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Abstract 

Cancer	
   is	
   the	
   second	
   leading	
   cause	
   of	
   death	
   in	
   the	
  world.	
   It	
   is	
   therefore	
   critically	
  

important	
   to	
   detect	
   cancer	
   in	
   its	
   early	
   stage	
   to	
   significantly	
   increase	
   the	
   survival	
  

rate	
  of	
  cancer	
  patients.	
  Circulating	
  tumour	
  cells	
  (CTCs)	
  are	
  cancer	
  cells	
  that	
  peel	
  off	
  

from	
  primary	
  tumour	
  and	
  enter	
  bloodstream	
  in	
  early	
  stage	
  of	
  a	
  cancer,	
  and	
  thus	
  it	
  

has	
  been	
  established	
  that	
  these	
  CTCs	
  are	
  reliable	
  targets	
  for	
  early	
  cancer	
  diagnosis.	
  

However,	
   background	
   signal	
   reduction	
   and	
   optimization	
   of	
   CTC	
   capturing	
  

mechanisms	
  are	
  still	
  significant	
  challenges	
  in	
  CTC	
  detections	
  with	
  high	
  sensitivities	
  

and	
  accuracies.	
  To	
  this	
  end,	
  we	
  have	
  developed	
  an	
  aptamers	
  and	
  dendrimers	
  based	
  

ultra	
   non-­‐fouling	
   microfluidic	
   detection	
   system	
   for	
   sensitive	
   detections	
   of	
  

circulating	
  tumour	
  cells.	
  	
  

	
  

More	
  specifically,	
  we	
  demonstrate	
  a	
  simple	
  strategy	
  to	
  bind	
  PDMS	
  and	
  SU-­‐8	
  surfaces	
  

in	
   order	
   to	
   prepare	
   a	
   hybrid	
   microfluidic	
   device	
   and	
   subsequently	
   modify	
   both	
  

surfaces	
   simultaneously	
   using	
   poly(amidoamine)	
   (PAMAM),	
   a	
   highly	
   hydrophilic	
  

dendrimer	
   to	
   improve	
   non-­‐fouling	
   properties	
   of	
   the	
   hybrid	
   microfluidic	
   channel.	
  

The	
   resulting	
   hybrid	
   microfluidic	
   system	
   shows	
   a	
   remarkable	
   non-­‐specific	
  

adsorption	
   suppression	
   of	
   99.7%	
   when	
   tested	
   with	
   hydrophobic	
   microbead	
  

suspension,	
   an	
   ultra	
   non-­‐fouling	
   performance	
   that	
   has	
   not	
   been	
   reported	
   before.	
  

This	
   is	
   significantly	
   important	
   for	
   detections	
   with	
   high	
   sensitivities.	
   X-­‐ray	
  

photoelectron	
   spectroscopy	
   (XPS),	
   atomic	
   force	
   microscopy	
   (AFM)	
   and	
   water	
  

contact	
   angle	
   are	
   used	
   to	
   characterize	
   and	
   confirm	
   surface	
   modifications.	
   In	
  

addition,	
  we	
  investigate	
  the	
  combined	
  effects	
  of	
  surface	
  properties	
  on	
  surface	
  non-­‐
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fouling	
  performance	
  to	
  both	
   live	
  and	
  dead	
  cells.	
   (3-­‐aminopropyl)-­‐trimethoxysilane	
  

(APTMS),	
   carboxyl	
   functionalized	
   PAMAM	
   dendrimer	
   (PAMAM-­‐COOH)	
   and	
   amino	
  

functionalized	
   PAMAM	
   dendrimer	
   (PAMAM-­‐NH2)	
   are	
   used	
   to	
   provide	
   different	
  

surfaces	
   with	
   various	
   surface	
   hydrophilicity,	
   electric	
   charge	
   and	
   roughness.	
   We	
  

show	
  that	
  electric	
  charge	
  of	
  a	
  surface	
  is	
  the	
  most	
  important	
  factor	
  influencing	
  non-­‐

specific	
  adsorption	
  of	
   live	
  cells	
   to	
   the	
  surface	
  while	
  hydrophilicity/hydrophobicity	
  

of	
   a	
   surface	
   is	
   the	
  most	
   important	
   factor	
   for	
   dead	
   cells.	
   Atomic	
   force	
  microscopy,	
  

water	
   contact	
   angle	
   and	
  microscopy	
   are	
  used	
   to	
   characterize	
   and	
   confirm	
   surface	
  

modifications.	
  To	
   further	
  exploit	
  and	
   improve	
  capturing	
  efficiency	
  of	
   target	
  cancer	
  

cells,	
  we	
  investigate	
  the	
  effect	
  of	
  the	
  length	
  of	
  spacers	
  that	
  tether	
  capturing	
  aptamer	
  

to	
   the	
   microfluidic	
   surfaces	
   on	
   capturing	
   performance	
   of	
   CCRF-­‐CEM	
   circulating	
  

tumour	
   cells.	
   Aptamers	
   with	
   different	
   lengths	
   of	
   thymine	
   base	
   spacers	
   are	
  

immobilized	
   onto	
   PAMAM	
   dendrimer	
   modified	
   surfaces	
   in	
   microfluidic	
   channels.	
  

We	
  demonstrate	
  that	
  ten	
  thymine	
  bases	
  spacer	
  has	
  the	
  best	
  length	
  for	
  sgc8	
  aptamer	
  

to	
  form	
  its	
  secondary	
  structure	
  for	
  CCRF-­‐CEM	
  cell	
  capture.	
  Water	
  contact	
  angle,	
  and	
  

microscopy	
   are	
   used	
   to	
   characterize	
   and	
   confirm	
   surface	
   modifications.	
   Taken	
  

together,	
  the	
  results	
  of	
  this	
  study	
  significantly	
  highlight	
  the	
  importance	
  of	
  different	
  

considerations	
   on	
   surface	
   modification	
   and	
   its	
   optimizations	
   when	
   designing	
   a	
  

microfluidic	
  system	
  for	
  high	
  sensitivity	
  detection	
  and	
  biosensing	
  applications.	
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Résumé	
  

Le	
  cancer	
  est	
  la	
  deuxième	
  cause	
  de	
  mort	
  prépondérante	
  dans	
  le	
  monde.	
  Il	
  est	
  donc	
  

impératif	
   de	
   détecter	
   le	
   cancer	
   le	
   plus	
   tôt	
   possible	
   afin	
   d’augmenter	
  

significativement	
   le	
   taux	
   de	
   survie	
   de	
   patients	
   atteint	
   de	
   cancer.	
   Les	
   cellules	
  

tumorales	
   circulantes	
   (CTC)	
   sont	
   des	
   cellules	
   cancéreuses	
   qui	
   se	
   séparent	
   d’une	
  

tumeur	
  pour	
  accéder	
  à	
  la	
  circulation	
  sanguine	
  dans	
  un	
  stade	
  précoce	
  du	
  cancer,	
  ce	
  

qui	
  fait	
  de	
  ces	
  CTC	
  une	
  cible	
  fiable	
  pour	
  un	
  diagnostic	
  précoce	
  du	
  cancer.	
  Cependant,	
  

la	
  réduction	
  de	
  bruit	
  de	
  fond	
  et	
  l’optimisation	
  mécanismes	
  de	
  capture	
  de	
  CTC	
  pose	
  

toujours	
  un	
  défi	
  important	
  pour	
  la	
  détection	
  de	
  CTC	
  à	
  haute	
  sensibilité	
  et	
  précision.	
  

À	
  cette	
  fin,	
  nous	
  avons	
  développé	
  un	
  système	
  de	
  détection	
  microfluidique	
  ultra	
  non-­‐

salissant	
  à	
  base	
  d’aptamères	
  et	
  dendrimères	
  pour	
   la	
  détection	
  sensible	
  de	
  cellules	
  

tumorales	
  circulantes.	
  	
  

	
  

Plus	
   spécifiquement,	
   nous	
   avons	
   démontré	
   une	
   stratégie	
   simple	
   pour	
   lier	
   des	
  

surfaces	
  de	
  PDMS	
  et	
  SU-­‐8	
  afin	
  de	
  préparer	
  un	
  dispositif	
  microfluidique	
  hybride	
  pour	
  

ensuite	
  modifier	
  simultanément	
  les	
  deux	
  surfaces	
  en	
  utilisant	
  la	
  poly(amidoamine)	
  

(PAMAM),	
   un	
  dendrimère	
  hautement	
  hydrophobe	
   afin	
  d’augmenter	
   les	
   propriétés	
  

non-­‐salissants	
  du	
  canal	
  microfluidique	
  hybride.	
  Le	
  système	
  microfluidique	
  hybride	
  

résultant	
   démontre	
   une	
   suppression	
   d’adsorption	
   non-­‐spécifique	
   remarquable	
   de	
  

99.7%	
   lorsqu’il	
   est	
   testé	
   avec	
   une	
   suspension	
   de	
   microbilles	
   hydrophobes,	
   une	
  

capacité	
   ultra	
   non-­‐salissante	
   qui	
   n’a	
   jamais	
   été	
   signalée	
   auparavant.	
   Ceci	
   est	
   de	
  

grande	
   importance	
   pour	
   les	
   détections	
   à	
   haute	
   sensibilité.	
   La	
   spectroscopie	
  

photoélectron	
  à	
  rayon	
  X	
  (SPX),	
  la	
  microscopie	
  à	
  force	
  atomique	
  (MFA)	
  et	
  l’angle	
  de	
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contacte	
   de	
   l’eau	
   sont	
   utilisés	
   pour	
   caractériser	
   et	
   confirmer	
   les	
  modifications	
   de	
  

surface.	
  De	
  plus,	
  nous	
  enquêtons	
  les	
  effets	
  combinatoires	
  des	
  propriétés	
  de	
  surface	
  

sur	
   la	
   performance	
   non-­‐salissante	
   chez	
   des	
   cellules	
   mortes	
   et	
   vivantes.	
   Le	
   (3-­‐

aminopropyl)-­‐triméthoxysilane	
  (APTMS),	
  un	
  dendrimère	
  carboxylé	
  (PAMAM-­‐COOH)	
  

et	
  un	
  dendrimère	
   fonctionnalisé	
  aminé	
   (PAMAM-­‐NH2)	
   sont	
  utilisés	
  afin	
  de	
   fournir	
  

des	
  surfaces	
  avec	
  divers	
  niveaux	
  d’hydrophilie,	
  de	
  charge	
  électrique	
  et	
  de	
  rugosité.	
  

Nous	
   montrons	
   que	
   la	
   charge	
   électrique	
   d’une	
   surface	
   est	
   le	
   facteur	
   le	
   plus	
  

important	
   qui	
   influence	
   l’adsorption	
   non-­‐spécifique	
   de	
   cellules	
   vivantes	
   à	
   cette	
  

surface	
   alors	
   que	
   l’hydrophobicité/hydrophilie	
   d’une	
   surface	
   est	
   plus	
   important	
  

chez	
  les	
  cellules	
  mortes.	
  La	
  microscopie	
  à	
  force	
  atomique,	
  l’angle	
  de	
  contact	
  de	
  l’eau	
  

et	
   la	
  microscopie	
   sont	
   utilisés	
   pour	
   caractériser	
   et	
   confirmer	
   les	
  modifications	
   de	
  

surface.	
   Afin	
   d’exploiter	
   et	
   améliorer	
   davantage	
   l’efficacité	
   de	
   capture	
   de	
   cellules	
  

cancéreuses	
   cibles,	
   nous	
   enquêtons	
   l’effet	
   de	
   la	
   longueur	
   de	
   «	
   spacers	
  »	
   qui	
  

attachent	
   l’aptamère	
   à	
   la	
   surface	
   microfluidique	
   sur	
   la	
   capacité	
   de	
   capturer	
   les	
  

cellules	
  tumorales	
  circulantes	
  CCRF-­‐CEM.	
  Des	
  aptamères	
  avec	
  des	
  aptamères	
  à	
  base	
  

de	
  thymine	
  de	
  diverses	
  longueurs	
  sont	
  immobilisés	
  sur	
  des	
  surfaces	
  modifiées	
  avec	
  

des	
  dendrimères	
  PAMAM	
  dans	
  des	
  canaux	
  microfluidiques.	
  Nous	
  démontrons	
  qu’un	
  

aptamère	
  à	
  dix	
  bases	
   thymine	
  est	
  de	
   longueur	
  optimale	
  pour	
  que	
   l’aptamère	
   sgc8	
  

forme	
   une	
   structure	
   secondaire	
   essentielle	
   à	
   la	
   capture	
   de	
   cellules	
   CCRF-­‐CEM.	
  

L’angle	
   de	
   contacte	
   de	
   l’eau	
   et	
   la	
  microscopie	
   sont	
   utilisés	
   afin	
   de	
   caractériser	
   et	
  

confirmer	
   les	
  modifications	
   de	
   surface.	
   Dans	
   leur	
   ensemble,	
   les	
   résultats	
   de	
   cette	
  

étude	
   mettent	
   en	
   évidence	
   l’importance	
   de	
   différentes	
   considérations	
   sur	
   la	
  

modification	
   de	
   surface	
   et	
   son	
   optimisation	
   en	
   conceptualisant	
   un	
   système	
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microfluidique	
   pour	
   des	
   applications	
   en	
   biosensing	
   et	
   en	
   détection	
   à	
   haute	
  

sensibilité.	
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NHS	
   N-­‐hydroxysuccinimide	
  

PAMAM	
   Poly(amidoamine)	
  	
  

PAMPS	
   Poly(2-­‐acrylamido-­‐2-­‐methylpropane	
  sulfonic	
  acid)	
  

PBS	
   Phosphate	
  buffered	
  saline	
  

PCB	
   Printed	
  circuit	
  board	
  

PCL	
   Poly(caprolactone)	
  

PDMS	
   Poly(dimethylsiloxane)	
  	
  

PE	
   Poly(ethylene)	
  

PEG	
   Poly(ethylene	
  glycol)	
  

PET	
   Poly(ethylene	
  terephthalate)	
  

PMMA	
   Poly(methyl	
  methacrylate)	
  

PP	
   Poly(propylene)	
  

PPEGMA	
   Poly(poly(ethylene	
  glycol)methacrylate)	
  	
  

PS	
   Poly(styrene)	
  

PTFE	
   Poly(tetrafluoroethylene)	
  	
  



	
   xxi	
  

PVDF	
   Poly(vinylidene	
  fluoride)	
  

RNA	
   Ribonucleic	
  acid	
  

SELEX	
   Systematic	
  evolution	
  of	
  ligands	
  by	
  exponential	
  enrichment	
  

SEM	
   Scanning	
  electron	
  microscopy	
  

SLB	
   Supported	
  lipid	
  bilayer	
  

SU-­‐8	
   Negative	
  photoresist	
  	
  

UV	
   Ultraviolet	
  

XPS	
   X-­‐ray	
  photoelectron	
  spectroscopy	
  

YG	
   Yellow	
  green	
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1.1	
  Introduction	
  

	
  

Cancer	
   is	
   a	
   major	
   public	
   health	
   problem	
   and	
   is	
   one	
   of	
   the	
   leading	
   causes	
   of	
  

morbidity	
  and	
  mortality	
  around	
  the	
  world,	
  with	
  approximately	
  14	
  million	
  new	
  cases	
  

and	
  8	
  million	
  deaths	
  occurred	
  in	
  2012	
  worldwide	
  [1].	
  The	
  number	
  of	
  new	
  cases	
  is	
  

estimated	
   to	
   increase	
   by	
   about	
   70%	
   over	
   the	
   next	
   2	
   decades	
   [2].	
   It	
   has	
   been	
  

reported	
  that	
  more	
  than	
  90%	
  of	
  deaths	
  in	
  cancer	
  patients	
  are	
  due	
  to	
  metastasis	
  [3].	
  

