception	
   is	
   for	
   1%	
   IL	
   at	
   the	
   lowest	
   AuNCs	
  

concentration	
   (figure	
  4.4c).	
  This	
   is	
   likely	
  due	
   to	
  a	
   cuvette	
  positioning	
  error	
   such	
   that	
   the	
  

distance	
   between	
   cuvette	
   and	
   transducer	
   was	
   not	
   consistent	
   and	
   the	
   orientation	
   of	
   the	
  

cuvette	
  may	
  not	
  have	
  been	
  vertical.	
  This	
  error	
  does	
  not	
  appear	
  to	
  be	
  present	
  in	
  the	
  other	
  

data	
  sets.	
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Background	
  
Absorption	
  
(µa)	
  (cm-­‐1)	
  

AuNCs	
  Concentrations	
  
(particles/ml)	
  

1.6	
  ×	
  1011	
   2.7	
  ×	
  1011	
   8.0	
  ×	
  1011	
  

Peak	
  OA	
  signals	
  (a.u.)	
  

0.03(1%	
  IL)	
   11.41	
   17.49	
   25.77	
  

0.1	
   14.51	
   14.62	
   23.56	
  

0.5	
   12.75	
   11.88	
   22.27	
  

1.0	
   11.82	
   11.52	
   16.36	
  

1.5	
   10.99	
   11.39	
   14.84	
  

2.0	
   9.79	
   10.29	
   13.06	
  

4.0	
   7.96	
   8.88	
   10.74	
  

	
  

	
  Table	
  4.2:	
  The	
  peak	
  OA	
  signals	
  for	
  AuNCs	
  at	
  different	
  concentrations	
  for	
  various	
  backgrounds.	
  

	
  

The	
  average	
  of	
  50	
  OA	
  data	
  points	
   collected	
  near	
   the	
  center	
  of	
   the	
  cuvette	
   (Itarget)	
   and	
   the	
  

average	
  of	
  50	
  OA	
  data	
  points	
  collected	
  from	
  the	
  Intralipid	
  background	
  (Ibackground)	
  were	
  used	
  

to	
  determine	
  the	
  AuNCs	
  contrast	
  as	
  a	
  percentage	
  change,	
  according	
  to	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Contrast = I t arget − I background
I background

×100

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (4.3)	
  

Figure	
  4.5	
  shows	
  AuNCs	
  contrast	
  versus	
  background	
  absorption	
  for	
  the	
  three	
  different	
  

AuNCs	
  concentrations	
  in	
  the	
  7	
  background	
  phantoms.	
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Figure	
  4.5:	
  OA	
  contrast	
  values	
  for	
  three	
  AuNCs	
  concentrations	
  in	
  7	
  different	
  backgrounds	
  absorptions.	
  

	
  

Figure	
   4.5	
   demonstrates	
   that	
   contrast	
   decreases	
  with	
   increasing	
   background	
   absorption.	
  

Two	
  AuNCs	
  target	
  concentrations,	
  8.0	
  ×	
  1011	
  particles/ml	
  and	
  2.7	
  ×	
  1011	
  particles/ml	
  show	
  

a	
  consistent	
  decrease	
  in	
  contrast	
  values	
  with	
  increasing	
  background	
  absorption.	
  But	
  for	
  the	
  

lowest	
  AuNCs	
  target	
  concentration,	
  1.6	
  ×	
  1011	
  particles/ml,	
  the	
  contrast	
  for	
  Intralipid	
  alone	
  

(µa	
  =	
  0.03	
  cm-­‐1)	
  is	
  lower	
  then	
  the	
  contrast	
  at	
  µa	
  =	
  0.1	
  cm-­‐1.	
  This	
  is	
  not	
  expected	
  and	
  may	
  be	
  

due	
  to	
  cuvette	
  positioning	
  or	
  orientation	
  error.	
  For	
  ease	
  of	
  viewing,	
  the	
  contrast	
  values	
  are	
  

shown	
   in	
   Table	
   4.3	
   for	
   the	
   different	
   concentrations	
   investigated.	
   This	
   data	
   set	
   also	
  

demonstrate	
  that	
  the	
  same	
  contrast	
  can	
  be	
  achieved	
  for	
  different	
  AuNCs	
  concentrations	
  in	
  



106	
  
	
  

varying	
  backgrounds	
  with	
  different	
  absorption	
  properties.	
  For	
  e.g.	
  the	
  %	
  change	
  in	
  contrast	
  

for	
  1.6	
  ×	
  1011	
  particles/ml	
  at	
  µa=	
  0.5	
  cm-­‐1	
  and	
  for	
  2.7	
  ×	
  1011	
  particles/ml	
  at	
  µa=1.0	
  cm-­‐1	
  are	
  

similar	
  at	
  166%	
  and	
  163%,	
  respectively.	
  In	
  addition,	
  the	
  %	
  change	
  in	
  contrast	
  for	
  1.6	
  ×	
  1011	
  

particles/ml	
  at	
  µa=2cm-­‐1	
  and	
  for	
  8.0	
  ×	
  1011	
  particles/ml	
  at	
  µa=	
  4cm-­‐1	
  are	
  also	
  approximately	
  

equivalent	
  at,	
  97%	
  and	
  91%,	
   respectively.	
  This	
  property	
   is	
   important,	
   as	
   it	
  demonstrates	
  

that	
   different	
   combinations	
   of	
   AuNCs	
   concentration	
   and	
   background	
  will	
   achieve	
   similar	
  

contrast.	
  

Background	
  
Absorption	
  

(µa)(cm-­‐1)	
  

AuNCs	
  Concentrations	
  (particles/ml)	
  

8.0	
  ×	
  1011	
   2.7	
  ×	
  1011	
   1.6	
  ×1011	
  

%	
  Change	
  in	
  contrast	
  

0.03(1%	
  IL)	
   414	
   257	
   153	
  

0.1	
   381	
   217	
   210	
  

0.5	
   343	
   184	
   166	
  

1	
   308	
   163	
   146	
  

1.5	
   224	
   132	
   126	
  

2	
   193	
   118	
   97	
  

4	
   91	
   60	
   53	
  

	
  

Table	
  4.3:	
  Contrast	
  of	
  AuNCs	
  at	
  various	
  concentrations	
  for	
  the	
  7	
  different	
  background	
  absorption	
  phantoms.	
  

	
  

As	
  expected	
  contrast	
  increases	
  with	
  increasing	
  AuNCs	
  concentration	
  and	
  this	
  is	
  consistent	
  

for	
   all	
   the	
   backgrounds	
   investigated.	
   As	
   the	
   trend	
   of	
   decreasing	
   contrast	
  with	
   increasing	
  

background	
  absorption	
  looks	
  linear,	
  therefore,	
  Linear	
  fit	
  has	
  been	
  done	
  for	
  data	
  shown	
  in	
  

Figure	
  4.5	
  to	
  get	
  a	
  relationship	
  between	
  contrast	
  and	
  background,	
  µa.	
  slope	
  of	
  fit	
  are	
  shown	
  

in	
  Figure	
  4.6.	
  



107	
  
	
  

	
  

	
  

	
  

Figure	
  4.6:	
  Linear	
  fit	
  of	
  AuNCs	
  contrast	
  v/s	
  background	
  absorption	
  for	
  three	
  AuNCs	
  concentrations.	
  a)	
  8.0	
  ×	
  
1011	
  particles/ml,	
  b)	
  2.7	
  ×	
  1011	
  particles/ml	
  and	
  c)	
  1.6	
  ×	
  1011	
  particles/ml.	
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These	
  fit	
  yielded	
  three	
  equations	
  for	
  three	
  AuNCs	
  concentrations:	
  

For	
  8.0	
  ×	
  1011	
  particles/ml	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  y	
  =	
  -­‐80.37x	
  +	
  383.97	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (4.4)	
  

R2	
  =	
  0.94	
  

For	
  2.7	
  ×	
  1011	
  particles/ml	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  y	
  =	
  -­‐44.54x	
  +	
  219.6	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (4.5)	
  	
  	
  	
  	
  	
  	
  

R2	
  =	
  0.89	
  

	
  

For	
  1.6	
  ×	
  1011	
  particles/ml	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  y	
  =	
  -­‐33.68x	
  +	
  179.79	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (4.6)	
  

R2	
  =	
  0.86	
  

In	
  the	
  above	
  three	
  equations,	
  values	
  of	
  slope	
  are	
  negative,	
  which	
  indicates	
  that	
  values	
  on	
  Y-­‐axis	
  

are	
  decreasing	
  with	
  increasing	
  X	
  axis	
  values.	
  which	
  is	
  true	
  for	
  this	
  data	
  as	
  contrast	
  (Y-­‐axis)	
  is	
  

decreasing	
  with	
  increasing	
  background	
  absorption	
  (X-­‐axis).	
  Higher	
  R2	
  values	
  indicate	
  that	
  the	
  

model	
  fits	
  the	
  data	
  better.	
  	
