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ABSTRACT 
	  
Nanoparticle	   labels	   have	   proved	   to	   possess	   high	   specific	   activity	   and	   even	   single	   binding	  
events	   can	   be	   observed	   due	   to	   the	   extremely	   intense	   luminescence	   of	   the	   particles	   as	  
compared	  to	  molecular	  labels.	  This	  is	  mainly	  due	  to	  a	  high	  concentration	  of	  label	  units	  within	  
a	   nanoparticle,	   novel	   particle	   materials	   or	   high	   absorption	   cross-‐section.	   However,	   higher	  
sensitivity	  has	  not	  been	  achieved	  solely	  by	   improving	   the	   labels.	   In	  addition,	  a	  bioconjugate	  
nanoparticle	   with	   a	   diameter	   of	   90	   nm	   typically	   has	   around	   100	   binding	   sites,	   when	   it	   is	  
coated	  with	  whole	  antibodies.	  Hence,	  the	  avidity	  of	  a	  nanoparticle	  label	  coated	  with	  multiple	  
antibodies	  has	  been	  shown	  to	  exceed	  that	  of	  a	  soluble,	   labeled	  antibody.	  More	  than	  ten-‐fold	  
higher	   affinity	   constants	   have	   been	   measured	   for	   bioconjugate	   nanoparticles	   than	   the	  
respective	  molecular	  antibodies.	  These	  factors	  have	  led	  to	  the	  improved	  sensitivity	  and	  ten-‐	  to	  
hundred-‐fold	  lower	  detection	  limits.	  Due	  to	  the	  high	  specific	  activity	  of	  the	  nanoparticle	  labels,	  
nonspecific	  binding	  has	  become	  an	  important	  sensitivity-‐limiting	  factor	  of	  nanoparticle-‐based	  
assays	  in	  a	  variety	  of	  applications	  in	  diagnostics	  and	  drug	  development.	  They	  seem	  also	  to	  be	  
more	  susceptible	  to	  matrix	  effects	  in	  the	  assay.	  
	  
We	  have	  demonstrated	  general	  principles	   that	   take	   into	  account	   the	   specific	   considerations	  
involved	  with	  nanoparticulate	   labels	   to	  provide	   the	  optimal	   assay	   configuration.	  The	  use	  of	  
large,	   stabile	   and	   flexible	  binders	   coated	   to	  nanoparticle	   surface	  are	  preferred	  over	   smaller	  
that	  would	  potentially	  give	  rise	  to	  a	  more	  dense	  coating.	  The	  solid	  phase	  is	  better	  accessible	  to	  
nanoparticles	  and	  less	  prone	  to	  denature	  when	  an	  adaptor	  molecule	  is	  used	  to	  orient	  a	  dense	  
layer	   of	   binders,	   such	   as	   Fab-‐fragments.	   These,	   in	   combination	   with	   controlling	   the	  
association	   time	   by	   liquid	   flow	   to	   disallow	   association	   of	   nonspecific	   binding	   could	   be	   the	  
optimal	   strategy	   to	   reduce	   the	   undesired	   nonspecific	   background	   signal	   in	   immunoassays	  
utilizing	   bioconjugate	   nanoparticles.	   Furthermore,	   in	   the	   preparation	   of	   nanoparticles	   the	  
relatively	  slow	  exchange	  of	  loosely	  bound	  adsorbed	  proteins	  dictates	  the	  optimal	  sequence	  in	  
introducing	  the	  nanoparticulate	  labels	  to	  the	  assay	  matrix.	  Finally,	  we	  demonstrate	  an	  assay	  
that	  was	  able	  to	  detect	  60	  nIU/L	  TSH	  concentration,	  a	  nearly	  100-‐fold	  decrease	  in	  the	  lowest	  
limit	  of	  detection	  in	  comparison	  to	  4th	  generation	  TSH	  assay.	  
	  