This	
  is	
  because	
  cancer	
  is	
  a	
   localized	
  disease	
  in	
  its	
  early	
  stage;	
  however,	
  during	
  the	
  

growth	
   of	
   primary	
   tumour,	
   cancer	
   cells	
   peel	
   off	
   from	
   the	
   primary	
   tumour,	
   enter	
  

bloodstream	
   and	
   become	
   circulating	
   tumour	
   cells	
   (CTCs)	
   [4].	
   These	
   circulating	
  

tumour	
  cells	
  are	
  the	
  hidden	
  potential	
  cells	
  that	
  will	
   finally	
  colonize	
  at	
  distant	
  sites	
  

and	
  form	
  metastases	
  (a	
  pathogenic	
  agent’s	
  spread	
  from	
  an	
  initial	
  or	
  primary	
  site	
  to	
  a	
  

different	
  or	
  secondary	
  site	
  within	
  the	
  host’s	
  body).	
  	
  

	
  

Traditional	
   diagnostic	
   methods	
   of	
   cancer	
   include	
   positron	
   emission	
   tomography	
  

(PET),	
   computed	
   tomography	
   (CT),	
   magnetic	
   resonance	
   imaging	
   (MRI),	
   or	
  

traditional	
   radiography	
   (X-­‐ray).	
   Among	
   these	
   diagnostic	
  methods,	
   the	
  majority	
   of	
  

their	
  diagnoses	
  are	
  mainly	
  base	
  on	
  imaging	
  modalities	
  of	
  tumours,	
  which	
  happen	
  in	
  

the	
   relatively	
   later	
   period	
   of	
   cancers	
   [5].	
   Compared	
   with	
   traditional	
   methods,	
  

detection	
  of	
  circulating	
  tumour	
  cells	
  will	
  enable	
  the	
  diagnoses	
  of	
  cancers	
  in	
  the	
  early	
  

period	
  of	
   cancers,	
   thus	
  significantly	
   increasing	
   the	
  survival	
   rate	
  of	
   cancer	
  patients	
  

[6].	
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To	
  date,	
   the	
  majority	
  of	
  CTC	
  detection	
  methods	
   can	
  be	
   classified	
   into	
  microfluidic	
  

device	
  based	
  detections	
  and	
  bench-­‐top	
  based	
  detections	
  [7].	
  The	
  latter	
  are	
  based	
  on	
  

bench-­‐top	
  instruments,	
  such	
  as	
  laser	
  scanning	
  cytometry	
  [8-­‐10],	
  isolation	
  by	
  size	
  of	
  

epithelial	
  tumour	
  cells	
  (ISET)	
  [11,	
  12],	
  fiber-­‐optic	
  array	
  scanning	
  technology	
  (FAST)	
  

[13,	
  14],	
  high-­‐definition	
  fluorescence	
  scanning	
  microscopy	
  [15],	
  and	
  flow	
  cytometry	
  

[16-­‐18].	
   Compared	
   with	
   bench-­‐top	
   based	
   detection	
   methods,	
   methods	
   based	
   on	
  

microfluidic	
   devices	
   feature	
   low	
   sample	
   volume	
   requirement,	
   superior	
   sensitivity,	
  

reduced	
  detection	
   time,	
   and	
   relatively	
   low	
  cost	
   for	
   fabrication	
   [15,	
  19].	
  Moreover,	
  

CTC	
  microfluidic	
  devices	
  are	
  ideal	
  devices	
  for	
  point-­‐of-­‐care	
  testing	
  [20-­‐22].	
  	
  

	
  

Poly(dimethylsiloxane)	
   (PDMS)	
   is	
   a	
   widely	
   used	
   material	
   in	
   the	
   fabrication	
   of	
  

microfluidic	
  devices.	
  This	
   is	
  because	
  PDMS	
  has	
  many	
  desirable	
  properties	
   such	
  as	
  

high	
  elasticity	
  [23],	
  excellent	
  gas	
  permeability	
  to	
  CO2	
  and	
  O2	
  [24],	
  moldability	
  [25],	
  

chemical	
  inertness	
  [26],	
  as	
  well	
  as	
  optical	
  transparency	
  [27].	
  As	
  another	
  important	
  

material	
   used	
   in	
   microfluidic	
   fabrication,	
   SU-­‐8	
   (negative	
   photoresist)	
   has	
   been	
  

commonly	
   used	
   as	
   the	
   material	
   not	
   only	
   to	
   prepare	
   molds	
   in	
   PDMS	
  microfluidic	
  

device	
  fabrications	
  but	
  also	
  to	
  directly	
  fabricate	
  microfluidic	
  devices.	
  For	
  example,	
  it	
  

has	
   been	
   reported	
   that	
   SU-­‐8	
   can	
   be	
   used	
   as	
   waveguide	
   in	
   optofluidic	
   integrated	
  

applications	
  [28,	
  29].	
  Hybrid	
  microfluidic	
  devices	
  made	
  of	
  both	
  SU-­‐8	
  and	
  PDMS	
  have	
  

also	
   attracted	
   growing	
   interests	
   because	
   they	
   allow	
   the	
   preparation	
   of	
   complex	
  

microchannel	
   features	
   through	
   an	
   easy	
   fabrication	
   method	
   [30-­‐32].	
   However,	
  

bonding	
  between	
  the	
  SU-­‐8	
  and	
  PDMS	
  surfaces	
  has	
  proven	
  to	
  be	
  much	
  more	
  difficult	
  

[33,	
   34].	
   Moreover,	
   when	
   applying	
   the	
   materials	
   in	
   microfluidic	
   device,	
   the	
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PDMS/SU-­‐8	
   hybrid	
   microfluidic	
   system	
   is	
   susceptible	
   to	
   channel	
   surface	
   fouling,	
  

especially	
  when	
   it	
   is	
   used	
   to	
   handle	
   samples	
   that	
   contain	
   blood,	
   proteins	
   or	
   cells	
  

[35].	
   Therefore,	
   developing	
   a	
   facile	
   approach	
   to	
   prepare	
   a	
   PDMS/SU-­‐8	
   hybrid	
  

microfluidic	
   system	
   with	
   an	
   excellent	
   surface	
   non-­‐fouling	
   performance	
   is	
  

significantly	
   important	
   to	
   explore	
   its	
   full	
   potentials	
   in	
   sensitive	
   detection	
   and	
  

diagnostic	
  applications.	
  	
  

	
  

1.2	
  Hypothesis	
  

	
  

A	
  PDMS	
  surface	
  modified	
  with	
  PAMAM-­‐COOH	
  dendrimer	
  in	
  a	
  microchannel	
  will	
  not	
  

only	
  avoid	
  non-­‐specific	
  adsorption	
  in	
  the	
  microfluidic	
  devices	
  but	
  also	
  improve	
  the	
  

detection	
  sensitivity	
  of	
  the	
  microfluidic	
  devices.	
  	
  

	
  

1.3	
  Project	
  objective	
  

	
  

The	
  overall	
  objective	
  of	
  this	
  project	
   is	
  to	
  develop	
  a	
  non-­‐fouling	
  PDMS/SU-­‐8	
  hybrid	
  

microfluidic	
   system	
   for	
   sensitive	
   detection	
   of	
   circulating	
   tumour	
   cells.	
   To	
   achieve	
  

this	
  overall	
  objective,	
  three	
  different	
  projects	
  have	
  been	
  carried	
  out:	
  	
  

	
  

(1)	
   In	
   order	
   to	
   bond	
   PDMS	
   and	
   SU-­‐8	
   surfaces	
   to	
   prepare	
   a	
   PDMS/SU-­‐8	
   hybrid	
  

microfluidic	
  device,	
  different	
  strength	
  and	
  time	
  of	
  oxygen	
  plasma	
  was	
  tried	
  to	
  active	
  

PDMS	
   surface	
  with	
   hydroxyl	
   groups.	
   Subsequently,	
   different	
   concentrations	
   of	
   (3-­‐
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aminopropyl)-­‐trimethoxysilane	
   (APTMS)	
   were	
   investigated	
   on	
   bonding	
   strength	
  

between	
   PDMS	
   and	
   SU-­‐8	
   surfaces.	
   Different	
   concentrations	
   of	
   ethylenediamine	
  

anhydrous	
  (EDA)	
  were	
  used	
  to	
  study	
  amination	
  on	
  SU-­‐8	
  surfaces.	
  Finally,	
  different	
  

concentrations	
   of	
   poly(amidoamine)	
   (PAMAM)	
   were	
   tried	
   in	
   PDMS/SU-­‐8	
   hybrid	
  

microchannels	
   to	
   investigate	
   the	
   non-­‐fouling	
   performance	
   of	
   the	
   microchannels	
  

modified	
   with	
   different	
   concentrations	
   of	
   EDA	
   solutions.	
   Microbeads	
   and	
  

Escherichia	
  coli	
   O157:H7	
  bacterial	
   cells	
  were	
  used	
   as	
  models	
   to	
   evaluate	
   the	
  non-­‐

fouling	
  performance	
  of	
  the	
  PAMAM	
  modified	
  microfluidic	
  system.	
  	
  

	
  

(2)	
  The	
  interactions	
  between	
  the	
  surfaces	
  in	
  microfluidic	
  device	
  and	
  live	
  circulating	
  

tumour	
   cells	
   are	
   much	
   more	
   complicated	
   than	
   those	
   between	
   the	
   microfluidic	
  

surfaces	
   and	
  model	
   particles	
   or	
   formalin	
   killed	
   bacterial	
   cells.	
   As	
   a	
   result,	
   several	
  

properties	
   include	
   surface	
   hydrophilicity/hydrophobicity,	
   electric	
   charge	
   and	
  

roughness	
  of	
  modified	
  PDMS	
  surface	
  have	
  been	
  investigated	
  in	
  order	
  to	
  explore	
  the	
  

important	
  factors	
  that	
  affecting	
  non-­‐fouling	
  performance	
  of	
  the	
  PDMS	
  surface	
  to	
  live	
  

and	
   dead	
   circulating	
   tumour	
   cells.	
   Briefly,	
   unmodified	
   PDMS	
   surface	
   provided	
  

hydrophobic	
   surface	
   property;	
   Both	
   of	
   PAMAM-­‐NH2	
   (Generation	
   4)	
   and	
   PAMAM-­‐

COOH	
  (Generation	
  7)	
  provided	
  hydrophilic	
  surface	
  property;	
  APTMS	
  and	
  PAMAM-­‐

NH2	
   (Generation	
   4)	
   provided	
   positive	
   electric	
   charge	
   while	
   PAMAM-­‐COOH	
  

(Generation	
   7)	
   provided	
   negative	
   electric	
   charge;	
   and	
   different	
   surfaces	
   provided	
  

various	
   roughness	
   at	
   the	
   same	
   time.	
   CCRF-­‐CEM	
   (human	
   acute	
   lymphoblastic	
  

leukemia)	
   cancer	
   cells	
   were	
   used	
   as	
   models	
   to	
   evaluate	
   the	
   non-­‐fouling	
  

performance	
  of	
  the	
  modified	
  surfaces.	
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(3)	
   In	
  CTC	
  detection,	
  when	
   introducing	
  capture	
   ligands	
  (e.g.	
  aptamers,	
  antibodies)	
  

onto	
   solid	
   surfaces,	
   spacers	
  are	
  generally	
  needed	
   to	
  help	
   the	
   immobilized	
   capture	
  

ligands	
  overcome	
  steric	
  interference	
  and	
  finally	
  improve	
  the	
  capturing	
  performance	
  

of	
  the	
  ligands.	
  In	
  order	
  to	
  investigate	
  the	
  effects	
  of	
  spacer	
  length	
  of	
  capturing	
  ligands	
  

on	
  CTC	
  capture	
  performance,	
  different	
   lengths	
  of	
   spacers	
  were	
  used	
   in	
   this	
   study.	
  

Briefly,	
   same	
   capture	
   ligands	
   were	
   linked	
   with	
   2,	
   5,	
   10	
   or	
   20	
   thymine	
   bases	
   as	
  

spacers.	
   Subsequently,	
   the	
   molecules	
   were	
   immobilized	
   onto	
   PAMAM	
   modified	
  

PDMS	
   surfaces	
   through	
   the	
   reactions	
   between	
   the	
   amino	
   groups	
   on	
   the	
   end	
   of	
  

spacers	
   and	
   carboxyl	
   groups	
   on	
   PAMAM	
   modified	
   PDMS	
   surfaces.	
   Finally,	
  

performances	
   of	
   the	
   capturing	
   ligands	
   with	
   different	
   lengths	
   of	
   spacers	
   were	
  

evaluated	
   using	
   circulating	
   tumour	
   cells	
   in	
   microfluidic	
   channels.	
   CCRF-­‐CEM	
  

(human	
   acute	
   lymphoblastic	
   leukemia)	
   cancer	
   cells	
   were	
   used	
   as	
   models	
   of	
  

circulating	
  tumour	
  cells	
  in	
  this	
  study.	
  	
  

	
  

1.4	
  The	
  organization	
  of	
  the	
  thesis	
  and	
  the	
  importance	
  of	
  scientific	
  

contributions	
  

	
  

Based	
  on	
  the	
  project	
  objectives,	
  the	
  thesis	
  is	
  consisted	
  of	
  six	
  chapters.	
  Chapter	
  1	
  and	
  

Chapter	
   6	
   are	
   about	
   general	
   introduction,	
   general	
   discussion,	
   conclusions,	
  

recommendations	
   and	
   contributions,	
   respectively	
   related	
   to	
   the	
   entire	
   thesis.	
  

Chapter	
  2	
  is	
  an	
  overview	
  of	
  the	
  development	
  of	
  non-­‐fouling	
  modification	
  methods	
  of	
  

PDMS	
  surface	
  and	
  related	
  techniques	
  studied	
  in	
  this	
  project.	
  Chapter	
  3,	
  4	
  and	
  5	
  are	
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independent	
  research	
  publications	
  published	
  or	
  submitted	
  to	
  the	
  referred	
  scientific	
  

journal.	
  	
  

	
  

Chapter	
  3	
  Yubo	
  Qin,	
  Poying	
  Yeh,	
  Xingkai	
  Hao,	
  Xudong	
  Cao.	
  Developing	
  an	
  ultra	
  

non-­‐fouling	
  SU-­‐8	
  and	
  PDMS	
  hybrid	
  microfluidic	
  device	
  by	
  poly(amidoamine)	
  

engraftment.	
   Journal	
   of	
   Colloids	
   and	
   Surfaces	
   B:	
   Biointerfaces,	
   127	
   (2015)	
  

247-­‐255.	
  	