  

	
  

4.5.2	
  Full	
  width	
  at	
  half	
  max	
  (FWHM)	
  predictions	
  

In	
  this	
  study,	
  we	
  are	
  using	
  a	
  10	
  mm	
  known	
  target	
  width.	
  The	
  FWHM	
  approach	
   is	
  used	
  to	
  

predict	
  the	
  width	
  of	
  the	
  target	
  using	
  optoacoustic	
  data	
  for	
  each	
  of	
  the	
  AuNCs	
  concentration	
  

and	
   background	
   combinations.	
   Figure	
   4.7	
   shows	
   the	
   OA	
   data	
   for	
   all	
   AuNCs	
   target	
   and	
  

background	
   combinations	
   along	
   with	
   the	
   corresponding	
   FWHM	
   values.	
   In	
   all	
   cases	
   the	
  

FWHM	
   applied	
   to	
   the	
   OA	
   data	
   overestimates	
   the	
   true	
   cuvette	
   dimension.	
   For	
   1%	
   IL	
  

background	
   (no	
   absorber)	
   at	
   highest	
   AuNCs	
   concentration	
   (8.0	
   X	
   1011	
   particles/ml)	
   the	
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FWHM	
   is	
   12.5	
   mm.	
   This	
   indicates	
   that	
   a	
   10	
   mm	
   target	
   will	
   appear	
   12.5	
   mm	
   for	
   this	
  

combination	
  of	
  background	
  absorption	
  and	
  scattering,	
  and	
  AuNCs	
  concentration.	
  For	
  2.7	
  ×	
  

1011	
   particles/ml,	
   the	
   FWHM	
   is	
   14	
   mm	
   and	
   for	
   the	
   lowest	
   concentration,	
   1.6	
   ×	
   1011	
  

particles/ml	
  at	
  same	
  background	
  the	
  FWHM	
  is	
  18.2	
  mm.	
  All	
  three	
  values	
  are	
  greater	
  than	
  

the	
   actual	
  width	
   (10	
  mm).	
   This	
   overestimation	
   of	
   target	
   size	
  was	
   expected	
   and	
   typically	
  

increases	
  with	
  increasing	
  imaging	
  depth	
  [[174].	
  	
  

	
  



110	
  
	
  

	
  

(a)	
  

(f)	
  (e)	
  

(d)	
  (c)	
  

(b)	
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Figure	
  4.7:	
  OA	
  signal	
  versus	
  distance	
  graph	
  showing	
  the	
  calculated	
  values	
  of	
  full	
  width	
  at	
  half	
  max	
  (FWHM)	
  
for	
  all	
   three	
  concentrations	
  at	
  different	
  background	
  absorptions.	
  a)	
   Intralipid	
  alone,	
  b)	
  µa	
  =	
  0.1cm-­‐1,	
  c)	
  µa	
  =	
  
0.5cm-­‐1,	
  d)	
  µa	
  =	
  1cm-­‐1,	
  e)	
  µa	
  =	
  1.5cm-­‐1,	
  f)	
  µa	
  =	
  2cm-­‐1,	
  g)	
  µa	
  =	
  4cm-­‐1.	
  

	
  

The	
  relationship	
  between	
  predicted	
  cuvette	
  dimension	
  (FWHM),	
  AuNCs	
  concentration	
  and	
  

background	
  absorption	
  is	
  shown	
  in	
  figure	
  4.8.	
  This	
  data	
  set	
  indicates	
  that	
  predicted	
  target	
  

dimensions	
  increase	
  with	
  decreasing	
  concentration	
  and	
  increasing	
  background	
  absorption.	
  

FWHM	
  values	
   for	
  a	
  background	
  absorption	
  coefficient	
  of	
  4cm-­‐1	
  were	
  omitted	
  as	
  the	
  value	
  

was	
  >30	
  mm	
  and	
  the	
  FWHM	
  approach	
  is	
  not	
  valid	
  for	
  highly	
  absorbing	
  backgrounds.	
  	
  

	
  

	
  

	
  

	
  

(g)	
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Figure	
  4.8:	
  OA	
  predicted	
  cuvette	
  dimension	
  (FWHM)	
  plotted	
  against	
  background	
  medium	
  for	
  3	
  AuNCs	
  
concentrations.	
  	
  

	
  

Figure	
  4.9	
  shows	
  the	
  optical	
  absorption	
  spectrum	
  for	
   the	
  AuNCs	
  (8.0	
  ×	
  1011	
  particles/ml)	
  

before	
   and	
   after	
   laser	
   exposure.	
   AuNCs	
   exposed	
   for	
   1%	
   IL	
   background	
   at	
   highest	
  

concentration,	
  as	
  a	
  worse	
  case	
  scenario	
  of	
  the	
  highest	
  AuNCs	
  concentration	
  in	
  the	
  weakest	
  

background	
   so	
   as	
   to	
   maximize	
   any	
   potential	
   damaging	
   effect	
   on	
   the	
   AuNCs.	
   The	
   optical	
  

absorption	
  data	
  indicates	
  that	
  there	
  were	
  no	
  conformational	
  changes	
  in	
  the	
  AuNCs	
  after	
  the	
  

laser	
  exposure	
  at	
  0.016	
  J/cm-­‐2	
  during	
  experiments.	
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Figure	
   4.9:	
   Optical	
   absorption	
   spectra	
   for	
   the	
   AuNCs	
   (8.0	
   ×	
   1011	
   particles/ml)	
   before	
   and	
   after	
   OA	
  
illumination	
  at	
  0.016	
  J/cm-­‐2.	
  

	
  

	
  

Figure	
  4.10	
  shows	
  the	
  corresponding	
  TEM	
  image	
  for	
  the	
  AuNCs	
  sample	
  after	
  the	
  exposure	
  

and	
  demonstrates	
  that	
  there	
  were	
  no	
  structural	
  changes	
  in	
  AuNCs	
  after	
  the	
  laser	
  exposure.	
  

This	
  confirms	
   that	
   the	
  OA	
  signal	
  measured	
   in	
   the	
  contrast	
   study	
  were	
   influenced	
  only	
  by	
  

AuNCs	
  concentration	
  and	
  background	
  optical	
  absorption.	
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Figure	
   4.10:	
   TEM	
   image	
   of	
   AuNCs	
   after	
   laser	
   exposure	
   at	
   0.016	
   J/cm-­‐2	
   (1%	
   IL	
   background	
   and	
   8.0	
   ×	
   1011	
  

particles/ml	
  AuNCs	
  concentration).	
  