Keywords:	  medical	  diagnostics,	  immunoassay,	  nanoparticle	  labels,	  nonspecific	  binding,	  time-‐
resolved	  luminescence	  
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TIIVISTELMÄ 
Fluoresenssisignaalia	   käyttävissä	   immunomäärityksissä	   vasta-‐ainepäällysteisistä	  
nanopartikkelileimoista	   saadaan	   erittäin	   voimakas	   signaali	   ja	   jopa	   yksittäisten	  molekyylien	  
havainnoiminen	   biologisista	   näytteistä	   on	   mahdollista.	   Yhteen	   nanopartikkeliin	   voidaan	  
sisällyttää	   kymmeniätuhansia	   tai	   jopa	   miljoonia	   yksittäisiä	   leimamolekyylejä,	   ne	   voidaan	  
valmistaa	   valoa	   tehokkaasti	   absorboivasta	   materiaalista	   ja	   ne	   suojaavat	   virittyneitä	  
leimamolekyylejä	   sivureaktiolta.	   Nanopartikkeleilla	   pinta-‐alan	   suhde	   tilavuuteen	   on	   hyvin	  
suuri.	  Yhden	  90	  nm	  nanopartikkelein	  pinnalle	  voidaan	  kiinnittää	  yli	  sata	  sitojaa,	  jolloin	  leiman	  
sitoutumisvakio	   kasvaa	   tyypillisesti	   yli	   kymmenkertaiseksi	   verrattuna	   tavanomaiseen	  
molekulaariseen	   leimattuun	   vasta-‐aineeseen.	   Nämä	   ominaisuudet	   ovat	   mahdollistaneet	  
äärimmäisen	   herkkien	   ja	   tarkkojen	   diagnostisien	   testien	   kehittämisen.	  
Nanopartikkeliteknologiaa	   hyödyntävien	   testien	   määritysraja	   voi	   olla	   jopa	   sata	   kertaa	  
matalammalla	   pitoisuudella	   kuin	   perinteisen	   testin.	   Valitettavasti	   nanopartikkelileimojen	  
suuri	   pinta-‐ala	   on	  myös	   lisännyt	   niiden	   ei-‐toivottua	   epäspesifistä	   sitoutumista.	   Ne	   kärsivät	  
enemmän	  myös	  näytematriisin	  aiheuttamista	  ongelmista.	  Nämä	  seikat	  ovat	  osaltaan	  estäneet	  
nanopartikkelileimojen	  laajamittaisemman	  käytön.	  
	  
Tässä	   väitöskirjatutkimuksessa	   olemme	   selvittäneet	   nanopartikkelileimojen	  
sitoutumismekanismeja,	   sitoutumiseen	   vaikuttavia	   vasta-‐aineiden	   kiinnittämismalleja,	  
pyrkineet	   vähentämään	   ei-‐toivottua	   epäspesifistä	   sitoutumista	   ja	   luomaan	   tarkemman	   sekä	  
herkemmän	   diagnostisen	   määrityksen	   aivolisäkkeen	   tuottamalle	   tyreotropiinille.	  
Tutkimuksemme	   mukaan	   paras	   mahdollinen	   vasta-‐aineyhdistelmä	   oli	   nanopartikkeliin	  
kiinnitetty	   kokonainen	   monoklonaalinen	   vasta-‐aine	   ja	   mikroreaktioastiaan	   kiinnitettynä	  
toimi	   parhaiten	   streptavidiinipinnalle	   kiinnitetty	   paikkaspesifisesti	   biotinyloitu	   Fab-‐
tyyppinen	   vasta-‐aineen	   osa.	   Havaitsimme	  myös,	   että	   suurin	   ero	   spesifisen	   ja	   epäspesifisen	  
sitoutumisen	   välillä	   ei	   ollut	   sitoutumisvoimakkuudessa	   vaan	   sitoutumisnopeus	   oli	  
ratkaisevasti	   erottava	   tekijä.	   Siksi	  mikroreaktioastian	   toiminnallisen	  pinnan	   tuli	   kattaa	   vain	  
pieni	   osa	   kokonaispinta-‐alasta,	   jotta	   nanopartikkelin	   sitoutumisaikaa	   voitiin	   rajoittaa	  
sekoitusnopeutta	   nostamalla.	   Yhtälailla	   tärkeää	   oli	   antaa	   nanopartikkelileiman	   pinnalle	  
adsorboituvien	   proteiinien	   saavuttaa	   reaktiotasapaino	   ennen	   kuin	   määritys	   käynnistettiin.	  
Onnistuimme	   mittaamaan	   tyreotropiinipitoisuuden	   60	   nIU/L	   perustamalla	   määrityksen	  
kehitys	  havaintoihimme	  nanopartikkelileimojen	  sitoutumismekanismeista.	  	  
	  