  

	
  

In	
  this	
  study,	
  a	
  new	
  approach	
  to	
  prepare	
  an	
  ultra	
  non-­‐fouling	
  poly(dimethylsiloxane)	
  

(PDMS)/SU-­‐8	
   hybrid	
   microfluidic	
   system	
   was	
   developed	
   with	
   simultaneously	
  

modifying	
   both	
   PDMS	
   and	
   SU-­‐8	
   surfaces	
   with	
   poly(amidoamine)	
   (PAMAM)	
  

dendrimers.	
   PAMAM	
   dendrimers	
   were	
   introduced	
   to	
   provide	
   highly	
   hydrophilic	
  

surfaces	
   in	
   order	
   to	
   enhance	
   non-­‐fouling	
   properties	
   of	
   the	
   hybrid	
   microfluidic	
  

channel.	
   To	
   characterize	
   the	
   changes	
   of	
   surface	
   during	
   the	
   surface	
  modifications,	
  

different	
   surface	
   characterization	
   techniques,	
   such	
   as	
  water	
   contact	
   angle,	
   atomic	
  

force	
   microscopy	
   (AFM)	
   and	
   X-­‐ray	
   photoelectron	
   spectroscopy	
   (XPS)	
   were	
  

employed	
   in	
   this	
   study.	
   Microbeads	
   and	
   Escherichia	
   coli	
   O157:H7	
   bacterial	
   cells	
  

were	
   used	
   as	
   models	
   to	
   evaluate	
   the	
   non-­‐fouling	
   performance	
   of	
   the	
   PAMAM	
  

modified	
   microfluidic	
   system.	
   Results	
   demonstrated	
   that	
   the	
   obtained	
   hybrid	
  

microfluidic	
  system	
  showed	
  a	
  significant	
  adsorption	
  suppression	
  of	
  99.7%	
  and	
  95%	
  

for	
  microbead	
  and	
  bacteria,	
  respectively.	
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Chapter	
  4	
  Yubo	
  Qin,	
  Xiuying	
  Yang,	
  Jingchang	
  Zhang,	
  Xudong	
  Cao.	
  Developing	
  a	
  

non-­‐fouling	
  hybrid	
  microfluidic	
  device	
  for	
  applications	
   in	
  circulating	
  tumour	
  

cell	
  detections.	
   Journal	
  of	
  Colloids	
  and	
  Surfaces	
  B:	
  Biointerfaces,	
  151	
   (2017)	
  

39-­‐46.	
  	
  

	
  

In	
   this	
  study,	
  a	
  new	
  strategy	
  was	
  developed	
  to	
   investigate	
   the	
  combined	
  effects	
  of	
  

surface	
   hydrophilicity/hydrophobicity,	
   electric	
   charges	
   and	
   roughness	
   on	
   surface	
  

non-­‐fouling	
   properties	
   of	
   a	
   PDMS/SU-­‐8	
   microfluidic	
   system.	
   To	
   achieve	
   this,	
  

microchannel	
   surfaces	
   were	
  modified	
   by	
   PAMAM	
   generation	
   4	
   and	
   generation	
   7,	
  

dendrimers	
   that	
   rendered	
   surfaces	
   positively	
   and	
   negatively	
   charged	
   at	
   pH	
   7.4,	
  

respectively.	
  Water	
  contact	
  angle,	
  atomic	
   force	
  microscopy	
  (AFM)	
  and	
  microscopy	
  

were	
  employed	
  characterize	
  and	
  confirm	
  surface	
  modifications,	
  and	
  the	
  non-­‐fouling	
  

performance	
   of	
   the	
   resulting	
   surfaces	
  was	
   tested	
   using	
   both	
   live	
   and	
   dead	
   CCRF-­‐

CEM	
   (human	
   acute	
   lymphoblastic	
   leukemia)	
   cancer	
   cells.	
   Results	
   showed	
   that	
   for	
  

live	
  cells,	
   electric	
   charges	
  of	
  a	
   surface	
  was	
   the	
  most	
   important	
   factor	
  affecting	
   the	
  

non-­‐fouling	
  features	
  of	
  the	
  surface	
  in	
  microfluidic	
  systems;	
  in	
  contrast,	
  for	
  dead	
  cells,	
  

surface	
  hydrophilicity	
  was	
   the	
  most	
   important	
   factor	
  affecting	
  surface	
  non-­‐fouling	
  

properties.	
  However,	
   surface	
   roughness	
  did	
  not	
   seem	
   to	
  be	
   as	
   important	
   for	
   both	
  

live	
  and	
  dead	
  cells	
  under	
  the	
  experimental	
  conditions	
  used	
  in	
  this	
  study.	
  	
  

	
  

Chapter	
   5	
   Yubo	
   Qin,	
   Xudong	
   Cao.	
   Effects	
   of	
   aptamer	
   spacer	
   length	
   on	
  

circulating	
  tumour	
  cell	
  detection	
  in	
  microfluidic	
  systems.	
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In	
   this	
   study,	
   we	
   investigated	
   the	
   effect	
   of	
   spacers	
   via	
  which	
   capturing	
   aptamers	
  

were	
   immobilized	
  on	
  a	
  PDMS/SU-­‐8	
  microfluidic	
  system.	
  To	
  achieve	
  this,	
  capturing	
  

aptamers	
  were	
   tethered	
   to	
   the	
  microchannel	
   surfaces	
   through	
  different	
   lengths	
  of	
  

thymine	
  bases	
  as	
  spacers	
  that	
  allowed	
  aptamers	
  to	
  form	
  their	
  secondary	
  structures.	
  

Water	
   contact	
   angle,	
   RNAstructure	
   simulation	
   and	
  microscopy	
  were	
   employed	
   to	
  

characterize	
  and	
  confirm	
  surface	
  modifications,	
  and	
  aptamer	
  secondary	
  structures.	
  	
  

Finally,	
  cell	
  capturing	
  performances	
  of	
  the	
  resulting	
  surfaces	
  were	
  tested	
  using	
  live	
  

CCRF-­‐CEM	
  cancer	
  cells.	
  Our	
  results	
  showed	
  that	
  ten	
  thymine	
  bases	
  spacer	
  had	
  the	
  

best	
   length	
   as	
   a	
   spacer	
   for	
   sgc8	
   aptamer	
   for	
   CCRF-­‐CEM	
   cell	
   capture	
   under	
   the	
  

experimental	
  conditions	
  used	
  in	
  this	
  study.	
  Spacers	
  shorter	
  than	
  ten	
  thymine	
  bases	
  

will	
   result	
   in	
   lack	
   of	
   space	
   for	
   the	
   aptamers	
   that	
   limiting	
   their	
   ability	
   to	
   capture	
  

target	
   cells.	
   When	
   the	
   spacers	
   of	
   the	
   aptamers	
   are	
   in	
   an	
   excessive	
   length,	
   the	
  

secondary	
   structure	
   formation	
   of	
   partial	
   aptamers	
   will	
   change	
   and	
   lose	
   their	
  

capture	
  ability	
  to	
  capture	
  target	
  cells.	
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2.1	
  Introduction	
  	
  

	
  

In	
  this	
  chapter,	
  the	
  background	
  knowledge	
  related	
  to	
  this	
  project	
  is	
  reviewed.	
  First,	
  

the	
  modifications	
   of	
   PDMS	
   surface	
   to	
   prepare	
   non-­‐fouling	
   surfaces	
   are	
   reviewed.	
  

Subsequently,	
  the	
  capture	
  ligands	
  and	
  spacers	
  for	
  rare	
  cell	
  detection	
  are	
  reviewed.	
  	
  

	
  

2.2	
  Modification	
  of	
  PDMS	
  to	
  prepare	
  non-­‐fouling	
  surfaces	
  	
  

	
  

2.2.1	
  Microfluidic	
  systems	
  and	
  poly(dimethylsiloxane)	
  (PDMS)	
  	
  

	
  

The	
  non-­‐fouling	
  property	
  of	
   the	
  materials	
  used	
   in	
  detection	
  applications	
   is	
  always	
  

an	
   important	
   main	
   factor	
   that	
   influencing	
   the	
   efficiency	
   of	
   the	
   detection	
  

performance.	
   This	
   is	
   because	
   in	
   these	
   detection	
   applications,	
   the	
   number	
   of	
  

numerous	
  background	
  particles	
   or	
   cells	
   is	
   exponentially	
   larger	
   than	
   that	
   of	
   target	
  

particles	
   or	
   cells.	
   For	
   example,	
   in	
   blood	
   sample	
   of	
   applications	
   for	
   cancer	
   cell	
  

detection,	
   the	
   concentrations	
   of	
   background	
   cells	
   such	
   as	
   red	
   blood	
   cells,	
   white	
  

blood	
  cells	
  and	
  platelets	
  are	
  109,	
  107	
  and	
  108	
  cells/mL,	
  respectively.	
  However,	
   the	
  

concentration	
  of	
  target	
  cancer	
  cells	
  is	
  about	
  1	
  to	
  10	
  cells/mL	
  [1].	
  	
  

	
  

Among	
   the	
   detection	
   systems,	
   microfluidic	
   systems	
  with	
   applications	
   in	
   chemical	
  

and	
   biological	
   analysis	
   have	
   significantly	
   attracted	
   growing	
   research	
   interests	
   in	
  

diagnostics,	
   biology	
   and	
   biochemistry	
   [2].	
   This	
   is	
   because	
   microfluidic	
   systems	
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demonstrate	
   many	
   benefits	
   such	
   as	
   high	
   sensitivity	
   [3],	
   rapid	
   reaction,	
   reduced	
  

sample	
  volume	
  requirement	
  [4],	
   low	
  cost	
  to	
  fabricate	
  and	
  low	
  power	
  consumption	
  

[5].	
   With	
   the	
   advantages	
   provided	
   by	
   microfluidic	
   systems,	
   high-­‐sensitivity	
  

detections	
   based	
   on	
  microfluidic	
   chips	
   have	
   been	
  widely	
   used	
   and	
   have	
   shown	
   a	
  

bright	
  outlook	
  for	
  applications	
  with	
  high	
  sensitivities	
  and	
  high	
  accuracies	
  [6-­‐11].	
  	
  

	
  

	
  

	
  

Figure	
  2-­‐1.	
  Chemical	
  structure	
  of	
  poly(dimethylsiloxane)	
  (PDMS),	
  where	
  n	
  is	
  the	
  

number	
  of	
  repeating	
  monomer	
  [SiO(CH3)2]	
  units.	
  	
  

	
  

Poly(dimethylsiloxane)	
   (PDMS)	
   is	
   a	
   widely	
   used	
   material	
   in	
   microfluidic	
   device	
  

fabrications	
  because	
   it	
  offers	
  many	
  beneficial	
  properties,	
   such	
  as	
  moldability	
   [12],	
  

chemical	
  inertness	
  [13],	
  optical	
  transparency	
  [14],	
  excellent	
  gas	
  permeability	
  to	
  CO2	
  

and	
   O2,	
   as	
   well	
   as	
   high	
   elasticity	
   [15].	
   As	
   a	
   result,	
   PDMS	
   have	
   been	
   used	
   as	
   an	
  

important	
  material	
   in	
  many	
  areas	
  such	
  as	
  food	
  inspection,	
  biomedical	
  engineering,	
  

biochemical	
  engineering	
  and	
  chemical	
  engineering	
  [16-­‐21].	
  The	
  chemical	
  structure	
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of	
   PDMS	
   is	
   shown	
   as	
   Figure	
   2-­‐1,	
   where	
   n	
   represent	
   the	
   number	
   of	
   SiO(CH3)2	
  

repeating	
  monomer	
  units.	
  	
  

	
  

2.2.2	
  Soft	
  lithography	
  and	
  microfluidic	
  device	
  fabrication	
  	
  

	
  

Soft	
   lithography	
   is	
   the	
  most	
   commonly	
  used	
  method	
   to	
  create	
  PDMS	
  structures.	
  A	
  

master,	
  or	
  a	
  mold	
   is	
  required	
   in	
   the	
  process	
  of	
  microfluidic	
  device	
   fabrication	
  and	
  

generally	
   this	
   master	
   is	
   created	
   by	
   photolithography.	
   The	
   master	
   provides	
   the	
  

hollow	
  space	
  of	
  the	
  microchannels,	
  where	
  the	
  samples	
  will	
  eventually	
  flow.	
  	
  

	
  

In	
  order	
  to	
  produce	
  the	
  master	
  for	
  PDMS	
  microfluidic	
  device	
  fabrication,	
  photoresist	
  

is	
   used	
   in	
   photolithography.	
   SU-­‐8	
   (negative	
   photoresist)	
   is	
   a	
   widely	
   used	
   epoxy-­‐

based	
   photoresist	
   in	
   the	
   production	
   of	
   microfluidic	
   master.	
   Negative	
   photoresist	
  

indicates	
  a	
  photoresist	
  that	
  the	
  parts	
  treated	
  by	
  UV	
  generate	
  crosslinking,	
  while	
  the	
  

remaining	
  parts	
  of	
  the	
  photoresist	
  remains	
  soluble	
  and	
  can	
  be	
  washed	
  off	
  from	
  the	
  

substrate	
  in	
  the	
  step	
  of	
  development.	
  The	
  chemical	
  structure	
  of	
  SU-­‐8	
  photoresist	
  is	
  

shown	
  as	
  Figure	
  2-­‐2.	
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Figure	
  2-­‐2.	
  Chemical	
  structure	
  of	
  SU-­‐8	
  (negative	
  photoresist).	
  	
  

	
  

In	
   order	
   to	
   produce	
   the	
   SU-­‐8	
   master	
   for	
   microfluidic	
   device	
   fabrication,	
   SU-­‐8	
  

negative	
   photoresist	
   is	
   poured	
   over	
   a	
   silicon	
   wafer	
   and	
   spun	
   at	
   certain	
   speed	
   to	
  

make	
  the	
  surface	
  of	
  photoresist	
  flat	
  and	
  even.	
  The	
  spin	
  speed	
  will	
  also	
  determine	
  the	
  

thickness	
   of	
   the	
   SU-­‐8	
   photoresist	
   whereby	
   determine	
   the	
   final	
   depth	
   of	
   the	
  

microchannels.	
  As	
   it	
   is	
   shown	
   in	
  Figure	
  2-­‐3,	
  after	
   spinning	
   the	
  SU-­‐8	
  photoresist,	
   a	
  

piece	
   of	
   high-­‐resolution	
   photomask	
   is	
   placed	
   on	
   top	
   of	
   the	
   SU-­‐8	
   photoresist.	
  