	
  

Furthermore,	
   the	
   potential	
   OA	
   signals	
   coming	
   from	
   the	
   plexiglass	
   box	
   were	
   also	
  

investigated.	
  Figure	
  4.11	
  shows	
  the	
  OA	
  signals	
  for	
  the	
  plexiglass	
  box	
  and	
  cuvette	
  filled	
  with	
  

water.	
  OA	
  signals	
  coming	
  from	
  the	
  box	
  and	
  cuvette	
  are	
  equivalent	
  to	
  the	
  baseline	
  signals,	
  

which	
   confirms	
   that	
   the	
   box	
   and	
   cuvette	
   are	
   not	
   generating	
   OA	
   waves.	
   The	
   higher	
   OA	
  

signals	
  from	
  1mm	
  to	
  20mm	
  distance	
  are	
  due	
  to	
  a	
  TGC	
  artifact.	
  OA	
  signals	
  from	
  1	
  to	
  20	
  mm	
  

distance	
  should	
  be	
  at	
  baseline	
  as	
  there	
  is	
  no	
  target,	
  but	
  TGC	
  amplification	
  of	
  OA	
  signals	
  in	
  

this	
  area	
  is	
  observed.	
  Signals/reverberations	
  at	
  the	
  location	
  between	
  37	
  to	
  40	
  mm	
  may	
  be	
  

coming	
  from	
  a	
  spot	
  of	
  glue	
  used	
  to	
  fix	
  the	
  box.	
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Figure	
  4.11:	
  Acquired	
  OA	
  signal	
  for	
  the	
  Plexi	
  glass	
  box	
  and	
  cuvette	
  filled	
  with	
  water	
  (i.e.	
  blank).	
  Appropriate	
  
location	
  of	
  box	
  and	
  cuvette	
  are	
  indicated	
  in	
  the	
  plot.	
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4.6	
  Conclusions	
  

This	
  study	
  investigated	
  that	
  OA	
  signals	
  from	
  tested	
  concentration	
  of	
  AuNCs	
  are	
  detectable	
  

up	
   to	
   background	
   absorption	
   coefficient	
   of	
   4	
   cm-­‐1	
   at	
   10	
   mJ	
   laser	
   energy	
   and	
   a	
   surface	
  

fluence	
   of	
   0.016	
   J/cm2.	
   Trend	
   demonstrates	
   that	
   contrast	
   is	
   decreasing	
   with	
   increasing	
  

background	
   absorption	
   coefficient.	
   No	
   conformational	
   changes	
   in	
   AuNCs	
   after	
   the	
   laser	
  

exposures	
  were	
  observed	
  for	
  a	
  maximum	
  fluence	
  of	
  0.016	
  J/cm2.	
  	
  

As	
   we	
   know	
   that	
   1%	
   Intralipid	
   based	
   liquid	
   phantom	
   has	
   constant	
   absorption	
   and	
  

scattering	
  but	
  in	
  the	
  real	
  tissues	
  these	
  properties	
  varies	
  from	
  sample	
  to	
  sample.	
  Therefore,	
  

evaluations	
  in	
  tissue-­‐based	
  phantoms	
  such	
  as	
  comprised	
  of	
  pork	
  loin	
  would	
  be	
  useful.	
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Chapter	
  5:	
  Contrast	
  study	
  of	
  AuNCs	
  in	
  ex	
  vivo	
  porcine	
  muscle	
  

5.1	
  Materials	
  and	
  methods	
  

5.1.1	
  Tissue	
  sample	
  preparation	
  

Pork	
   loin	
  was	
   selected	
   as	
   a	
   tissue	
  phantom	
   in	
   this	
   proof	
   of	
   principle	
   study,	
   as	
   its	
   optical	
  

properties	
  were	
   previously	
   investigated	
   by	
   Grabtchak	
   and	
  Whelan[175].	
   Fresh	
   pork	
   loin	
  

was	
   purchased	
   at	
   a	
   local	
   supermarket	
   and	
   left	
   on	
   the	
   lab	
   bench	
   until	
   it	
   reached	
   room	
  

temperature.	
  Four	
  pork	
   loin	
  samples	
  were	
  prepared.	
  Two	
  samples	
  were	
  approximately	
  5	
  

mm	
  (thickness)	
  ×	
  70	
  mm	
  (length)	
  ×	
  25	
  mm	
  (width)	
  and	
   two	
  other	
  samples	
  were	
  10	
  mm	
  

(thickness)	
   ×	
   70	
   mm	
   (length)	
   ×	
   25	
   mm	
   (width).	
   Figure	
   5.1	
   shows	
   the	
   pork	
   and	
   its	
  

dimensions.	
  

	
  

	
  

Figure	
  5.1:	
  	
  Representative	
  pork	
  loin	
  sample	
  a)	
  length	
  and	
  width	
  b)	
  thickness	
  for	
  OA	
  investigation.	
  

	
  

	
  

	
  

(b)	
  (a)	
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All	
   four	
   samples	
   tissues	
   were	
   covered	
   with	
   plastic	
   wrap	
   to	
   avoid	
   direct	
   exposure	
   with	
  

water	
  in	
  the	
  water	
  bath.	
  Figure	
  5.2	
  shows	
  a	
  cuvette	
  (5	
  mm	
  path	
  length)	
  with	
  AuNCs	
  (2.7	
  ×	
  

1011	
   particles/ml)	
  wrapped	
  with	
   the	
   pork	
   tissue.	
  Wrapping	
  was	
   achieved	
   by	
   placing	
   the	
  

cuvette	
  at	
  the	
  center	
  of	
  the	
  tissue	
  sample	
  and	
  then	
  drawing	
  both	
  the	
  ends	
  of	
  tissue	
  around	
  

the	
  cuvette	
  and	
  fixing	
  the	
  ends	
  with	
  plastic	
  tape	
  on	
  the	
  back	
  side	
  of	
  the	
  cuvette.	
  

	
  

Figure	
  5.2:	
  Pork	
  loin	
  wrapped	
  sample	
  around	
  the	
  cuvette	
  filled	
  with	
  AuNCs	
  and	
  mounted	
  to	
  a	
  cuvette	
  holder.	
  

	
  

	
  

The	
  tissue	
  wrapped	
  cuvette	
  was	
  mounted	
  to	
  a	
  holder	
  on	
  a	
  translation	
  stage,	
  and	
  positioned	
  

(front	
  wall)	
  25	
  mm	
  from	
  the	
  transducer,	
  as	
  shown	
  in	
  figure	
  5.3.	
  The	
  energy	
  output	
  from	
  the	
  

fiber	
   bundle	
   was	
   measured	
   and	
   the	
   water	
   bath	
   was	
   at	
   room	
   temperature	
   (23	
   ⁰C).	
   The	
  

cuvette	
  was	
  sealed	
  with	
  parafilm	
  to	
  avoid	
  the	
  entry	
  of	
  water.	
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Figure	
  5.3:	
  Cuvette	
  wrapped	
  with	
  pork	
  loin,	
  mounted	
  on	
  the	
  translation	
  stage,	
  and	
  showing	
  distance	
  between	
  
cuvette	
  and	
  transducer	
  (25	
  mm).	
  

	
  

5.2	
  Optoacoustic	
  detection	
  

A	
   9.2	
   mJ	
   laser	
   energy	
   (0.014	
   J/cm2)	
   at	
   775	
   nm	
   and	
   0.1	
   mm	
   step	
   size	
   was	
   used	
   for	
   all	
  

experiments.	
   An	
   AuNCs	
   concentration	
   of	
   2.7	
   ×	
   1011	
   particles/ml	
   was	
   used	
   for	
   all	
  

experiments,	
   e.g.	
   the	
   intermediate	
   concentration	
   used	
   in	
   the	
   contrast	
   study	
   using	
   an	
  

Intralipid	
   based	
   background.	
   After	
  mounting	
   the	
  wrapped	
   cuvette	
   on	
   the	
   translation	
   the	
  

path	
  length	
  was	
  selected.	
  Four	
  experiments	
  were	
  carried,	
  two	
  with	
  a	
  5	
  mm	
  thick	
  pork	
  loin	
  

tissue	
  sample	
  and	
  two	
  with	
  a	
  10	
  mm	
  thick	
  pork	
  loin	
  tissue	
  sample.	
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5.3	
  Results	
  and	
  discussion	
  

5.3.1	
  Effect	
  of	
  phantom	
  thickness	
  on	
  OA	
  signal	
  generation	
  

Figure	
  5.4	
  shows	
  the	
  OA	
  signals	
  generated	
  from	
  the	
  AuNCs	
  (2.7	
  ×	
  1011	
  particles/ml)	
  in	
  the	
  

cuvette	
  surrounded	
  by	
  a	
  5	
  mm	
  pork	
  loin	
  (repeated	
  with	
  a	
  different	
  tissue	
  sample).	
  Figure	
  

5.5a	
  and	
  5.5b)	
  show	
  the	
  OA	
  signals	
  generated	
  with	
  10	
  mm	
  thick	
  pork	
  loin	
  surrounding	
  the	
  

AuNCs	
  filled	
  cuvette.	
  