Subsequently,	
  the	
  material	
  is	
  treated	
  by	
  UV	
  and	
  followed	
  by	
  baking	
  steps	
  to	
  cure	
  the	
  

photoresist	
  into	
  solid	
  phase.	
  This	
  is	
  followed	
  by	
  a	
  washing	
  step	
  with	
  SU-­‐8	
  developer	
  

to	
  remove	
  the	
  uncured	
  SU-­‐8	
  photoresist	
  while	
  the	
  cured	
  photoresist	
  remains	
  on	
  the	
  

silicon	
  wafer	
  and	
  becomes	
  the	
  master	
  of	
  PDMS	
  microchannel	
  fabrication.	
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Figure	
  2-­‐3.	
  Fabrication	
  process	
  of	
  PDMS	
  and	
  SU-­‐8	
  hybrid	
  microfluidic	
  device.	
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PDMS	
   is	
   formed	
  by	
  mixing	
  PDMS	
  elastomer	
  base	
  with	
   its	
   curing	
  agent	
   for	
   several	
  

minutes.	
   The	
  mixture	
   is	
   subsequently	
   poured	
   onto	
   the	
   SU-­‐8	
  master	
   and	
   cured	
   to	
  

harden,	
  after	
  which	
  PDMS	
  can	
  be	
  peeled	
  away	
  from	
  the	
  master	
  without	
  damage	
  to	
  

both	
   of	
   the	
   PDMS	
   and	
   SU-­‐8	
  master.	
   This	
  makes	
   the	
  master	
  mold	
   reusable	
   in	
   the	
  

future.	
  The	
  resulting	
  PDMS	
  with	
  hollow	
  microchannels	
  can	
  be	
  sealed	
  with	
  various	
  

substrates	
  by	
  using	
  different	
  chemical	
  binding	
  methods.	
  As	
  shown	
  in	
  Figure	
  2-­‐3,	
  this	
  

method	
   makes	
   it	
   possible	
   to	
   produce	
   microfluidic	
   devices	
   used	
   in	
   the	
   areas	
   of	
  

sensitive	
  detection,	
   food	
  inspection	
  and	
  biomedical	
  research.	
  The	
  resolution	
  of	
  the	
  

resulting	
   microchannels	
   and	
   the	
   designed	
   patterns	
   of	
   the	
   microfluidic	
   devices	
  

depend	
   on	
   the	
   resolution	
   of	
   the	
   photomask	
   and	
   the	
   highest	
   resolution	
   of	
   this	
  

method	
  can	
  reach	
  as	
  fine	
  as	
  6	
  nm	
  [22].	
  	
  

	
  

Initially,	
   the	
   majority	
   of	
   SU-­‐8	
   applications	
   were	
   mainly	
   on	
   the	
   preparation	
   of	
  

microfluidic	
  devices	
  as	
  a	
  material	
  of	
  masters	
  [23].	
  Moreover,	
  SU-­‐8	
  photoresist	
  offers	
  

many	
   advantages	
   such	
   as	
   highly	
   cross-­‐linked	
   matrix	
   and	
   aromatic	
   functionality,	
  

which	
  makes	
  SU-­‐8	
  photoresist	
  extremely	
  chemically	
  inert	
  and	
  thermally	
  stable	
  [24,	
  

25].	
  It	
  can	
  withstand	
  sodium	
  hydroxide,	
  acetone	
  and	
  nitric	
  acid	
  at	
  high	
  temperature,	
  

and	
   it	
   is	
   more	
   resist	
   to	
   prolonged	
   plasma	
   etching	
   [26,	
   27].	
   In	
   addition,	
   SU-­‐8	
   can	
  

provide	
   unique	
   optical	
   properties	
   in	
  microfluidic	
   systems	
   [28].	
   As	
   a	
   result,	
   it	
   has	
  

attracted	
  increasing	
  research	
  interests	
  to	
  use	
  SU-­‐8	
  directly	
  as	
  the	
  main	
  material	
   in	
  

the	
  fabrication	
  of	
  microfluidic	
  devices	
   in	
  recent	
  years	
  [28-­‐30].	
  For	
  example,	
  Kotari	
  

et	
   al.	
  used	
  SU-­‐8	
  as	
  material	
   in	
  a	
  microfluidic	
  device	
   for	
  particle	
   sorting	
   [28].	
  With	
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higher	
  refractive	
  index,	
  SU-­‐8	
  served	
  as	
  a	
  waveguide	
  concentrating	
  laser	
  beam	
  with	
  

less	
  scattering	
  in	
  the	
  optofluidic	
  integrated	
  device.	
  Watts	
  et	
  al.	
  used	
  SU-­‐8	
  as	
  material	
  

in	
   an	
   SU-­‐8-­‐based	
   photonic-­‐microfluidic	
   integrated	
   device	
   for	
   scattering	
   detection	
  

and	
  counting	
  application	
  [30].	
  	
  

	
  

Hybrid	
  microfluidic	
   systems	
  made	
   of	
   both	
   PDMS	
   and	
   SU-­‐8	
   have	
   also	
   shown	
   their	
  

increasing	
  significance	
  in	
  the	
  areas	
  of	
  chemical	
  and	
  biomedical	
  engineering	
  because	
  

both	
   of	
   PDMS	
   and	
   SU-­‐8	
   can	
   be	
   fabricated	
   in	
   easy	
   process	
   to	
   prepare	
   complex	
  

microchannel	
  features	
  [4,	
  31,	
  32].	
  Perdigones	
  et	
  al.	
  developed	
  a	
  fabrication	
  strategy	
  

to	
   integrate	
   SU-­‐8	
   check	
   valves	
   within	
   a	
   printed	
   circuit	
   board	
   (PCB)	
   microfluidic	
  

system	
  [32].	
  Integration	
  of	
  SU-­‐8	
  check	
  valves	
  and	
  fabrication	
  of	
  the	
  device	
  with	
  PCB	
  

could	
  be	
  done	
  simultaneously	
  and	
  obtain	
  the	
  PCB/SU-­‐8	
  hybrid	
  microfluidic	
  device	
  

without	
  need	
  of	
  assembly.	
  However,	
   it	
  has	
  been	
  proven	
  that	
   the	
  bonding	
  between	
  

PDMS	
   and	
   SU-­‐8	
   surfaces	
   is	
   much	
   more	
   difficult	
   [33,	
   34].	
   In	
   addition,	
   the	
  

hydrophilicity	
   characterizations	
   of	
   PDMS	
   and	
   SU-­‐8	
   surfaces	
   show	
   that	
   the	
   water	
  

contact	
   angles	
   of	
   PDMS	
   and	
   SU-­‐8	
   surfaces	
   are	
   relatively	
   high,	
   indicating	
   that	
   the	
  

surfaces	
  of	
  the	
  materials	
  are	
  easy	
  to	
  be	
  fouled.	
  After	
  polymerization,	
  PDMS	
  surface	
  

structure	
  keeps	
  PDMS	
  surface	
  hydrophobic	
  from	
  being	
  wetted	
  by	
  polar	
  solvent	
  such	
  

as	
  water,	
  and	
  cause	
  hydrophobic	
  contaminants	
  adsorption.	
  As	
  a	
  result,	
  many	
  studies	
  

are	
  focused	
  on	
  modifying	
  PDMS	
  surfaces	
  into	
  hydrophilic	
  to	
  make	
  the	
  surfaces	
  non-­‐

fouling	
  for	
  various	
  applications.	
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2.2.3	
  Plasma	
  treatment	
  to	
  PDMS	
  surface	
  	
  

	
  

In	
  order	
   to	
  modify	
  PDMS	
  surface	
  property	
   into	
  hydrophilic,	
  plasma	
   treatment	
   is	
  a	
  

widely	
  used	
  method.	
  It	
  can	
  be	
  used	
  to	
  either	
  change	
  the	
  functional	
  groups	
  on	
  PDMS	
  

surface	
  to	
  directly	
  achieve	
  property	
  modification	
  or	
  change	
  the	
  functional	
  groups	
  on	
  

PDMS	
   surface	
   for	
   further	
   modification	
   by	
   hydrophilic	
   molecules.	
   For	
   example,	
  

oxygen	
  plasma	
  can	
  be	
  performed	
  on	
  PDMS	
  surface	
  to	
  introduce	
  hydroxyl	
  functional	
  

groups	
  onto	
   the	
   surface.	
  With	
   the	
   treatment	
  by	
   oxygen	
  plasma,	
   the	
  water	
   contact	
  

angle	
  of	
  treated	
  PDMS	
  surface	
  decreases	
  to	
  around	
  40	
  °	
  from	
  its	
  original	
  110	
  °	
  [2].	
  

The	
   treatment	
   to	
   PDMS	
   surface	
   by	
   oxygen	
   plasma	
   makes	
   the	
   PDMS	
   surface	
  

hydrophilic	
  to	
  avoid	
  non-­‐specific	
  adsorptions	
  of	
  hydrophobic	
  particles.	
  Meanwhile,	
  

the	
   hydroxyl	
   functionalized	
   PDMS	
   surface	
   can	
   be	
   used	
   for	
   further	
   surface	
  

modifications	
  by	
  different	
  hydrophilic	
  molecules	
  in	
  various	
  applications.	
  However,	
  it	
  

should	
  be	
  noted	
  that	
  the	
  hydroxyl	
  functionalized	
  PDMS	
  surfaces	
  keep	
  stable	
  for	
  less	
  

than	
  30	
  minutes,	
  after	
  which	
  the	
  surface	
  will	
  subsequently	
  undergo	
  a	
  hydrophobic	
  

recovery	
  phenomena	
  [35].	
  The	
  treatment	
  of	
  oxygen	
  plasma	
  to	
  PDMS	
  surface	
  should	
  

be	
   performed	
   at	
   an	
   appropriate	
   exposing	
   power	
   for	
   an	
   appropriate	
   period.	
   High	
  

power	
   and	
   long	
   period	
   of	
   oxygen	
   plasma	
   exposure	
   will	
   result	
   in	
   damage	
   to	
  

backbone	
  structure	
  of	
  PDMS	
  and	
  efficacy	
  loss	
  of	
  the	
  treatment.	
  	
  

	
  

In	
   addition,	
   nitrogen	
   plasma	
   is	
   commonly	
   used	
   to	
   introduce	
   amino	
   functional	
  

groups	
   onto	
   PDMS	
   surfaces	
   [36].	
   This	
  method	
   can	
   be	
   used	
   in	
   the	
   applications	
   in	
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which	
  the	
  functional	
  groups	
  on	
  the	
  molecules	
  for	
  modification	
  in	
  next	
  step	
  are	
  more	
  

suitable	
   to	
   react	
   with	
   amino	
   functional	
   groups	
   rather	
   than	
   hydroxyl	
   functional	
  

groups.	
  Except	
  for	
  oxygen	
  plasma	
  and	
  nitrogen	
  plasma,	
  carbon	
  dioxide	
  plasma	
  and	
  

have	
  also	
  been	
  used	
  to	
  modify	
  polymer	
  surface	
  properties.	
  As	
  it	
  is	
  shown	
  in	
  Table	
  2-­‐

1,	
  oxygen	
  plasma	
  is	
  generally	
  used	
  to	
  introduce	
  functional	
  groups	
  containing	
  oxygen	
  

to	
   polymer	
   surfaces	
   such	
   as	
   poly(dimethylsiloxane)	
   (PDMS)	
   [37],	
   polyethylene	
  

terephthalate	
   (PET)	
   [38],	
  polyethylene	
  (PE)	
   [39]	
  and	
  polycaprolactone	
  (PCL)	
   [40].	
  

Nitrogen	
  plasma	
  is	
  mainly	
  used	
  to	
  impart	
  amino	
  functional	
  groups	
  to	
  the	
  surface	
  of	
  

PDMS	
  [36]	
  and	
  polystyrene	
  (PS)	
  [41],	
  and	
  ammonia	
  plasma	
  can	
  be	
  used	
  to	
  introduce	
  

amino	
  functional	
  groups	
  to	
  the	
  surface	
  of	
  poly(tetrafluoroethylene)	
  (PTFE)	
  [42-­‐44].	
  

In	
   addition	
   to	
   oxygen,	
   nitrogen	
   and	
   ammonia	
   plasma,	
   carbon	
   dioxide	
   plasma	
   is	
  

generally	
   applied	
   to	
   impart	
   carboxyl	
   groups	
   on	
   PE	
   [45-­‐48],	
   PS	
   [41]	
   and	
  

polypropylene	
   (PP)	
   surfaces	
   [45].	
   Moreover,	
   poly(methyl	
   methacrylate)	
   (PMMA)	
  

can	
  be	
  oxidized	
  by	
  air	
  plasma	
  [49,	
  50]	
  and	
  inert	
  gases	
  are	
  generally	
  used	
  to	
  impart	
  

radical	
   sites	
   on	
   polymer	
   surfaces	
   for	
   the	
   following	
   graft	
   copolymerization.	
   For	
  

example,	
  Cheng	
  et	
  al.,	
  Ademovic	
  et	
  al.	
  and	
  Kang	
  et	
  al.	
  have	
  used	
  argon	
  (Ar)	
  plasma	
  to	
  

treat	
  PCL,	
  polyvinylidene	
  fluoride	
  (PVDF)	
  and	
  PTFE	
  surfaces	
  respectively	
  in	
  order	
  to	
  

graft	
  polymerized	
  acrylic	
  acid	
  [51-­‐53].	
  Ar	
  plasma	
  treatment	
  has	
  also	
  been	
  used	
  in	
  4-­‐

vinylpyridine	
  and	
  polymerize	
  poly(ethylene	
  glycol)	
  engraftment	
  on	
  PVDF,	
  PET	
  and	
  

PE	
  surfaces	
  [54,	
  55].	
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Table	
   2-­‐1.	
   Summary	
  of	
   plasma	
   treatment	
   and	
   corresponding	
   imparted	
   functional	
  

groups.	
  	
  

Plasma	
  Gas	
   Treated	
  Surfaces	
   Functionalization	
  

	
  

	
  

Oxygen	
  

Poly(dimethylsiloxane)	
  (PDMS)	
   	
  

Functional	
  groups	
  

containing	
  oxygen	
  

Polyethylene	
  terephthalate	
  (PET)	
  

Polyethylene	
  (PE)	
  

Polycaprolactone	
  (PCL)	
  

	
  

Nitrogen	
  

Poly(dimethylsiloxane)	
  (PDMS)	
   	
  

Amino	
  groups	
  Polystyrene	
  (PS)	
  

Ammonia	
   Poly(tetrafluoroethylene)	
  (PTFE)	
  

	
  

Carbon	
  dioxide	
  

Polyethylene	
  (PE)	
   	
  

Carboxyl	
  groups	
  Polystyrene	
  (PS)	
  

Polypropylene	
  (PP)	
  

Air	
   Poly(methyl	
  methacrylate)	
  (PMMA)	
   Carbonyl	
  groups	
  

	
  

	
  

Inert	
  gas	
  

Polycaprolactone	
  (PCL)	
   	
  

	
  

Introduce	
  

radical	
  sites	
  

Polyvinylidene	
  fluoride	
  (PVDF)	
  

Poly(tetrafluoroethylene)	
  (PTFE)	
  

Polyethylene	
  terephthalate	
  (PET)	
  

Polyethylene	
  (PE)	
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2.2.4	
  Amination	
  of	
  PDMS	
  surface	
  	
  	
  

	
  

In	
   many	
   applications,	
   PDMS	
   surface	
   amination	
   is	
   needed	
   after	
   the	
   treatment	
   of	
  

plasma.	
  On	
  one	
  hand,	
  surface	
  amination	
  can	
  introduce	
  amino	
  functional	
  groups	
  on	
  

PDMS	
   surface	
   to	
   provide	
   functionality	
   in	
   order	
   to	
   react	
   with	
   other	
   surface	
  

modification	
  materials	
  in	
  the	
  future.	
  On	
  the	
  other	
  hand,	
  comparing	
  with	
  introducing	
  

amino	
   functional	
   groups	
   by	
   nitrogen	
   and	
   ammonia	
   plasma,	
   amino	
   groups	
  

introduced	
   by	
   silanol	
   condensation	
   are	
   more	
   stable	
   and	
   have	
   much	
   longer	
   time	
  

before	
  hydrophobic	
  recovery	
  phenomena	
  [56].	
  	
  

	
  

3-­‐mercaptopropyltrimethoxysilane	
   (MPTMS)	
   and	
   3-­‐aminopropyltrimethoxysilane	
  

(APTMS)	
  are	
  commonly	
  used	
  material	
  to	
  impart	
  amino	
  functional	
  groups	
  with	
  high	
  

stabilities	
  [36,	
  57-­‐61].	
  After	
  the	
  treatment	
  of	
  oxygen	
  plasma,	
  the	
  hydroxyl	
  groups	
  on	
  

activated	
  PDMS	
  surface	
  can	
  react	
  with	
  APTMS	
  to	
  generate	
  a	
  second	
  layer	
  with	
  high	
  

stability	
   through	
   silanol	
   condensation.	
   The	
   APTMS	
   modified	
   PDMS	
   surface	
   have	
  

been	
  proved	
   to	
   be	
   stable	
  without	
   hydrophobic	
   recovery	
   for	
  more	
   that	
   two	
  weeks	
  

and	
   water	
   contact	
   angle	
   of	
   the	
   APTMS	
   modified	
   PDMS	
   surface	
   is	
   about	
   50	
   °	
  

compared	
   with	
   its	
   original	
   110	
   °	
   [56].	
   After	
   the	
   modification	
   by	
   APTMS,	
   the	
  

functional	
   groups	
   on	
   PDMS	
   surface	
   are	
   amino	
   groups,	
   which	
   can	
   react	
   with	
  

molecules	
  ending	
  with	
  carboxyl	
  groups	
  to	
  achieve	
   further	
  surface	
  modifications	
   in	
  

surface	
  non-­‐fouling	
  applications.	
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2.2.5	
  Approaches	
  to	
  increase	
  PDMS	
  surface	
  hydrophilicities	
  	
  

	
  

In	
   this	
   part,	
   approaches	
   to	
   increase	
   hydrophilicities	
   of	
   PDMS	
   surfaces	
   in	
   various	
  

applications	
  are	
  reviewed.	
  Vickers	
  et	
  al.	
  believe	
  that	
  diffusion	
  of	
  unreacted	
  oligomer	
  

to	
   PDMS	
   surface	
   is	
   the	
   reason	
   for	
   the	
   quick	
   hydrophobic	
   recovery	
   after	
   plasma	
  

treatment	
   [62].	
   The	
   group	
   developed	
   a	
   simple	
   method	
   to	
   fabricate	
   a	
   hydrophilic	
  

PDMS	
   surface	
   with	
   long-­‐term	
   stability	
   in	
   air	
   to	
   prevent	
   non-­‐specific	
   particles	
  

adsorptions.	
   First,	
   a	
   series	
   of	
   solvents	
   have	
   been	
   used	
   to	
   treat	
   PDMS	
   surface	
   to	
  

remove	
  excess	
  oligomers	
  from	
  the	
  surface.	
  Second,	
  the	
  resulting	
  PDMS	
  surface	
  was	
  

treated	
   by	
   air	
   plasma	
   to	
   generate	
   a	
   layer	
   of	
   hydrophilic	
   SiO2	
   with	
   high	
   stability.	
  

Compared	
   with	
   traditional	
   plasma	
   methods,	
   this	
   method	
   provides	
   hydrophilic	
  

property	
  with	
  long-­‐term	
  stability	
  to	
  PDMS	
  surface,	
  which	
  is	
  significantly	
  important	
  

for	
  the	
  studies	
  using	
  hydrophilic	
  PDMS	
  surfaces	
  for	
  non-­‐fouling	
  applications.	
  Liu	
  et	
  

al.	
  studied	
  and	
  proved	
  that	
  ionic	
  polymers	
  could	
  be	
  used	
  in	
  microfluidic	
  applications	
  

to	
   avoid	
   non-­‐specific	
   adsorptions	
   in	
   microfluidic	
   channels	
   [63].	
   Kyung	
   et	
   al.	
  

reported	
   a	
   PDMS	
   microfluidic	
   device	
   modified	
   by	
   polyelectrolyte	
   multilayers	
   to	
  

prevent	
   non-­‐specific	
   analytes	
   adsorption	
   [64].	
   The	
   structure	
   of	
   the	
   microfluidic	
  

device	
  contains	
  a	
  frits	
  integrated	
  bead	
  chamber	
  to	
  retain	
  particles	
  and	
  an	
  injector	
  to	
  

introduce	
   sample.	
   The	
   study	
   found	
   that	
   BODIPY,	
   a	
   neutral	
   lipid	
   compound,	
   was	
  

strongly	
   absorbed	
   on	
   unmodified	
   PDMS	
   surface,	
   while	
   the	
   polyelectrolyte	
  

multilayers	
  modified	
   surface	
   could	
   effectively	
   prevent	
   the	
   adsorption	
   of	
   the	
   lipid	
  

compound.	
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In	
   addition,	
   Wirth	
   et	
   al.	
   and	
   Gezer	
   et	
   al.	
   presented	
   a	
   method	
   to	
   modify	
   PDMS	
  

surfaces	
   with	
   polyacrylamide	
   brushes	
   and	
   the	
   result	
   showed	
   that	
   non-­‐specific	
  

adsorption	
   of	
   lysozyme	
   was	
   significantly	
   prevented	
   [65-­‐67].	
   In	
   this	
   study,	
   the	
  

modified	
  PDMS	
  surface	
  showed	
  a	
  10-­‐fold	
   improvement	
  on	
  preventing	
   irreversible	
  

lysozyme	
   adsorption,	
   compared	
   with	
   unmodified	
   glass	
   surface,	
   and	
   a	
   20-­‐fold	
  

enhancement	
   compared	
   with	
   unmodified	
   PDMS	
   surface.	
   Moreover,	
   water	
   contact	
  

angles	
  of	
  the	
  surfaces	
  have	
  been	
  characterized	
  and	
  the	
  modified	
  PDMS	
  surface	
  can	
  

be	
  stable	
  without	
  hydrophobic	
  recovery	
  phenomena	
  for	
  at	
  least	
  1	
  month.	
  Tugulu	
  et	
  

al.	
   reported	
   a	
   new	
   method	
   to	
   modify	
   PDMS	
   surface	
   with	
   poly	
   (poly(ethylene	
  

glycol)methacrylate)	
   (PPEGMA)	
   brushes	
   in	
   order	
   to	
   reduce	
   non-­‐specific	
   protein	
  

adsorptions	
   [68].	
   In	
   this	
   study,	
   Tugulu	
   used	
   a	
   method	
   of	
   vapour	
  

hydrolysis/deposition	
  cycles	
  to	
  generate	
  an	
  interpenetrating	
  polymer	
  network	
  (IPN)	
  

functionalized	
  with	
  surface-­‐confined	
  atom	
  transfer	
  radical	
  polymerization	
  (ATRP)-­‐

initiator.	
   Different	
   with	
   the	
   majority	
   of	
   the	
   methods	
   that	
   have	
   been	
   reported	
   to	
  

conjugate	
   this	
  polymer	
   layers	
  on	
  PDMS	
  surfaces,	
   this	
  method	
  obviates	
   the	
  need	
  of	
  

pretreatment	
  to	
  PDMS	
  surface.	
  The	
  result	
  showed	
  that	
  the	
  IPN	
  layer	
  functionalized	
  

by	
   surface-­‐confined	
   ATRP-­‐initiator	
   were	
   successfully	
   used	
   to	
   generate	
   PPEGMA	
  

brushes	
   in	
   the	
   strategy	
  and	
   that	
   the	
  PPEGMA	
  modified	
  PDMS	
  surface	
   significantly	
  

prevented	
   non-­‐specific	
   adsorption	
   of	
   protein	
   as	
   compared	
   to	
   unmodified	
   PDMS	
  

surface.	
   While	
   interesting,	
   these	
   methods	
   are	
   complicated	
   and	
   the	
   effects	
   are	
  

inefficient.	
   For	
   example,	
   the	
   polyelectrolyte	
   multilayers	
   modified	
   device	
   and	
   the	
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ionic	
   polymers	
   treated	
   device	
   only	
   showed	
   short-­‐term	
   non-­‐specific	
   prevention	
  

ability	
  because	
  of	
  a	
  quick	
  recover	
  rate	
  of	
  water	
  contact	
  angle.	
  	
  

	
  

In	
  addition,	
  three	
  research	
  groups	
  developed	
  PDMS	
  microfluidic	
  devices	
  with	
  higher	
  

level	
   of	
   non-­‐fouling	
   performance	
   by	
   using	
   various	
   surface	
   modification	
   methods.	
  

Because	
  non-­‐specific	
  adsorption	
  of	
  dye	
  molecules	
  will	
  increase	
  background	
  level	
  of	
  

fluorescence	
   and	
   limit	
   concentration	
   of	
   fluorescent	
   molecules	
   in	
   microfluidic	
  

systems,	
   Sasaski	
   et	
   al.	
   reported	
   a	
   modification	
   method	
   by	
   poly-­‐p-­‐xylylene	
  

derivatives	
   (parylenes)	
   conformal	
   deposition	
   in	
   order	
   to	
   prevent	
   non-­‐specific	
  

adsorption	
   of	
   Rhodamie	
   B	
   [69].	
   Other	
   research	
   have	
   found	
   that	
   the	
   parylene	
  

modified	
   PDMS	
   surfaces	
   could	
   also	
   effectively	
   avoid	
   non-­‐specific	
   adsorptions	
   of	
  

DNA	
   and	
   protein	
   molecules	
   [70,	
   71].	
   Zhang	
   et	
   al.	
   have	
   used	
   3-­‐

chloropropyltrichlorosilane	
  and	
  3-­‐glycidoxypropyltrimethoxysilane	
  to	
  treat	
  oxygen	
  

plasma	
   activated	
   PDMS	
   surfaces,	
   this	
   is	
   followed	
   by	
   further	
   modifications	
   to	
   the	
  

surfaces	
  with	
  alkyne-­‐PEG	
  and	
  NH2-­‐PEG	
  linear	
  polymers	
  [72,	
  73].	
  Fourier	
  transform	
  

infrared	
   spectroscopy	
   (FTIR)	
  was	
   used	
   to	
   characterize	
   the	
   resulting	
   surfaces	
   and	
  

demonstrating	
  two	
  adsorption	
  characteristic	
  peaks	
  located	
  at	
  around	
  2878	
  cm-­‐1	
  and	
  

1336	
   cm-­‐1,	
   which	
   are	
   consistent	
   with	
   the	
   –CH2O-­‐	
   groups	
   of	
   PEG.	
   Water	
   contact	
  

angles	
   have	
   also	
   been	
  measured	
   and	
   result	
   showed	
   that	
   compared	
  with	
   110	
   °	
   of	
  

unmodified	
  PMDS	
  surface,	
   the	
  water	
  contact	
  angles	
  of	
  alkyne-­‐PEG	
  modified	
  PDMS	
  

surface	
   and	
   NH2-­‐PEG	
   modified	
   PDMS	
   surface	
   were	
   around	
   65	
   °	
   and	
   71	
   °,	
  

respectively.	
   Storage	
   experiments	
   have	
   also	
   been	
   performed	
   and	
   results	
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demonstrated	
   that	
   the	
   hydrophilicities	
   of	
   these	
   linear	
   polymer	
  modified	
   surfaces	
  

could	
  maintain	
  for	
  more	
  than	
  1	
  month.	
  	
  

	
  

Recently,	
  Yeh	
  et	
  al.	
  found	
  a	
  simple	
  non-­‐fouling	
  strategy	
  by	
  using	
  PEG	
  linear	
  polymer	
  

to	
  modify	
   PDMS	
   surface	
   in	
  microfluidic	
   channels	
   in	
   order	
   to	
   prevent	
   non-­‐specific	
  

adsorption	
  of	
  model	
  particles	
  and	
  bovine	
  serum	
  albumin	
  (BSA)	
  [36].	
   In	
  this	
  study,	
  

PDMS	
   surface	
   was	
   first	
   pretreated	
   by	
   air	
   plasma	
   and	
   then	
   APTMS	
   was	
   used	
   to	
  

aminate	
   the	
   plasma-­‐activated	
   PMDS	
   surface.	
   Subsequently,	
   mPEG-­‐NHS	
   (N-­‐

hydroxysuccinimide)	
   was	
   used	
   to	
   modify	
   the	
   aminated	
   PDMS	
   surface	
   trough	
   the	
  

reactions	
   between	
   amino	
   functional	
   groups	
   on	
   PDMS	
   surface	
   and	
   NHS	
   groups	
   of	
  

mPEG-­‐NHS	
  molecules.	
  Surface	
  properties	
  and	
  modifications	
  were	
  characterized	
  and	
  

confirmed	
   by	
   atomic	
   force	
   microscopy	
   (AFM),	
   X-­‐ray	
   photoelectron	
   spectroscopy	
  

(XPS)	
   and	
   water	
   contact	
   angle.	
   Finally,	
   non-­‐fouling	
   performance	
   of	
   this	
   surface	
  

modification	
  strategy	
  was	
  tested	
  by	
  polystyrene	
  microbeads	
  and	
  BSA	
  in	
  microfluidic	
  

devices.	
   Results	
   of	
   the	
   tests	
   showed	
   that	
   the	
   PEG-­‐modified	
   PDMS	
   surface	
   could	
  

prevent	
  65%	
  and	
  92%	
  non-­‐specific	
  adsorption	
  of	
  BSA	
  and	
  polystyrene	
  microbeads,	
  

respectively.	
  Moreover,	
  in	
  this	
  study,	
  the	
  author	
  pointed	
  out	
  that	
  longer	
  PEG	
  chains	
  

and	
  highly	
  branched	
  dendrimers	
  could	
  be	
  used	
  as	
  materials	
  to	
  further	
  improve	
  the	
  

non-­‐fouling	
  performance	
  of	
  microfluidic	
  devices.	
  This	
  is	
  because	
  longer	
  PEG	
  chains	
  

provide	
   relatively	
   bigger	
   hydration	
   shells	
   and	
   highly	
   branched	
   dendrimers	
   have	
  

higher	
   chain	
   flexibility	
   and	
   extension	
   [61,	
   74].	
   Steric	
   interactions	
   of	
   chains	
   in	
  

polymers	
  have	
  been	
  proved	
  to	
  be	
  proportional	
  to	
  the	
  compressed	
  chain	
   lengths	
  of	
  

molecules	
   [58].	
   As	
   a	
   result,	
   steric	
   interactions	
   will	
   increase	
   with	
   the	
   length	
   of	
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polymer	
  chain	
  and	
  effectively	
  protect	
  PDMS	
  surface	
  from	
  attractive	
  interactions	
  that	
  

lead	
   to	
   non-­‐specific	
   adsorption,	
   such	
   as	
   electrostatic	
   interactions,	
   van	
   der	
   Waals	
  

forces	
  and	
  hydrophobic	
  interactions.	
  	