	
  

	
  

Figure	
  5.4:	
  OA	
  signals	
  v/s	
  distance	
  from	
  the	
  transducer	
  for	
  AuNCs	
  exposed	
  at	
  0.014	
  J/cm2	
  through	
  5	
  mm	
  of	
  
pork	
  loin,	
  (a)	
  Trial	
  1	
  and	
  (b)	
  Trial	
  2.	
  The	
  appropriate	
  position	
  of	
  the	
  cuvette	
  is	
  shown	
  on	
  the	
  plot.	
  

	
  

(a)	
   (b)	
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Figure	
  5.5:	
  OA	
  signals	
  v/s	
  distance	
  from	
  the	
  transducer	
  for	
  AuNCs	
  exposed	
  at	
  0.014	
  J/cm2	
  through	
  10	
  mm	
  of	
  
pork	
  loin,	
  (a)	
  Trial	
  1	
  and	
  (b)	
  Trial	
  2.	
  The	
  appropriate	
  position	
  of	
  the	
  cuvette	
  is	
  shown	
  on	
  the	
  plot.	
  

	
  

The	
  peak	
  OA	
  signal	
  at	
  the	
  location	
  of	
  the	
  cuvette	
  for	
  the	
  5	
  mm	
  of	
  pork,	
  Trial	
  1	
  and	
  Trial	
  2	
  is	
  

0.08	
  and	
  0.06,	
  respectively.	
  The	
  peak	
  OA	
  signal	
  for	
  the	
  10	
  mm	
  of	
  pork	
  in	
  Trial	
  1	
  and	
  Trial	
  2	
  

is	
   0.04	
   and	
   0.02,	
   respectively.	
   A	
   broad	
   peak	
   between	
   10-­‐13	
  mm	
   from	
   the	
   transducer	
   is	
  

present	
  in	
  all	
  contrast	
  study	
  plots	
  including	
  for	
  the	
  Intralipid	
  background	
  (Chapter	
  4).	
  The	
  

exact	
  reason	
  for	
  this	
  broad	
  peak	
  is	
  not	
  known.	
  Stronger	
  OA	
  peaks	
  (amplitude	
  higher	
  than	
  

that	
  from	
  the	
  AuNCs)	
  are	
  detected	
  at	
  delay	
  times	
  that	
  correspond	
  to	
  being	
  in	
  the	
  water	
  bath	
  

behind	
   the	
   cuvette,	
   e.g.	
   31-­‐37	
  mm	
   from	
   the	
   transducer.	
   To	
   try	
   to	
   better	
   understand	
   the	
  

large	
   signals	
   observed	
   from	
   this	
   region,	
   OA	
   data	
  was	
   acquired	
   for	
   a	
  water	
   filled	
   cuvette	
  

(Figure	
  5.6).	
  As	
  observed	
  in	
  Figure	
  5.6,	
  OA	
  peak	
  signals	
  are	
  still	
  present	
  when	
  there	
  are	
  no	
  

AuNCs.	
  No	
  confirmed	
  reason	
  is	
  known	
  for	
  these	
  peaks,	
  but	
  the	
  possible	
  explanation	
  is	
  that,	
  

these	
  might	
  be	
  the	
  reverberations	
  of	
  the	
  signals	
  coming	
  from	
  the	
  tissue	
  sample.	
  	
  

	
  

(a)	
   (b)	
  



122	
  
	
  

	
   	
  

Figure	
  5.6:	
  OA	
  signals	
  v/s	
  distance	
  from	
  the	
  transducer	
  plot	
  of	
  water	
  (blank	
  run)	
  exposed	
  at	
  0.014	
  J/cm2	
  using	
  
pork	
  loin	
  of	
  5	
  mm	
  thickness	
  (a)	
  and	
  10	
  mm	
  thickness	
  (b).	
  

	
  

Intralipid	
   OA	
   signals	
   of	
   AuNCs	
   in	
   1%	
   Intralipid	
   background	
   (5	
   mm	
   physical	
   depth)	
  

chapter4,	
  section-­‐1	
  are	
  average	
  91%	
  (based	
  on	
  average	
  of	
  Trial	
  1	
  and	
  2	
  of	
  5	
  mm	
  thickness)	
  

higher	
  than	
  the	
  OA	
  signal	
  of	
  AuNCs	
  in	
  5	
  mm	
  thick	
  pork	
  loin	
  and	
  137%	
  (based	
  on	
  average	
  of	
  

Trial	
  1	
  and	
  2	
  of	
  10	
  mm	
  thickness)	
  higher	
   than	
   the	
  10	
  mm	
  thick	
  pork	
   loin	
  background.	
  A	
  

tissue	
  of	
  5	
  mm	
  thickness	
  shows	
  46%	
  higher	
  contrast	
   in	
  comparison	
  to	
  10	
  mm	
  thick	
  pork	
  

loin	
  tissue.	
  Contrast	
  values	
  are	
  given	
  in	
  table	
  5.1	
  (calculated	
  by	
  using	
  equation	
  4.3).	
  	
  

AuNCs	
  concentration	
  =	
  2.7	
  ×	
  1011	
  particles/ml	
  

Background	
  medium	
   Contrast	
  

1%	
  Intralipid	
  (5mm)	
   257%	
  

Pork	
  loin,	
  5	
  mm	
  A	
   163%	
  

Pork	
  loin,	
  5	
  mm	
  B	
   156%	
  

Pork	
  loin,	
  10	
  mm	
  A	
   145%	
  

Pork	
  loin,	
  10	
  mm	
  B	
   82%	
  

	
  

Table	
  5.1:	
  Calculated	
  contrast	
  values	
  of	
  AuNCs	
  for	
  different	
  backgrounds.	
  

	
  

(a)	
   (b)	
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Peak	
   OA	
   signals	
   of	
   AuNCs	
   are	
   higher	
   in	
   pork	
   loin	
   background	
   compared	
   to	
   the	
   1%	
   IL	
  

phantom	
  background.	
  The	
  effective	
  attenuation	
  coefficient,	
  µeff,	
  of	
  1%	
  IL	
  and	
  pork	
  loin	
  are	
  

similar,	
  1cm-­‐1	
  at	
  775	
  nm[173][175].	
  Hence,	
  we	
  may	
  expect	
   that	
   the	
  peak	
  OA	
  signals	
   from	
  

the	
   AuNCs	
   from	
   both	
   background	
   media	
   (5	
   mm	
   physical	
   depth)	
   should	
   be	
   equal.	
   Even	
  

though	
  the,	
  µeff	
   is	
  equivalent,	
  pork	
   loin	
  has	
  a	
   lower	
  reduced	
  scattering	
  coefficient	
  (µs’	
  =	
  3	
  

cm-­‐1)	
  and	
  higher	
  absorption	
  coefficient	
  (µa	
  =	
  0.1	
  cm-­‐1)	
  compared	
  to	
  1%	
  IL	
  (µs’	
  =	
  10	
  cm-­‐1,	
  µa	
  

=	
   0.03	
   cm-­‐1)	
   at	
   775	
   nm.	
   One	
   possible	
   explanation	
   for	
   higher	
   OA	
   signal	
   amplitude	
   from	
  

AuNCs	
   in	
   the	
   pork	
   loin	
   background	
   can	
   be	
   its	
   lower	
   scattering	
   coefficient	
   (1/3	
   lower)	
  

compared	
  to	
  1%	
  IL,	
  which	
  allows	
  more	
  light	
  to	
  reach	
  the	
  AuNCs.	
  The	
  optical	
  absorption	
  in	
  

pork	
  loin	
  is	
  also	
  lower.	
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5.4	
  Conclusion	
  	