  

	
  

2.3	
  PAMAM	
  dendrimers	
  as	
  an	
  effective	
  approach	
   to	
  modify	
  PDMS	
  

surfaces	
  

	
  

Polyamidoamine	
   (PAMAM)	
   dendrimers	
   are	
   monodispersed	
   macromolecules	
   with	
  

highly	
   branched	
   three-­‐dimensional	
   structures,	
   as	
   shown	
   in	
   Figure	
   2-­‐4.	
   Compared	
  

with	
   linear	
   polymers,	
   PAMAM	
   dendrimers	
   provide	
   larger	
   area,	
   higher	
   chain	
  

flexibility	
  and	
  higher	
  extension	
  to	
  protect	
  the	
  surface	
  from	
  non-­‐specific	
  adsorptions	
  

[61,	
  74].	
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Figure	
  2-­‐4.	
  Chemical	
  structure	
  of	
  PAMAM	
  dendrimer.	
  	
  

	
  

PAMAM	
   dendrimers	
   were	
   first	
   reported	
   that	
   had	
   been	
   synthesized	
   and	
  

characterized	
   by	
   Tomalia	
   et	
   al.	
   in	
   early	
   1980s.	
   Unlike	
   linear	
   polymers,	
   PAMAM	
  

dendrimers	
   are	
  highly	
  branched	
  polymers	
   and	
   the	
   growth	
  of	
   PAMAM	
  dendrimers	
  

starts	
   from	
   central	
   core	
   material,	
   which	
   is	
   generally	
   propyldiamine,	
   ammonia,	
  

ethylenediamine	
   or	
   benzene	
   tricarboxylic	
   acid	
   chloride.	
   The	
   selection	
   of	
   core	
  

material	
   is	
   significantly	
   important.	
   This	
   is	
   because	
   the	
   core	
   material	
   will	
   make	
  

influences	
   on	
   surface	
   electrification	
   conditions	
   and	
   the	
   formation	
   of	
   chemical	
  

structure	
   of	
   PAMAM	
   dendrimers.	
   In	
   traditional	
   synthesis	
   method	
   of	
   PAMAM	
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dendrimers,	
   the	
   branch-­‐like	
   structures	
   grow	
   from	
   inside	
   of	
   the	
   dendrimers	
   to	
  

outside.	
   By	
   using	
   a	
   step-­‐by-­‐step	
   polymerization	
  method,	
   the	
   PAMAM	
   dendrimers	
  

were	
   synthesized	
   layer	
   by	
   layer	
   (generation	
   by	
   generation)	
   and	
   finally	
   become	
  

highly	
   branched	
   three-­‐dimensional	
   structures,	
   as	
   shown	
   in	
   Figure	
   2-­‐5	
   [75].	
   The	
  

synthesis	
  of	
  PAMAM	
  dendrimer	
  includes	
  using	
  methyl	
  acrylate	
  for	
  Michael	
  addition	
  

and	
   subsequently	
   using	
   ethylenediamine	
   (EDA)	
   for	
   amidation	
   reactions	
   [75].	
   In	
  

synthesis	
   of	
   PAMAM	
   dendrimers,	
   multistep	
   reactions	
   allow	
   the	
   addition	
   of	
   new	
  

generations	
  onto	
   the	
   former	
  generations	
  and	
  the	
  name	
  of	
   the	
  generations	
  are	
   in	
  a	
  

continuous	
  number	
  series	
  (e.g.	
  generation	
  0,	
  generation	
  1,	
  generation	
  2).	
  The	
  amino	
  

functional	
   groups	
   on	
   the	
   terminals	
   of	
   PAMAM	
   dendrimers	
   can	
   provide	
   positive	
  

electric	
   charge	
   to	
   the	
   surface	
   of	
   PAMAM	
   molecules,	
   which	
   can	
   be	
   used	
   in	
   the	
  

applications	
   need	
   high	
   density	
   charged	
   surfaces.	
   The	
   generation	
   of	
   PAMAM	
  

dendrimer	
   can	
   increase	
   to	
   tenth	
   generation,	
   on	
   which	
   there	
   are	
   4096	
   functional	
  

sites	
  for	
  one	
  PAMAM	
  dendrimer	
  molecule.	
  	
  

	
  



	
   32	
  

	
  

	
  

Figure	
  2-­‐5.	
  Structure	
  of	
  PAMAM	
  dendrimers	
  in	
  different	
  generations.	
  

	
  

In	
   addition,	
   Hawker	
   et	
   al.	
   developed	
   a	
   novel	
   convergent	
   growth	
   approach	
   to	
  

synthesize	
  PAMAM	
  dendrimers	
   [76-­‐78].	
   First,	
   branch	
  units	
   are	
   used	
   to	
   produce	
   a	
  

dendrite	
  by	
  connecting	
  repetition.	
  Subsequently,	
  core	
  molecule	
   is	
  added	
  to	
  anchor	
  

on	
  the	
  former	
  dendrite	
  and	
  contribute	
  the	
  branch	
  units	
  to	
  grow	
  into	
  the	
  multilayer	
  

PAMAM	
   dendrimers.	
   The	
   procedures	
   of	
   PAMAM	
   dendrimer	
   synthesis	
   have	
   the	
  

possibility	
  to	
  generate	
  small	
  defects	
  within	
  the	
  PAMAM	
  highly	
  branched	
  structures.	
  

This	
  is	
  likely	
  caused	
  by	
  intermolecular	
  lactam	
  structure	
  and	
  retro-­‐Michael	
  additions	
  

[79].	
  As	
  a	
  result,	
  the	
  purity	
  of	
  PAMAM	
  dendrimers	
  is	
  generally	
  around	
  98%.	
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Recently,	
  PAMAM	
  dendrimers	
  have	
  attracted	
  increasing	
  research	
  interests	
  in	
  many	
  

areas,	
   such	
   as	
   biomedicine,	
   surface	
  modification,	
  material	
   science	
   as	
  well	
   as	
   drug	
  

delivery	
   system	
   [80-­‐85].	
   This	
   is	
   because	
   PAMAM	
   dendrimers	
   provide	
   many	
  

advantages	
   in	
   these	
  applications.	
  PAMAM	
  dendrimers	
  offer	
  not	
  only	
   large	
  surface-­‐

to-­‐volume	
   ratio	
   as	
   a	
  material	
   for	
   surface	
  modification	
   but	
   also	
   provide	
   numerous	
  

functional	
  sites	
  on	
  the	
  surface,	
  which	
  can	
  be	
  further	
  modified	
  by	
  specific	
  molecules	
  

in	
   different	
   applications	
   such	
   as	
   antibodies	
   and	
   aptamers.	
   Moreover,	
   when	
   the	
  

generation	
   of	
   PAMAM	
   dendrimer	
   is	
   greater	
   than	
   5,	
   the	
   structure	
   of	
   PAMAM	
  

dendrimer	
   will	
   demonstrate	
   a	
   spherical,	
   three-­‐dimensional	
   structure.	
   With	
   this	
  

structure	
   improvement,	
   the	
   inner	
   structure	
   of	
   PAMAM	
  dendrimer	
  will	
   generate	
   a	
  

hydrophobic	
  blank	
  space,	
  which	
  can	
  be	
  utilized	
  as	
  a	
  capsule	
  for	
  various	
  applications	
  

[86-­‐90]	
   such	
   as	
   drug	
   delivery	
   systems	
   [88,	
   91,	
   92].	
   PAMAM	
   dendrimer	
   is	
   free	
  

immunogenic	
  and	
  nontoxic	
  molecule.	
  This	
  property	
  of	
  PAMAM	
  dendrimers	
  provides	
  

the	
   compatibilities	
   of	
   PAMAM	
   dendriemrs	
   in	
   biological	
   applications	
   and	
  makes	
   it	
  

possible	
   for	
  them	
  to	
  be	
  utilized	
  as	
  markers	
  of	
   tumour	
  tracing	
  and	
  vehicles	
  of	
  drug	
  

delivery	
  [80-­‐85].	
  Meanwhile,	
  PAMAM	
  dendrimers	
  can	
  act	
  as	
  vectors	
  to	
  carry	
  genetic	
  

materials	
  into	
  biological	
  systems	
  because	
  of	
  the	
  highly	
  efficient	
  cationic	
  property	
  of	
  

PAMAM	
  dendrimers	
  [79,	
  93-­‐95].	
  Moreover,	
  PAMAM	
  dendrimers	
  have	
  been	
  used	
  to	
  

modify	
   surfaces	
   to	
   prevent	
   non-­‐specific	
   particle	
   adsorptions,	
   since	
   PAMAM	
  

dendrimers	
  provide	
  long	
  chain	
  structure	
  with	
  high	
  flexibility	
  and	
  stability	
  and	
  high	
  

density	
  of	
  functional	
  groups	
  offered	
  by	
  PAMAM	
  dendrimers	
  can	
  be	
  further	
  modified	
  

by	
  hydrophilic	
  functional	
  groups	
  to	
  generate	
  non-­‐fouling	
  surfaces	
  [96,	
  97].	
  Li	
  et	
  al.	
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have	
   developed	
   a	
   strategy	
   to	
   modify	
   PVDF	
   membranes	
   to	
   improve	
   their	
  

hydrophilicity	
  and	
  non-­‐fouling	
  performance	
  [97].	
  In	
  this	
  study,	
  PAMAM	
  dendrimers	
  

were	
   used	
   as	
   templates	
   to	
   form	
   silver-­‐PAMAM	
   dendrimer	
   nanocomposites.	
   The	
  

nanocomposites	
   provide	
   amine	
   terminated	
   groups	
   and	
   good	
   hydrophilicity	
   and	
  

anti-­‐bacterial	
   performance.	
   Scanning	
   electron	
   microscopy	
   (SEM)	
   was	
   used	
   to	
  

characterize	
   the	
   modified	
   membranes	
   and	
   results	
   demonstrated	
   that	
   Ag	
   DENPs	
  

decreased	
  the	
  pore	
  size	
  and	
  increased	
  the	
  surface	
  roughness	
  of	
  PVDF	
  membranes.	
  

Water	
  contact	
  angles	
  were	
  measured	
  to	
  characterize	
  hydrophilicity	
  of	
  the	
  modified	
  

surfaces,	
   and	
   results	
   showed	
   that	
   the	
   hydrophilicity	
   of	
   the	
   modified	
   PVDF	
  

membranes	
  had	
  been	
  significantly	
  improved.	
  	
  

	
  

2.4	
  Capture	
  ligand	
  and	
  spacer	
  design	
  for	
  CTCs	
  detection	
  	
  

	
  

2.4.1	
  Circulating	
  tumour	
  cells	
  (CTCs)	
  	
  

	
  

As	
   it	
   is	
  know	
  to	
  all,	
  cancer	
   is	
  one	
  of	
   the	
   leading	
  causes	
  of	
  death	
  around	
  the	
  world,	
  

greatly	
  threaten	
  human’s	
  health.	
  It	
  has	
  been	
  reported	
  that	
  more	
  than	
  90%	
  of	
  cancer	
  

deaths	
   result	
   from	
   the	
   development	
   of	
   hematogenously	
   disseminated	
   metastasis	
  

[98].	
   As	
   the	
  most	
   important	
   of	
   rare	
   cells,	
   the	
  presence	
   of	
   circulating	
   tumour	
   cells	
  

(CTCs)	
   in	
   patients	
   with	
   cancer	
   was	
   first	
   reported	
   in	
   1869	
   [99].	
   More	
   recently,	
  

methods	
  have	
  been	
  developed	
   to	
  detect,	
   isolate	
  and	
  characterize	
  CTCs	
   in	
  multiple	
  

different	
  malignancies	
  that	
  arise	
   in	
  solid	
  organs	
  [100].	
  One	
  of	
  the	
  key	
  pathways	
  to	
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achieve	
   molecular	
   medicine	
   treatment	
   is	
   through	
   biomarker	
   discovery	
   [101].	
  

During	
   the	
  progression	
  of	
  cancer	
  metastasis,	
   cancer	
  cells	
  shed	
   from	
  solid	
   tumours	
  

and	
   enter	
   the	
   bloodstream	
   to	
   become	
   circulating	
   tumour	
   cells	
   [102,	
   103].	
   These	
  

CTCs	
  have	
  potentials	
  to	
  serve	
  as	
  important	
  biomarkers	
  for	
  early	
  diagnosis	
  of	
  cancer	
  

metastases	
  [104,	
  105].	
  As	
  a	
  result,	
  sensitive	
  detection	
  of	
  CTCs	
  in	
  the	
  early	
  stage	
  of	
  

cancer	
  is	
  significantly	
  important	
  to	
  cancer	
  diagnosis	
  and	
  the	
  finally	
  improvement	
  of	
  

the	
  survival	
  rate	
  of	
  cancer	
  patients	
  [104-­‐110].	
  	
  

	
  

2.4.2	
  Antibodies	
  as	
  capture	
  ligands	
  	
  

	
  

In	
   the	
   researches	
   of	
   molecular	
   recognition,	
   antibody	
   was	
   the	
   most	
   common	
  

biomolecules	
  around	
  the	
  world	
  over	
  last	
  three	
  decades.	
  As	
  a	
  result,	
  many	
  diagnostic	
  

assays	
  and	
  inventions	
  based	
  on	
  diagnostic	
  applications	
  in	
  clinics,	
  which	
  are	
  widely	
  

used	
  today,	
  were	
  based	
  on	
  the	
  development	
  and	
  contribution	
  of	
  antibodies	
  [111].	
  	