  

The	
   results	
   from	
   this	
   study	
   demonstrate	
   that	
   the	
   OA	
   signals	
   from	
   AuNCs	
   (2.7	
   ×	
   1011	
  

particles/ml)	
  are	
  detectable	
  up	
  to	
  10	
  mm	
  depth	
   in	
  pork	
   loin	
  utilizing	
  a	
  9.2	
  mJ	
   laser	
  pulse	
  

energy	
   (0.014	
   J/cm2)	
   at	
   775	
   nm.	
   The	
   OA	
   signals	
   from	
   AuNCs	
   in	
   5	
   mm	
   pork	
   loin	
   are	
  

approximately	
   double	
   in	
   comparison	
   to	
   AuNCs	
   in	
   10	
   mm	
   pork	
   loin	
   phantom.	
   This	
   was	
  

expected	
  because	
  5	
  mm	
  extra	
  thickness	
  in	
  10	
  mm	
  tissue	
  restricted	
  more	
  light	
  from	
  reaching	
  

the	
  target.	
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Chapter	
  6:	
  Conclusion	
  and	
  future	
  work	
  

6.1	
  Conclusions	
  

Three	
   objectives	
   had	
   been	
   set	
   for	
   this	
   project:	
   1)	
   synthesize	
   gold	
   nanocages	
   using	
   silver	
  

nanocubes	
  as	
  the	
  templates	
  via	
  galvanic	
  replacement	
  reactions,	
  2)	
  determine	
  the	
  stability	
  

of	
  gold	
  nanocages	
  against	
  pulsed	
  (6ns)	
  laser	
  light	
  at	
  different	
  energies	
  and	
  3)	
  determine	
  the	
  

contrast	
   properties	
   of	
   gold	
   nanocages	
   (different	
   concentrations)	
   using	
   1%	
   Intralipid	
   and	
  

pork	
  loin	
  as	
  background	
  medium.	
  

The	
   polyol	
   method	
   was	
   used	
   to	
   synthesize	
   silver	
   nanocubes	
   to	
   further	
   use	
   them	
   as	
   the	
  

templates	
  for	
  AuNCs	
  synthesis.	
  The	
  reaction	
  was	
  highly	
  temperature	
  sensitive	
  such	
  that	
  a	
  

fluctuation	
   of	
   ±5	
   ⁰C	
   adversely	
   affected	
   the	
   synthesis	
   reaction.	
   The	
   process	
   of	
   adding	
  

reactants	
   to	
   the	
   reaction	
   solution	
   also	
   had	
   an	
   effect	
   on	
   the	
   nucleation	
   process	
   of	
   silver	
  

nanocube	
   synthesis.	
   It	
   was	
   learned	
   that	
   the	
   equipment	
   used	
   in	
   the	
   process,	
   specifically	
  

glassware,	
   should	
   be	
   of	
   a	
   specific	
   brand	
   and	
   catalogue	
   number.	
   For	
   example,	
   the	
   round	
  

bottom	
  flask	
  should	
  be	
  from	
  Ace	
  glass	
  Inc.	
  (Cat.	
  No.	
  4120-­‐21)	
  and	
  disposable	
  vials	
  should	
  

be	
   from	
   VWR	
   (cat.	
   No.	
   66011-­‐143)[146].	
   Similar	
   rules	
   apply	
   to	
   the	
   chemicals	
   used	
   in	
  

reaction,	
  for	
  example;	
  ethylene	
  glycol	
  should	
  be	
  from	
  J.T.	
  Baker	
  (cat.	
  No.	
  9300).	
  The	
  use	
  of	
  

other	
  brands	
  can	
  cause	
  the	
  synthesis	
  to	
  fail.	
  Hence,	
  it	
  was	
  difficult	
  to	
  optimise	
  the	
  reaction	
  

parameters	
   in	
   such	
  a	
   short	
   time.	
  After	
  38	
   individual	
  batches,	
  we	
  were	
  able	
   to	
   synthesize	
  

silver	
  nanocubes	
  with	
  only	
  20-­‐30%	
  purity,	
  which	
  was	
  not	
  sufficient	
  for	
  use	
  as	
  templates	
  for	
  

AuNCs	
  synthesis.	
  Therefore,	
  for	
  the	
  thesis	
  work,	
  AuNCs	
  were	
  acquired	
  from	
  Dr.	
  Younan	
  Xia	
  

(Georgia	
  Tech).	
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Results	
   from	
  all	
   three	
   analysis	
  methods	
   (optoacoustic	
   signal	
   detection,	
  TEM	
   imaging	
   and	
  

optical	
  absorption	
  measurements)	
  used	
  to	
  measure	
  the	
  stability	
  of	
  AuNCs	
  demonstrate	
  that	
  

on	
  direct	
  illumination	
  (with	
  no	
  background	
  medium)	
  at	
  5	
  mJ	
  and	
  10	
  mJ	
  laser	
  energy	
  at	
  775	
  

nm,	
   AuNCs	
   are	
   not	
   geometrically	
   stable.	
   For	
   both	
   energies	
   investigated,	
   conformational	
  

changes	
  were	
  observed.	
  Results	
  from	
  this	
  thesis	
  confirms	
  that	
  with	
  increasing	
  energy	
  and	
  

exposure	
  time,	
  gold	
  nanocages	
  tend	
  to	
  turn	
  spherical	
   in	
  shape	
  and	
  many	
  other	
  structures	
  

between	
   cube	
   and	
   sphere	
   are	
   also	
   formed	
   which	
   leads	
   to	
   a	
   change	
   in	
   surface	
   plasmon	
  

resonance.	
   	
   This	
   study	
   also	
   demonstrates	
   that	
   melting	
   of	
   AuNCs	
   can	
   occur	
   at	
   5	
   mJ	
   but	
  

fragmentation	
  requires	
  a	
  higher	
  energy,	
  10	
  mJ.	
  Usually	
  a	
  contrast	
  study	
  is	
  completed	
  with	
  

the	
   optically	
   turbid	
   background	
   media	
   (such	
   as	
   phantoms)	
   where	
   most	
   of	
   the	
   light	
   is	
  

absorbed	
   or	
   scattered	
   before	
   reaching	
   the	
   target	
   and	
   hence	
   may	
   not	
   destabilize	
   the	
  

structure.	
   However,	
   this	
   stability	
   study	
   with	
   no	
   background	
   provides	
   important	
  

information	
   for	
   in-­‐vitro	
  studies	
  using	
  gold	
  nanocages.	
  For	
  example	
   to	
  study	
   the	
  effects	
  of	
  

contrast	
   agents	
   in	
   comparatively	
   controlled	
   environment,	
   cancerous	
   cells	
   could	
   be	
  

extracted	
  from	
  body	
  into	
  a	
  petri	
  dish	
  and	
  loaded	
  with	
  nanoparticles	
  to	
  study	
  the	
  contrast	
  

properties.	
  Recently,	
  Zhang	
  et.al[176]	
  labelled	
  AuNCs	
  with	
  human	
  mesenchymal	
  stem	
  cells	
  

and	
   carried	
   phantom	
   experiment	
   by	
   imaging	
   suspensions	
   of	
   AuNCs	
   at	
   different	
  

concentrations	
  sealed	
  in	
  glass	
  capillaries	
  with	
  a	
  optoacoustic	
  system	
  (deep	
  reflection-­‐mode	
  

optoacoustic	
  imaging	
  system	
  utilized	
  a	
  tunable	
  Ti:Sapphire	
  laser	
  pumped	
  by	
  a	
  Q-­‐switched	
  

Nd:YAG	
   laser	
   for	
   optoacoustic	
   excitation	
   at	
   a	
   wavelength	
   of	
   800	
   nm	
   (pulse	
   width:	
   5	
   ns,	
  

pulse	
  repetition	
  rate:	
  10	
  Hz).	
  Though,	
  Zhang	
  used	
  AuNCs	
  to	
  stem	
  cells	
  tracking	
  but	
  for	
  this	
  

kind	
  of	
  in	
  vitro	
  experiments,	
  stability	
  of	
  AuNCs	
  should	
  be	
  known.	
  