  

	
  

Antibodies	
   play	
   a	
   significant	
   role	
   in	
   the	
   field	
   of	
   rare	
   cells	
   detection	
   such	
   as	
   CTCs	
  

detection,	
   and	
   diagnosis	
   using	
   diagnostic	
   devices.	
   The	
   applications	
   of	
   antibodies	
  

have	
   made	
   significant	
   contributions	
   to	
   the	
   development	
   of	
   applications	
   and	
  

technologies	
   of	
   recognition	
   of	
   various	
   molecules.	
   Antibodies	
   were	
   first	
   used	
   to	
  

detect	
  analytes	
  in	
  1950s	
  [112].	
  In	
  1970s,	
  antibodies	
  started	
  to	
  be	
  a	
  popular	
  choice	
  in	
  

the	
  field	
  of	
  molecular	
  recognition	
  because	
  they	
  could	
  be	
  extracted	
  from	
  the	
  serum	
  of	
  

animals.	
   However,	
   the	
   preparation	
   to	
   produce	
   antibodies	
   by	
   polyclonal	
   methods	
  

included	
  many	
   complicated	
   steps,	
  which	
  made	
   the	
  production	
  of	
   antibodies	
   could	
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not	
   meet	
   the	
   demands	
   for	
   them	
   in	
   immunologic	
   studies.	
   In	
   1975,	
   Kohler	
   and	
  

Milstein	
  developed	
  a	
  monoclonal	
  method	
  for	
  antibodies	
  to	
  produce	
  antibodies	
  with	
  

large	
  amount	
  [113].	
  As	
  a	
  result,	
  the	
  method	
  started	
  to	
  be	
  widely	
  used	
  in	
  the	
  field	
  of	
  

antibody	
   production	
   around	
   the	
   world	
   [114-­‐116].	
   In	
   this	
   technology,	
   cell	
   culture	
  

methods	
  were	
  used	
  to	
  produce	
  large	
  amount	
  of	
  antibodies	
  with	
  fewer	
  steps	
  in	
  less	
  

time,	
   compared	
   with	
   traditional	
   methods	
   of	
   antibody	
   production.	
   In	
   current	
  

antibody	
   producing	
  methods,	
   selected	
  monoclonal	
   antibodies	
   can	
   be	
   produced	
   by	
  

select	
   clone	
   technology	
   constantly.	
   Theoretically,	
   antibodies	
   can	
   be	
   produced	
  

infinitely	
   when	
   assuming	
   the	
   nutriment	
   of	
   cell	
   culture	
   is	
   unlimited.	
   Moreover,	
  

immunogens	
   are	
   used	
   in	
   the	
   recognition	
   of	
   monoclonal	
   antibodies.	
   As	
   a	
   result,	
  

purification	
  steps	
  for	
  immunogens	
  are	
  not	
  needed,	
  which	
  also	
  can	
  decrease	
  the	
  time	
  

in	
  large	
  amount	
  antibody	
  production	
  [117,	
  118].	
  	
  

	
  

The	
   applications	
   of	
   antibodies	
   have	
   made	
   significant	
   contributions	
   to	
   the	
  

development	
  of	
   applications	
  and	
   technologies	
  of	
   recognition	
  of	
   various	
  molecules.	
  

However,	
   antibodies	
  have	
  also	
   shown	
   their	
  disadvantages	
   [111,	
  119-­‐121].	
  First	
  of	
  

all,	
  because	
  process	
  of	
  antibody	
  production	
  is	
  taken	
  placed	
  in	
  vivo	
  environment,	
  it	
  is	
  

difficult	
  to	
  develop	
  antibodies	
  to	
  that	
  are	
  intensively	
  toxic	
  and	
  weakly	
  immunogenic	
  

molecules	
  such	
  as	
  toxins	
  [122].	
  Because	
  hybridomas	
  are	
  from	
  the	
  process	
  to	
  murine,	
  

the	
   applications	
   of	
   antibodies	
   are	
   limited	
   in	
   biological	
   diagnosis	
   and	
   therapy.	
   For	
  

example,	
   heterophilic	
   antibodies	
   have	
   possibilities	
   to	
   link	
   with	
   a	
   structure	
   of	
  

secondary	
  antibody	
  when	
   there	
   is	
  no	
   recognized	
  molecule,	
  which	
   leads	
   to	
  a	
   false-­‐

positive	
   result	
   [123].	
   In	
   addition,	
   the	
   antibody	
  properties	
  have	
  been	
  proved	
   to	
  be	
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different	
   in	
   different	
   batches	
   of	
   productions	
   [111].	
   As	
   a	
   result,	
   people	
   to	
   need	
   to	
  

characterize	
   the	
   properties	
   of	
   antibodies	
   and	
   experimental	
   conditions	
   in	
   every	
  

round	
  of	
  experiments	
  when	
   they	
  used	
  same	
  antibodies	
  but	
   from	
  different	
  batches	
  

[124].	
   Moreover,	
   conditions	
   of	
   in	
   vivo	
   environment	
   are	
   relatively	
   harsh	
   to	
   the	
  

process	
  of	
  antibody	
  selection,	
  which	
  makes	
  it	
  difficult	
  for	
  antibody	
  selections	
  to	
  be	
  

applied	
   in	
   the	
   environment.	
   Finally,	
   antibodies	
   are	
   sensitive	
   and	
   unstable	
   to	
  

temperature,	
  which	
  may	
   result	
   in	
   irreversible	
   thermal	
  denaturation	
  of	
   antibodies.	
  

For	
   example,	
   interleukin-­‐1	
   will	
   be	
   undergo	
   an	
   irreversible	
   thermal	
   denaturation	
  

process	
  when	
  the	
  temperature	
  of	
  the	
  environment	
  is	
  higher	
  than	
  54	
  ℃	
  [125,	
  126].	
  	
  

	
  

2.4.3	
  Aptamers	
  as	
  capture	
  ligands	
  	
  

	
  

In	
  recent	
  decades,	
  aptamers	
  have	
  changed	
  the	
  time	
  that	
  antibodies	
  were	
  used	
  as	
  the	
  

most	
   popular	
   biomarkers	
   in	
   the	
   applications	
   of	
   diagnostic	
   and	
   therapeutic	
  

technologies	
   [111].	
   Aptamers	
   single	
   strand	
   oligonucleotides	
   that	
   are	
   selected	
   by	
  

systematic	
  evolution	
  of	
   ligands	
  by	
  exponential	
  enrichment	
   (SELEX)	
   from	
  a	
  pool	
  of	
  

RNA	
  or	
  DNA	
  library.	
  With	
  the	
  improvement	
  of	
  SELEX	
  technologies,	
  oligonucleotide	
  

sequences	
  can	
  be	
  isolated	
  with	
  high	
  purity	
  and	
  the	
  selected	
  aptamers	
  can	
  recognize	
  

almost	
  any	
  type	
  of	
  molecules	
  with	
  high	
  specificity	
  and	
  affinity	
  [127-­‐130].	
  Aptamers	
  

are	
  different	
  from	
  antibodies,	
  but	
  aptamers	
  can	
  perform	
  the	
  functions	
  of	
  antibodies	
  

with	
  their	
  advantages	
  in	
  most	
  of	
  diagnostic	
  and	
  therapeutic	
  applications	
  [131].	
  With	
  

the	
  development	
  of	
  aptamers	
  technologies,	
  the	
  methods	
  using	
  in	
  different	
  aptamer	
  

based	
  applications	
  have	
  been	
  developed	
  in	
  to	
  sophisticated.	
  Many	
  aptamer	
  related	
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applications	
   have	
   shown	
   the	
   benefits	
   of	
   aptamers	
   with	
   the	
   comparison	
   with	
  

antibodies	
   [131-­‐133].	
   Aptamers	
   can	
   recognized	
   their	
   targets	
  with	
   high	
   specificity	
  

and	
  affinity	
  in	
  various	
  ranges	
  of	
  molecule	
  size	
  [134,	
  135].	
  In	
  addition,	
  aptamers	
  have	
  

shown	
   their	
   excellent	
   performance	
   on	
   recognition	
   of	
   target,	
   molecule	
   separation,	
  

analytes	
   detection	
   and	
   clinic	
   diagnosis	
   [136-­‐139].	
   For	
   example,	
   aptamers	
   can	
  

recognize	
   a	
   wide	
   range	
   of	
   analytes	
   from	
   different	
   areas	
   of	
   applications,	
   such	
   as	
  

peptides,	
  amino	
  acids,	
  proteins,	
  metal	
  ions	
  and	
  cells	
  [135,	
  140-­‐142].	
  	
  

	
  

Because	
   of	
   high	
   stability,	
   affinity	
   and	
   specificity,	
   aptamers	
   have	
   been	
   used	
   as	
  

alternative	
   biomarkers	
   in	
  many	
   fields	
   of	
   studies	
   such	
   as	
   biomarker	
   based	
   affinity	
  

purification,	
  bio-­‐imaging	
  and	
  biosensors	
  [140,	
  141,	
  143].	
  Meanwhile,	
  the	
  advantages	
  

of	
   aptamers	
   can	
   complement	
   the	
   drawbacks	
   of	
   antibodies,	
   which	
   make	
   the	
  

applications	
   of	
   aptamers	
   shown	
   as	
   a	
   promising	
   approach	
   in	
   diagnostic	
   and	
  

therapeutic	
  areas.	
  First	
  of	
  all,	
  because	
  the	
  synthesis	
  of	
  aptamers	
  are	
  taken	
  place	
  in	
  a	
  

vitro	
   environment	
   instead	
   of	
   in	
   vivo,	
   chemical	
   structures	
   of	
   aptamers	
   can	
   be	
  

modified	
  by	
  the	
  requirements	
  of	
  different	
  applications	
  [144].	
  In	
  addition,	
  aptamers	
  

can	
   be	
   used	
   to	
   screen	
   almost	
   any	
   kind	
   of	
   molecules,	
   even	
   molecules	
   with	
   weak	
  

response	
   to	
   immunologic	
   systems	
   or	
   with	
   high	
   toxicity	
   [145].	
   Compared	
   with	
  

antibodies,	
  there	
  is	
  little	
  difference	
  of	
  aptamer	
  properties	
  between	
  different	
  batches	
  

of	
  productions.	
  This	
   is	
  because	
  aptamers	
  are	
  selected	
  and	
  processed	
  in	
  a	
  standard	
  

selection	
   procedure,	
   which	
   makes	
   the	
   production	
   of	
   aptamers	
   possess	
   high	
  

repeatability	
  and	
  accuracy	
  [146-­‐149].	
  Moreover,	
  aptamers	
  can	
  be	
  further	
  modified	
  

with	
  molecules	
  at	
  desired	
  points	
  of	
  the	
  DNA	
  sequence	
  without	
  losing	
  their	
  affinities.	
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The	
  molecules	
   can	
   be	
   fluorescent	
   dyes,	
   functional	
   groups	
   or	
   functional	
  molecules	
  

such	
  as	
  biotin	
   for	
   further	
  characterization	
  or	
  modifications	
   in	
  various	
  applications	
  

[150-­‐153].	
  Finally,	
  when	
  modifying	
  nanoparticles	
  with	
  biomarker,	
  the	
  small	
  size	
  of	
  

aptamers	
  enables	
  them	
  to	
  be	
  conjugated	
  onto	
  the	
  nanoparticles	
  with	
  a	
  large	
  amount	
  

within	
  the	
  limited	
  space	
  on	
  the	
  surface	
  [154-­‐158].	
  	
  

	
  

2.4.4	
  Aptamer-­‐based	
  CTCs	
  detections	
  in	
  microchannels	
  	
  

	
  

Because	
  of	
   the	
  advantages	
   talked	
  above,	
  aptamers	
  have	
  been	
  widely	
  used	
   in	
  CTCs	
  

detection	
   in	
   microfluidic	
   devices	
   [159-­‐161].	
   Sheng	
   et	
   al.	
   have	
   developed	
   an	
  

aptamer-­‐based	
  microfluidic	
   device	
   for	
   CTCs	
   detection	
   from	
  whole	
   blood	
   [161].	
   In	
  

this	
   study,	
   the	
  microfluidic	
  device	
  was	
   functionalized	
  with	
  aptamers	
   through	
   two-­‐

step	
   surface	
   modifications.	
   In	
   the	
   first	
   step,	
   avidin	
   was	
   introduced	
   into	
   the	
  

microfluidic	
   device	
   and	
   physically	
   adsorbed	
   onto	
   the	
   glass	
   surface.	
   Subsequently,	
  

biotinylated	
  aptamers	
  were	
  immobilized	
  onto	
  the	
  surfaces	
  in	
  microchannel	
  through	
  

the	
  reactions	
  between	
  avidin	
  and	
  biotin	
  molecules.	
  The	
  conjugation	
  of	
  aptamers	
  was	
  

confirmed	
   via	
   fluorescence	
  microscopy.	
   Finally,	
   target	
   CTCs	
  were	
   introduced	
   into	
  

the	
   microchannel	
   and	
   captured	
   by	
   immobilized	
   aptamers	
   through	
   the	
   specific	
  

binding	
  cell	
  surface	
  receptors	
  and	
  aptamers.	
  The	
  microfluidic	
  device	
  demonstrated	
  

CTCs	
  detections	
  with	
  capture	
  purity	
  around	
  80%	
  and	
  capture	
  efficiency	
  about	
  95%	
  

[161].	
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Figure	
  2-­‐6.	
  Aptamer-­‐based	
  CTCs	
  detection	
  (Reprinted	
  with	
  permission	
  from	
  Ye	
  et	
  

al.	
  Copyright	
  2009	
  American	
  Chemical	
  Society).	
  Microfluidic	
  device	
  and	
  multiplexed	
  

detection	
   of	
   3	
   different	
   cancer	
   cell	
   line.	
   (A)	
   Illustration	
   of	
   microfluidic	
   device.	
  

Aptamers	
  are	
   immobilized	
   in	
   the	
   three	
   regions	
  and	
  samples	
  are	
   injected	
   from	
   the	
  

four	
   wells.	
   (B)	
   Surface	
   structure	
   in	
   microfluidic	
   device,	
   showing	
   avidin	
   adsorbed	
  

onto	
   glass	
   surface	
   and	
   biotinylated	
   aptamers	
   are	
   conjugated	
   onto	
   avidin	
   through	
  

avidin-­‐biotin	
   interaction.	
   (C-­‐E)	
   Representative	
   image	
   sets	
   at	
   one	
   location	
   at	
   each	
  

aptamer-­‐modified	
  region,	
  showing	
  red	
  fluorescent	
  images,	
  green	
  fluorescent	
  images,	
  

and	
  double	
  overlays	
  of	
  the	
  fluorescent	
  channels.	
  (C)	
  The	
  Sgc8	
  aptamer	
  immobilized	
  

in	
  Region	
  1	
  specifically	
  enriches	
   the	
  red-­‐stained	
  CEM	
  cells.	
   (D)	
  The	
  TD05	
  aptamer	
  

immobilized	
  in	
  Region	
  2	
  specifically	
  enriches	
  the	
  green-­‐stained	
  Ramos	
  cells.	
  (E)	
  The	
  

Sgd5	
   aptamer	
   immobilized	
   in	
  Region	
   3	
   specifically	
   enriches	
   the	
   unstained	
  Toledo	
  

cells.	
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In	
  addition,	
  Xu	
  et	
  al.	
  have	
  reported	
  a	
  design	
  of	
  microfluidic	
  device	
   for	
  detection	
  of	
  

multiple	
   cancer	
   cells	
   [159].	
  As	
   shown	
   in	
  Figure	
  2-­‐6,	
   in	
   this	
   study,	
   four	
  wells	
   have	
  

been	
  used	
  as	
  inlets	
  and	
  outlets	
  of	
  the	
  microfluidic	
  device	
  to	
  modify	
  three	
  regions	
  of	
  

surface	
  in	
  the	
  microchannel.	
  Three	
  different	
  aptamers,	
  Sgc8	
  aptamer,	
  TD05	
  aptamer	
  

and	
  Sgd5	
  aptamer	
  were	
  used	
  to	
  modify	
  Region	
  1,	
  2	
  and	
  3,	
  respectively.	
  It	
  should	
  be	
  

noted	
  that	
  aptamer	
  Sgc8,	
  TD05	
  and	
  Sgd5	
  are	
  specific	
  aptamers	
  for	
  CEM,	
  Ramos	
  and	
  

Toledo	
   cells,	
   respectively.	
   Results	
   of	
   this	
   study	
   showed	
   that	
   the	
   designed	
  

microfluidic	
  device	
  could	
  simultaneously	
  sort,	
  enrich	
  and	
  then	
  detect	
  multiple	
  types	
  

of	
  cancer	
  cells	
  from	
  a	
  complex	
  sample	
  [159].	
  	