The	
  OA	
  contrast	
  for	
  AuNCs	
  (8.0	
  ×	
  1011	
  particles/ml,	
  2.7	
  ×	
  1011	
  particles/ml	
  and	
  1.6	
  ×	
  1011	
  

particles/ml)	
   in	
   1%	
   Intralipid	
   results	
   confirmed	
   that	
   OA	
   signals	
   from	
   AuNCs	
   were	
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detectable	
   in	
   the	
   highest	
   absorbing	
   background	
   (4cm-­‐1)	
   used	
   in	
   this	
   study.	
   This	
  

demonstrates	
  the	
  utility	
  of	
  AuNCs	
  as	
  contrast	
  agents	
  in	
  optoacoustic	
  imaging.	
  Full	
  width	
  at	
  

half	
  max	
  calculations	
  provides	
  an	
  estimate	
  of	
  the	
  actual	
  size	
  of	
  target	
  using	
  OA	
  data.	
  Optical	
  

absorption	
   measurement	
   indicates	
   no	
   conformational	
   changes	
   in	
   AuNCs,	
   after	
   all	
   the	
  

pulsed	
   laser	
   illuminations	
   for	
   contrast	
   study	
   (for	
   all	
   the	
   absorption	
   coefficients).	
   TEM	
  

imaging	
  confirmed	
  no	
  damage.	
  

Results	
   from	
  OA	
   contrast	
   study	
   in	
  ex	
   vivo	
  muscle	
  demonstrated	
   that	
  AuNCs	
   also	
  have	
   an	
  

effective	
  contrast	
  in	
  soft	
  tissue	
  through	
  up	
  to	
  10	
  mm.	
  The	
  OA	
  signals	
  from	
  AuNCs	
  in	
  5	
  mm	
  

pork	
   loin	
   are	
   approximately	
   double	
   in	
   comparison	
   to	
   AuNCs	
   in	
   10	
   mm	
   pork	
   loin.	
   Gold	
  

nanocages	
   demonstrate	
   a	
   higher	
   contrast	
   (97.5%	
  higher)	
   in	
   1%	
   Intralipid	
   (no	
   absorber)	
  

compared	
   to	
   using	
   pork	
   loin	
   for	
   the	
   same	
  5	
  mm	
   thickness	
   (comparison	
  based	
   on	
  AuNCs	
  

concentration	
   2.7	
   ×	
   1011	
   particles/ml,	
   because	
   this	
   is	
   the	
   only	
   concentration	
   tested	
   in	
  

muscle	
   experiment).	
   AuNCs	
   contrast	
   in	
   1%	
   Intralipid	
   decreases	
   with	
   increased	
   optical	
  

absorption	
  (µa	
  =	
  4	
  cm-­‐1)	
  of	
  the	
  background	
  medium.	
  And	
  at	
  highest	
  µa,	
  the	
  value	
  of	
  contrast	
  

(60%)	
   is	
   lower	
   than	
   the	
  contrast	
   (159.4%)	
  of	
  AuNCs	
   in	
  5	
  mm	
  thick	
  pork	
   loin	
   (for	
  AuNCs	
  

concentration	
  2.7	
  ×	
  1011	
  particles/ml).	
  The	
  results	
  from	
  this	
  study	
  confirm	
  that	
  AuNCs	
  can	
  

be	
  used	
  as	
  contrast	
  agent	
  in	
  the	
  imaging	
  of	
  soft	
  tissues	
  effectively.	
  

On	
   the	
   basis	
   of	
   thesis	
   results,	
   we	
   conclude	
   that	
   AuNCs	
   are	
   relevant	
   contrast	
   agents	
   for	
  

optoacoustic	
  imaging.	
  

	
  

	
  

	
  



128	
  
	
  

6.2	
  Future	
  work	
  

Further	
   investigations	
   are	
   required	
   to	
   study	
   contrast	
   properties	
   of	
   AuNCs	
   and	
   their	
  

potential	
   use	
   for	
   specific	
  medical	
   applications	
   as	
   contrast	
   agents.	
   The	
  work	
   described	
   in	
  

this	
   dissertation	
   represents	
   a	
   significant	
   step	
   toward	
   better	
   understanding	
   of	
   AuNCs	
  

contrast	
   agents	
   for	
   optoacoustic	
   that	
   could	
   provide	
   for	
   deeper	
   tissue	
   imaging	
  with	
  more	
  

sensitivity	
  and	
  specificity.	
  	
  

The	
  contrast	
  study	
  of	
  AuNCs	
  required	
  more	
  research	
  using	
  the	
  different	
  concentrations	
  of	
  

gold	
  nanocages	
  and	
  at	
  lower	
  fluence	
  values	
  (less	
  than	
  10	
  mJ/cm2,	
  maximum	
  ANSI	
  limit)	
  to	
  

find	
   a	
   threshold	
   limit.	
   This	
   will	
   determine	
   what	
   minimum	
   concentration	
   of	
   AuNCs	
   and	
  

fluence	
  are	
  required	
  for	
  tissue	
  imaging	
  at	
  clinically	
  relevant	
  depths.	
  The	
  next	
  challenge	
  is	
  to	
  

investigate	
   the	
   contrast	
   of	
   AuNCs	
   in	
   in-­‐vivo	
   experiments.	
   But	
   in	
   vivo	
   imaging	
   is	
   more	
  

complex	
  when	
  considering	
  additional	
  factors	
  such	
  as	
  the	
  effect	
  of	
  blood	
  flow,	
  blood	
  water	
  

concentration	
   and	
   optical	
   heterogeneity	
   and	
   their	
   effects	
   on	
   OA	
   image	
   contrast.	
   Zhang	
  

et.al.[177]	
   used	
   C57/BL6	
   mice	
   for	
   subcutaneous	
   OA	
   imaging	
   experiments.	
   For	
   tumor	
  

imaging	
   experiments,	
   human	
   breast	
   cancer	
   cells,	
   BT474	
   (ATCC)	
   were	
   implanted	
   on	
   the	
  

lower	
   abdominal	
   wall	
   of	
   Nu/Nu	
   mice	
   and	
   allowed	
   to	
   grow	
   to	
   ∼1.0	
   cm	
   in	
   size.	
   They	
  

performed,	
   in	
   vivo	
  optoacoustic	
   imaging	
   experiments	
  before	
   and	
  after	
   the	
   injection	
  of	
  20	
  

and	
  50	
  nm	
  gold	
  nanoparticles	
  into	
  the	
  subcutaneous	
  abdominal	
  wall	
  of	
  the	
  mice	
  and	
  both	
  

20	
  nm	
  particles	
  and	
  50	
  nm	
  particles	
  were	
  imaged	
  in	
  vivo	
  with	
  excellent	
  contrast[177].	
  	
  

There	
   is	
   also	
   the	
   future	
   opportunity	
   to	
   study	
   functionalized	
   gold	
   nanocages.	
   In	
   this	
  way	
  

they	
   can	
   be	
   used	
   as	
   contrast	
   agents	
   and	
   as	
   well	
   as	
   effective	
   therapeutic	
   agents.	
   Chen	
  

et.al.[178]	
   conjugated	
   45nm	
   AuNCs	
   with	
   monoclonal	
   antibodies	
   (anti-­‐HER2)	
   to	
   target	
  

epidermal	
  growth	
  factor	
  receptors	
  (EGFR)	
  that	
  are	
  overexpressed	
  on	
  the	
  surface	
  of	
  breast	
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cancer	
   cells	
   (SK-­‐BR-­‐3).	
   Their	
   preliminary	
   photothermal	
   results	
   show	
   that	
   the	
   nanocages	
  

strongly	
  absorb	
  light	
  in	
  the	
  NIR	
  region	
  with	
  a	
  minimum	
  intensity	
  threshold	
  of	
  1.5	
  W/cm2	
  to	
  

induce	
  thermal	
  destruction	
  to	
  the	
  cancer	
  cells.	
  In	
  the	
  intensity	
  range	
  of	
  1.5-­‐4.7	
  W/cm2,	
  the	
  

circular	
  area	
  of	
  damaged	
  cells	
   increased	
  linearly	
  with	
  the	
  irradiation	
  power	
  density.	
  They	
  

concluded	
   that,	
   this	
   new	
   class	
   of	
   bioconjugated	
   gold	
   nanostructures,	
   immuno	
   gold	
  

nanocages,	
   could	
   potentially	
   serve	
   as	
   an	
   effective	
   photothermal	
   therapeutic	
   agent	
   for	
  

cancer	
   treatment[178].	
   Khan	
   et.al[179]	
   synthesized	
   AuNCs	
   and	
   conjugated	
   with	
   single	
  

walled	
  CNT.	
  This	
  AuNCs-­‐SWCNT	
  hybrid	
  was	
   further	
   conjugated	
  with	
  A9	
  RNA	
  aptamer	
   to	
  

target	
  cancer	
  cells.	
  Khan	
  used	
  1-­‐2	
  W/cm2	
  of	
  1064	
  nm	
  NIR	
  light	
  for	
  10	
  min	
  and	
  concluded	
  

that	
   AuNCs-­‐SWCNT-­‐A9	
   RNA	
   aptamer	
   hybrid	
   can	
   potentially	
   serve	
   as	
   an	
   effective	
  

photothermal	
  therapeutic	
  agent	
  for	
  cancer	
  treatment.	
  

The	
  Seno	
  system	
  in	
  our	
   lab	
  record	
  data	
  every	
  second	
  (after	
  10	
   laser	
  pulses).	
  Yet	
   the	
  data	
  

supports	
  that	
  damage	
  to	
  AuNCs	
  structure	
  can	
  occur	
  after	
  the	
  first	
  laser	
  pulse	
  depending	
  on	
  

the	
  laser	
  energy.	
  Therefore	
  an	
  upgrade	
  to	
  the	
  Seno	
  system	
  is	
  needed	
  to	
  be	
  able	
  to	
  acquire	
  

OA	
  data	
  after	
  individual	
  pulses.	
  	
  	
  

In	
   this	
   research	
   work	
   we	
   varied	
   the	
   optical	
   depth	
   by	
   adding	
   an	
   absorber	
   to	
   a	
   constant	
  

scattering	
  medium,	
   as	
   it	
  was	
   not	
   possible	
   to	
   vary	
   the	
   physical	
   depth	
   in	
   our	
  OA	
  protocol.	
  

This	
  provided	
  a	
  direct	
  relationship	
  between	
  target	
  depth	
  and	
  contrast.	
  A	
  specially	
  designed	
  

box	
  for	
  phantom	
  materials	
  is	
  required	
  to	
  measure	
  contrast	
  of	
  AuNCs	
  by	
  physically	
  varying	
  

the	
   depth	
   of	
   target.	
   That	
   box	
   should	
   have	
   the	
   capability	
   to	
   vary	
   the	
   distance	
   of	
   the	
   gold	
  

target	
  without	
   removing	
   it	
   from	
   the	
   translation	
  stage	
  and	
   it	
   should	
  be	
  designed	
   in	
  a	
  way	
  

that	
  it	
  would	
  be	
  sealed	
  such	
  that	
  water	
  would	
  not	
  enter	
  into	
  box.	
  Another	
  challenge	
  was	
  the	
  

instability	
  of	
   Seno	
   system	
   laser	
   energy	
  output.	
   	
  Output	
   laser	
   energy	
   changed	
  day	
  by	
  day,	
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which	
   required	
   ongoing	
  measurement	
   and	
   correction.	
   Planned	
   upgrades	
   to	
   the	
   Seno	
   OA	
  

system	
  will	
  provide	
  for	
  enhanced	
  research	
  on	
  AuNCs	
  as	
  OA	
  contrast	
  agent.	
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Appendix	
  :	
  Matlab	
  scripts	
  

 

Appendix A: Load command 

 
%THIS FILE SHOULD BE FOUND IN THE SAME FOLDER AS BETA_BEAMFORMING 

%clear 

%The purpose of this script is to load the data of an image of one 

%wavelength (TiS or YAG). MatLab should be in a directory such that there is 
only one 

%folder of one wavelength in that directory. The script will also make a 

%Hilbert Transform of the data. 

  

%clear 

  

%Parameters 

xMax=601; 

zMax=1; 

MaxX_MaxZvalue=1; 

totalscans=(xMax-1)*zMax+MaxX_MaxZvalue; 

  

%Find subfolders. Returns directories, and excludes the '.' and '..' 

A = dirc(cd, 'de'); 

A = A(:,1); 

  

%Sort subfolders (considers embeded numerical order) 

[folders b] = sort_nat(A) 

  

%Number of Folders 

[a b] = size(folders) 

  

%Current Directory 

B= cd 
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%Build Directory folder to be loaded     

C = '\' 

D = folders{1} 

E = strcat(B,C, D) 

  

  

%select data directory 

directory_name = E 

  

%This is the script that was taken from the SENO DATA ANALYSIS GUI 

% 

% Check to see which directory was selected 

if ~isvector(strfind(directory_name, '_TiS')) & 
~isvector(strfind(directory_name, '_wl2')) 

    % this data is wavelength 1 

    wl1 = 1; 

else 

    % This data is wavelength 2 

    wl1 = 0; 

end 

  

data_files = dir(directory_name); 

[pathstr, name, ext, versn] = fileparts(directory_name); 

% Load the input_params structure from the first file 

acquired_data = []; 

load(fullfile(directory_name, data_files(3).name), 'input_params', 
'acquired_data'); 

input_params.parent_folder = pathstr; 

input_params.folder_VV = [directory_name '_VV']; %folder for volview 
visualization 

%[status,message,messageid] = mkdir(input_params.folder_VV); 

%input_params.filt = 1; %post-beamforming filtering (None) 

input_params.scan_step = input_params.scan_res; 



155	
  
	
  

input_params.Ymax = 
input_params.sampling_distance*(input_params.samples_complete - 1); %maximum 
distance from the transducer for a single A-line (used in scaling of A-lines) 

  

start_location = 0; %start location (mm) 

  

MaxZ=zMax; 

annular_array_data = zeros(xMax, input_params.scan_steps(3), 
input_params.no_channels_used, input_params.samples, 'single'); 

beams = zeros(totalscans, input_params.samples, 'single'); 

count=0; 

for indexx = 1:xMax  

    if indexx==xMax; 

        zMax=MaxX_MaxZvalue; 

    end    

    for indexz = 1:zMax       

        count=count+1; 

        disp(['Loading ' num2str(count) ' out of ' 
num2str(input_params.scan_steps(1)*input_params.scan_steps(3))]); 

        % Here build the filename to load: 

        individual_filename = [input_params.filename_rasterscan '_X' 
num2str(indexx,'%04.0f') 'Y0001Z' num2str(indexz,'%04.0f') '.mat']; 

        if wl1 

            individual_file_data = load(fullfile(input_params.parent_folder, 
input_params.directory_rasterscan, individual_filename), 'input_params', 
'acquired_data'); 

        else 

            individual_file_data = load(fullfile(input_params.parent_folder, 
input_params.directory_rasterscan2, individual_filename), 'input_params', 
'acquired_data'); 

        end 

        for index_annular_element = 1:input_params.no_channels_used 

            annular_array_data(indexx,indexz, index_annular_element, :)  = ... 

                
permute(individual_file_data.acquired_data(index_annular_element, :), [2 1]); 

        end 

        clear individual_file_data 

         

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%         
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        %optional beamforming 

        input_data = squeeze(annular_array_data(indexx,indexz,:,:)); 

        OA_data = Beta_beamforming(input_params,input_data); 

        indexzfix=(indexx-1)*MaxZ+indexz;   

        beams(indexzfix, :) = OA_data(1,:); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

    end 

end 

  

dimens = size(beams); 

spacing = input_params.scan_step; 

totalpoints = dimens(1)*dimens(2)*1 %dimens(3); 

%End of Seno Loading 

  

  

%Change orrientation of beams 3D matrix 

%beams = permute(beams,[1 3 2]); 