  

	
  

2.4.5	
  Spacers	
  for	
  aptamers	
  	
  

	
  

As	
  the	
  beneficial	
  properties	
  aptamers	
  provided,	
  aptamers	
  have	
  been	
  widely	
  used	
  to	
  

detect	
   target	
   molecules	
   as	
   biomarkers	
   [162,	
   163],	
   functionalize	
   liposomes	
   [164],	
  

induce	
  micelle	
  formation	
  [165],	
  increase	
  association	
  with	
  cellular	
  membranes	
  [166],	
  

increase	
   circulation	
   lifetime	
   [167]	
   and	
   reduce	
   nuclease	
   digestion	
   [168].	
   The	
  

combinations	
   between	
   aptamers	
   and	
   their	
   targets	
   are	
   based	
   on	
   the	
   secondary	
  

structure	
  of	
  aptamers	
  [136,	
  169,	
  170].	
  As	
  a	
  result,	
  generally	
  spacers	
  are	
  needed	
  to	
  

provide	
  extra	
  space	
  for	
  aptamers	
  to	
  form	
  their	
  specific	
  secondary	
  structures.	
  Oligo-­‐

T	
  (thymine)	
  spacers	
  and	
  PEG	
  spacers	
  are	
  two	
  typical	
  spacers	
   that	
  commonly	
  used	
  

for	
  aptamers	
  [171].	
  It	
  should	
  be	
  noted	
  that	
  the	
  modifications	
  of	
  spacers	
  to	
  aptamers	
  

may	
  make	
  potential	
  influences	
  on	
  the	
  affinity	
  of	
  aptamers	
  through	
  alteration	
  of	
  the	
  

secondary	
   structure	
   of	
   aptamers	
   or	
   steric	
   repulsion,	
   especially	
   the	
   lengths	
   of	
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spacers	
   [171,	
   172].	
   As	
   a	
   result,	
   the	
   investigation	
   of	
   the	
   relationship	
   between	
  

aptamers	
  and	
  their	
  spacers	
  is	
  needed	
  in	
  order	
  to	
  provide	
  appropriate	
  environment	
  

for	
  aptamers	
  to	
  form	
  their	
  secondary	
  structures.	
  	
  

	
  

Brett	
   et	
   al.	
   studied	
   the	
   influences	
  made	
   by	
   different	
   spacers	
   of	
   aptamers	
   on	
   their	
  

self-­‐assembly,	
   structure	
   and	
   binding	
   properties	
   [172].	
   In	
   this	
   study,	
   the	
   aptamers	
  

were	
   synthesised	
  with	
  no	
   spacer,	
   oligonucleotide	
   (A10:	
   10	
  adenine,	
  T10	
   and	
  T5:	
  10	
  

and	
  5	
   thymine)	
  spacers,	
  alkyl	
   (C24	
  and	
  C12)	
  spacers,	
  or	
  polyethylene	
  glycol	
   (PEG24,	
  

PEG8,	
   PEG4)	
   spacers.	
   The	
   results	
   showed	
   that	
   the	
   hydrophobic	
   alkyl	
   spacers	
   lost	
  

most	
  affinity,	
  hydrophilic	
  PEG	
  spacers	
  enhanced	
  the	
  affinity	
  of	
   the	
  spacers	
  but	
  did	
  

not	
   restore	
   it	
   to	
   that	
   of	
   free	
   aptamers.	
   In	
   addition,	
   when	
   aptamers	
   linked	
   with	
  

oligonucleotide	
  spacers,	
  the	
  aptamers	
  showed	
  the	
  highest	
  affinity	
  among	
  the	
  three	
  

kinds	
   of	
   spacers.	
   A10	
   and	
  T10	
   spacers	
   had	
   equal	
   affinity	
   indicating	
   that	
   nucleotide	
  

composition	
   did	
   not	
   affect	
   the	
   affinities	
   of	
   the	
   aptamers.	
   Moreover,	
   Xing	
   et	
   al.	
  

investigated	
   how	
   the	
   length	
   of	
   spacers	
   affecting	
   the	
   affinity	
   of	
   aptamers	
  with	
   the	
  

existence	
  of	
  PEG	
  modified	
  on	
  liposome	
  surface.	
  In	
  this	
  study,	
  both	
  of	
  PEG	
  molecules	
  

and	
  aptamers	
  were	
  modified	
  onto	
  the	
  surface	
  of	
  liposome	
  and	
  results	
  showed	
  that	
  

spacers	
   of	
   appropriate	
   length	
   were	
   important	
   to	
   overcome	
   the	
   shielding	
   from	
  

surrounding	
  PEG	
  molecules	
  in	
  order	
  to	
  achiever	
  the	
  best	
  targeting	
  effect	
  [171].	
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Figure	
  3-­‐5.	
  Non-­‐fouling	
  performance	
  of	
  hybrid	
  microchannels	
  in	
  particle	
  adhesion	
  studies	
  

using	
   fluorescent	
  microbeads.	
   (a)	
  Particle	
  adhesion	
  suppression	
  performance	
  of	
  different	
  

microchannels	
  using	
  various	
  surface	
  modification	
  conditions;	
  error	
  bars	
  indicate	
  standard	
  

deviations	
   (n=4).	
   	
   (b)	
   Fluorescence	
   images	
   of	
   non-­‐fouling	
   performance	
   of	
   hybrid	
  

microchannels	
   without	
   modification,	
   (c)	
   microchannel	
   treated	
   with	
   Con	
   5,	
   (d)	
  

microchannel	
   treated	
  with	
   Con	
  6,	
   (e)	
  microchannel	
   treated	
  with	
   Con	
  8.	
  Note	
   fluorescent	
  

microbeads	
   are	
   shown	
   in	
   green	
   and	
   insets	
   show	
   fluorescence	
   image	
   of	
   hybrid	
  

microchannels	
  after	
  modifications	
  with	
  PAMAM-­‐COOH	
  labeled	
  with	
  rhodamine	
  as	
  shown	
  in	
  

red.	
  (f)	
  Particle	
  adsorption	
  on	
  SU-­‐8	
  and	
  PDMS	
  surfaces	
  in	
  hybrid	
  microchannels;	
  error	
  bars	
  

indicate	
  standard	
  deviations	
  (n=4).	
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As	
  shown	
  in	
  Figures	
  3-­‐5,	
  it	
  is	
  evident	
  that	
  all	
  investigated	
  PAMAM	
  modified	
  microchannels	
  

showed	
   significantly	
   improved	
   non-­‐fouling	
   properties	
   in	
   comparison	
   with	
   unmodified	
  

microchannels.	
  It	
  is	
  worthwhile	
  mentioning	
  that	
  a	
  particle	
  suppression	
  of	
  more	
  than	
  99.5%	
  

was	
   routinely	
   achieved	
   by	
   employing	
   surface	
  modification	
   Conditions	
   5,	
   6,	
   8	
   and	
   9.	
   The	
  

best	
  particle	
  suppression	
  of	
  99.7%	
  was	
  achieved	
  with	
  Conditions	
  6,	
  8	
  and	
  9	
  at	
  99.7%.	
  This	
  

is	
   a	
   significant	
   performance	
   improvement	
   over	
   our	
   previous	
   effort	
   to	
   use	
   linear	
   PEG	
   to	
  

improve	
   the	
   non-­‐fouling	
   properties	
   of	
   the	
   hybrid	
  microchannels	
   that	
   achieved	
   a	
   particle	
  

suppression	
   value	
   of	
   95.8%	
   [19].	
   	
   In	
   addition,	
   Figures	
   3-­‐5(b)	
   to	
   (e)	
   show	
   fluorescence	
  

images	
  of	
  some	
  of	
  the	
  tests	
  whose	
  results	
  are	
  summarized	
  in	
  Figure	
  3-­‐5(a).	
  Fluorescently	
  

tagged	
  PAMAM	
  was	
  used	
   to	
   functionalize	
   the	
   hybrid	
  microchannels	
   (shown	
   in	
   insets)	
   in	
  

these	
  tests	
  (data	
  from	
  microbead	
  adhesion	
  studies	
  are	
  shown	
  in	
  Table	
  S1	
  in	
  Appendix	
  A).	
  A	
  

closer	
   look	
   at	
   the	
   data	
   shows	
   that	
   SU-­‐8	
   surfaces	
   appear	
   to	
   adsorb	
   fewer	
   particles	
   than	
  

PDMS	
  surfaces	
  under	
   the	
  same	
  conditions	
   (see	
  Figure	
  3-­‐5(f)).	
  This	
   is	
   likely	
  due	
   to	
  better	
  

PAMAM	
  surface	
  organizations	
  on	
  SU-­‐8	
  than	
  on	
  PMDS	
  surfaces	
  as	
  shown	
  in	
  AFM	
  results	
  (see	
  

Figure	
  3-­‐4).	
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Figure	
   3-­‐6.	
   (a)	
   Non-­‐fouling	
   performance	
   of	
   hybrid	
   microchannels	
   in	
   E.	
   coli	
   O157:H7	
  

adhesion	
   studies;	
   error	
   bars	
   indicate	
   standard	
   deviations	
   (n=4).	
   Fluorescence	
   images	
   of	
  

non-­‐fouling	
  performance	
  of	
  both	
  unmodified	
  and	
  PAMAM	
  modified	
  hybrid	
  microchannels	
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in	
  flow	
  condition	
  studies	
  with	
  different	
  E.	
  coli	
  concentrations	
  of	
  (b)	
  1	
  ×	
  108	
  cells/mL,	
  (c)	
  1	
  ×	
  

106	
  cells/mL,	
  (d)	
  1	
  ×	
  104	
  cells/mL.	
  Fluorescent	
  E.	
  coli	
  cells	
  are	
  shown	
  in	
  green.	
  	
  

	
  

To	
  further	
  demonstrate	
  the	
  non-­‐fouling	
  performance	
  of	
  the	
  microchannels,	
  E.	
  coli	
  O157:H7	
  

cell	
   suspensions	
   were	
   injected	
   into	
   the	
   microchannels	
   under	
   both	
   flow	
   conditions	
   and	
  

static	
  conditions.	
  The	
  flow	
  rate	
  used	
  in	
  E.	
  coli	
  studies	
  was	
  0.05	
  mL/h.	
  As	
  shown	
  in	
  Figure	
  3-­‐

6	
   (a),	
   cell	
   adhesion	
   suppression	
   was	
   consistently	
   higher	
   than	
   90%	
   for	
   all	
   cell	
  

concentrations	
   studied	
   and	
   the	
   highest	
   adhesion	
   suppression	
  was	
   around	
   95%,	
   a	
   result	
  

that	
   is	
   consistent	
  with	
  other	
   reported	
  efforts	
   to	
   reduce	
   surface	
   fouling	
  by	
  E.	
  coli	
   [46].	
  As	
  

expected,	
   for	
   a	
   given	
   cell	
   concentration,	
   cell	
   adhesion	
   suppression	
   is	
   higher	
   in	
   flow	
  

conditions	
   than	
   in	
   static	
   conditions,	
  most	
   likely	
   due	
   to	
   the	
   effect	
   of	
   shear	
   stress	
   [47].	
   In	
  

addition,	
   Figures	
   3-­‐6	
   (b)	
   to	
   (d)	
   show	
   the	
   performances	
   of	
   unmodified	
   and	
   PAMAM	
  

modified	
   microchannels	
   in	
   flow	
   conditions	
   at	
   different	
   E.	
   coli	
   concentrations.	
   It	
   is	
  

interesting	
   to	
   note	
   that	
   the	
   cell	
   suppression	
   ratio	
   increases	
   with	
   increasing	
   cell	
  

concentrations	
  in	
  suspension,	
  and	
  this	
  trend	
  is	
  true	
  for	
  both	
  flow	
  and	
  static	
  conditions.	
  This	
  

is	
   likely	
   because	
   with	
   increasing	
   cell	
   concentrations	
   in	
   suspension,	
   the	
   number	
   of	
  

nonspecifically	
   adherent	
   cells	
   on	
   unmodified	
   microchannel	
   surfaces	
   (Nunmod)	
   increased	
  

much	
   more	
   dramatically	
   than	
   that	
   on	
   modified	
   microchannel	
   surfaces	
   (Nmod),	
   thus	
  

decreasing	
  the	
  ratio	
  of	
  adherent	
  cell	
  number	
  on	
  modified	
  surfaces	
  vs.	
  unmodified	
  surfaces	
  

(Nmod	
  /	
  Nunmod),	
  and	
  subsequently	
   increased	
  the	
  suppression	
  ratio	
  (1-­‐	
  (Nmod	
  /	
  Nunmod)).	
  

This	
  is	
  further	
  supported	
  by	
  unspecific	
  cell	
  adhesion	
  data	
  as	
  shown	
  in	
  Table	
  S2	
  in	
  Appendix	
  

A.	
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3.5	
  Conclusions	
  	
  

	
  

In	
  this	
  study,	
  we	
  show	
  a	
  facile	
  strategy	
  to	
  bond	
  SU-­‐8	
  and	
  PDMS	
  surfaces	
  to	
  prepare	
  a	
  hybrid	
  

microchannel	
  and	
  simultaneously	
  modify	
  the	
  surface	
  of	
  resulting	
  microchannel	
  to	
  enhance	
  

its	
   surface	
   non-­‐fouling	
   properties	
   for	
   potential	
   applications	
   in	
   biosensor	
   and	
   detections.	
  

We	
  show	
  that	
  by	
  using	
  PAMAM	
  dendrimer	
  to	
  modify	
  the	
  hybrid	
  microchannel	
  surfaces,	
  the	
  

microfluidic	
   system	
  exhibits	
  a	
  greatly	
   improved	
  non-­‐fouling	
  performance	
  of	
  up	
   to	
  99.7%	
  

hydrophobic	
   microbead	
   particle	
   suppression.	
   In	
   addition,	
   the	
   same	
   PAMAM	
   modified	
  

microfluidic	
   system	
   also	
   shows	
   95%	
   non-­‐fouling	
   performance	
   for	
   E.	
   coli	
   bacterial	
   cell	
  

adsorption	
   suppression.	
  As	
   a	
   result,	
  we	
  believe	
   the	
   ease	
  of	
  making	
   a	
  hybrid	
  microfluidic	
  

system	
   combined	
   with	
   the	
   simple	
   chemistry	
   involved	
   to	
   simultaneously	
   surface	
   modify	
  

both	
   PDMS	
   and	
   SU-­‐8	
   of	
   the	
   hybrid	
   device	
  makes	
   this	
   strategy	
   an	
   attractive	
   approach	
   to	
  

prepare	
  lab-­‐on-­‐chip	
  microfluidic	
  systems	
  for	
  biosensing	
  and	
  detection	
  applications.	
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