  

%Perform Hilbert Transform of 3D matrix and call resulting matrix Hilbt 

[q, s] = size(beams) 

  

for x = 1:q 

  

Hilbt(x, :) = abs(hilbert(beams(x, :))); 

  

end; 

	
  
 

 

 

 

 



157	
  
	
  

Appendix B: Beta beam forming 

 
 

function [OA_data] = Beta_beamforming(input_params,acquired_data) 

  

array_element_ximvals = zeros(input_params.no_channels_used,1); %x-coordinates 
of the rings 

array_element_zimvals = zeros(input_params.no_channels_used,1); %z-coordinates 
of the rings 

radius_of_ring = zeros(input_params.no_channels_used, 1); %radius value for 
the ring 

z_displacement_of_ring = zeros(input_params.no_channels_used, 1); %time 
direction offset due to curved array 

curvature_radius = input_params.focus; %(mm) radius of curvature 

  

for index_element = 2:input_params.no_channels_used % 

  

    radius_of_ring(index_element) = 
mean(input_params.annular_diameters(index_element,:))/2; %(mm) 

    z_displacement_of_ring(index_element) = curvature_radius - ... 

        sqrt(curvature_radius2 - radius_of_ring(index_element)2); %(mm) 

  

    array_element_ximvals(index_element) = radius_of_ring(index_element); 
%(mm) 

    array_element_zimvals(index_element) = 
z_displacement_of_ring(index_element); %(mm) 

end 

  

OA_data = acquired_data(1,:); %initialization of the formed beam as the signal 
from the central transducer 

  

for index_sample = 1:input_params.samples 

    % Here calculate the distance (d) of the given sample on the given beam 

    % (there is only one beam for annular arrays) 

    d = (input_params.added_samples+index_sample - 
1)*input_params.sampling_distance; %(mm) 

    Nrings_used = 1; %number of rings used in reconstruction 
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    for index_channel = 2:input_params.no_channels_used 

        % Now calculate the f# condition 

        if ( d / (2 * array_element_ximvals(index_channel)) > 
input_params.fnumber_cutoff) 

            % First calculate the distance between [beam_sample_x_position 

            % beam_sample_z_position] and the channel base 

            distance_from_beam_sample_to_channel_base = 
sqrt(array_element_ximvals(index_channel)2 + ... 

                (d - array_element_zimvals(index_channel))2); 

            samples_from_channel_data = round( 
distance_from_beam_sample_to_channel_base / input_params.sampling_distance)-
input_params.added_samples+1; 

            if (samples_from_channel_data <= input_params.samples) 

                OA_data(index_sample) = ... 

                    OA_data(index_sample) + ... 

                    acquired_data(index_channel,samples_from_channel_data); 

                Nrings_used = Nrings_used+1; %used another ring 

            end % if (round( distance_from_beam_sample_to_channel_base * 
input_params.fs / input_params.c) <= input_params.samples - shift) 

        end % if ( d / (2 * channel_aperture_distance) < 
input_params_temp.array_SE_fnumber_cutoff) 

    end %     for index_channel = channel_start:channel_stop 

    OA_data(index_sample) = OA_data(index_sample)/Nrings_used; %normalize 
signal to the number of rings used 

End 
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Appendix C: Plot Hilbert 
 

 

t=25; %time measurement 

d1=22; %distance(mm) 0.0385 is min 

d2=30; %distance(mm) 59.136 is max 

step=1; %x-axis step size (mm) 

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

x1=int32(d1/.0385); %convert distance to slices (mm) 

x2=int32(d2/.0385); %convert distance to slices (mm) 

  

  

%plot(Normbeams(t,:));         % to print all slices 

%set(gca, 'XTick',0:150:1600,'XTickLabel',0:150*0.0385:1600*0.0385); 

figure 

plot(HilbtSAMPLE(t,x1:x2));    %for selectected slices  

%set(gca, 'XTick',1:int32(step/.0385):x2-x1+1,'XTickLabel',d1:step:d2); 

xlabel('Distance (mm)');       %sets the label of the x axis 

ylabel('OA Signal (AU)');      %sets the label of y axis 

%grid on % for grid 

  

axis([0,x2-x1,-10,150]);       %set the limits of x & y axis 
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Appendix D: Plot integrated area 
 

t=200 %time measurement 

d1=25; %distance(mm) 0.0385 is min 

d2=30; %distance(mm) 59.136 is max 

step=3; %x-axis step size (mm) 

  

  

x1=int32(d1/.0385); %convert distance to slices (mm) 

x2=int32(d2/.0385); %convert distance to slices (mm) 

  

  

plot(Hilbt(t,x1:x2)); 

set(gca, 'XTick',1:int32(step/.0385):x2-x1+1,'XTickLabel',d1:step:d2); 

xlabel('Distance (mm)');       %sets the label of the x axis 

ylabel('OA Signal (AU)');      %sets the label of y axis 

  

area=sum(Hilbt(t,x1:x2))*0.0385 

  

  

axis([0 130 0 0.4]); 

%grid on 
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Appendix E: Plot beams 
 

 

t=200 %time measurement 

d1=1; %distance(mm) 0.0385 is min 

d2=50; %distance(mm) 59.136 is max 

step=3; %x-axis step size (mm) 

  

  

x1=int32(d1/.0385); %convert distance to slices (mm) 

x2=int32(d2/.0385); %convert distance to slices (mm) 

  

  

plot(beams(t,x1:x2)); 

set(gca, 'XTick',1:int32(step/.0385):x2-x1+1,'XTickLabel',d1:step:d2); 

xlabel('Distance (mm)');       %sets the label of the x axis 

ylabel('OA Signal (AU)');      %sets the label of y axis 

  

  

axis([0 1273 0.5 -0.05]);  
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Appendix F: One Way ANOVA (5 mJ Energy) 

Comparison for nanocages scores for 5 mJ 

 

The GLM Procedure 

Class Level Information 

Class Levels Values 

initfin 2 1 2 

 
 

Number of Observations Read 180 

Number of Observations Used 180 

 

  

Dependent Variable: score5mj 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 3 0.19327200 0.06442400 38.80 <.0001 

Error 176 0.29225740 0.00166055   

Corrected Total 179 0.48552940    

 
 

R-Square Coeff Var Root MSE score5mJ Mean 

0.398064 5.970689 0.040750 0.682499 
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Source DF Type I SS Mean Square F Value Pr > F 

initfin 1 0.15711736 0.15711736 94.62 <.0001 

exp 1 0.03333000 0.03333000 20.07 <.0001 

sample 1 0.00282464 0.00282464 1.70 0.1939 

 
 

Source DF Type III SS Mean Square F Value Pr > F 

initfin 1 0.15711736 0.15711736 94.62 <.0001 

exp 1 0.03333000 0.03333000 20.07 <.0001 

sample 1 0.00282464 0.00282464 1.70 0.1939 
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Appendix G: One Way ANOVA (10 mJ Energy) 

Comparison for nanocages scores for 10 mJ 

 

The GLM Procedure 

Class Level Information 

Class Levels Values 

initfin 2 1 2 

 
 

Number of Observations Read 160 

Number of Observations Used 160 

 
  

Dependent Variable: score10mj 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 3 0.42880206 0.14293402 55.35 <.0001 

Error 156 0.40281761 0.00258216     

Corrected Total 159 0.83161967       

 
 

R-Square Coeff Var Root MSE score10mj Mean 

0.515623 11.43444 0.050815 0.444403 
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Source DF Type I SS Mean Square F Value Pr > F 

initfin 1 0.39058605 0.39058605 151.26 <.0001 

exp 1 0.02419358 0.02419358 9.37 0.0026 

sample 1 0.01402244 0.01402244 5.43 0.0211 

 
 

Source DF Type III SS Mean Square F Value Pr > F 

initfin 1 0.39058605 0.39058605 151.26 <.0001 

exp 1 0.01538038 0.01538038 5.96 0.0158 

sample 1 0.01402244 0.01402244 5.43 0.0211 

 

	
  

 

	
  