Avainsanat:	   immunomääritys,	   nanopartikkelileima,	   aikaerotteinen	   fluoresenssi,	  
epäspesifinen	  sitoutuminen	   	  
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ABBREVIATIONS 
	  
Ab	   Antibody	  

AFM	   Atom	  force	  microscope	  

Ag	   Antigen	  

A/V-‐ratio	   Area-‐to-‐volume	  ratio	  

Bg	   Background	  signal	  

BgG	   Nonspecific	  bovine	  γ-‐globulin	  

BLI	   Biolayer	  interferometry	  

BSA	  	   Bovine	  serum	  albumin	  

CV%	   Coefficient	  of	  variation	  

DL	   Double	  layer	  (of	  charged	  ions)	  

DTPA	   Diethylene	  triamine	  pentaacetic	  acid	  

EDC	  	   1-‐ethyl-‐3-‐(3-‐dimethylaminopropyl)	  carbodiimide	  hydrochloride	  	  

ELISA	  	   Enzyme-‐linked	  immunosorbent	  assay	  	  

Fab	   Fragmented	   antibody,	   includes	   both	   light-‐chain	   domains	   and	   respective	   heavy-‐
chain	  domains	  

Fc-‐domain	   Constant	  heavy-‐chain	  domain	  of	  an	  antibody	  

FDC	   Force-‐distance	  cycle	  

FIA	  	   Fluoroimmunoassay	  	  

FRET	  	   Fluorescence	  resonance	  energy	  transfer	  	  	  

FS	   Force	  spectroscopy	  

HAB	   Human	  autoantibody	  

HAMA	   Human	  anti-‐mouse	  antibodies	  	  

HBT	   Heterophile	  (antibody)	  blocking	  tubes	  

Kd	   Equilibrium	  binding	  constant	  

LLD	  	   The	  lowest	  limit	  of	  detection	  	  

LOQ	   The	  lowest	  limit	  of	  quantitation	  

Abbreviations



	  

Mab	   whole	  monoclonal	  antibody	  

MPUF	   Most	  probable	  unbinding	  force	  

NHS	  	   N-‐hydroxysuccinimide	  

PDF	   Probability	  density	  function	  

PSA	  	   Prostate-‐specific	  antigen	  	  

S/B	   signal-‐to-‐background	  ratio	  

scFv	   Single-‐chain	  hypervariable	  domain	  of	  an	  antibody	  

SD	   Standard	  deviation	  

SDS	   Sodium	  dodecyl	  sulphate	  

SLLD	   Signal	  at	  LLD	  

SLOQ	   Signal	  at	  LOQ	  

TR-‐FIA	  	   Time-‐resolved	  fluoroimmunoassay	  	  	  

TSH	  	   Thyroid	  stimulating	  hormone	  

UCP	  	   Up-‐converting	  phosphor	  	  

UV	  	   Ultraviolet	  
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1. INTRODUCTION 
	  
Bioaffinity	   assays	   have	   become	   a	   predominant	  method	   of	   analysis	   in	   diagnostics	   and	   drug	  
development	   because	   of	   their	   sensitivity,	   selectivity	   and	   versatility.	   After	   their	   invention	   in	  
the	  late	  1950’s	  [1]	  and	  [2],	  a	  number	  of	  refinements	  and	  improvements	  have	  been	  introduced.	  
The	   non-‐competitive	   or	   sandwich-‐type	   immunoassays	   [3]	   and	   [4]	   that	   hold	   potential	   for	  
higher	  sensitivity	  and	  a	  wider	  dynamic	  range	  [5],	  [6]	  and	  [7]	  ultimately	  facilitate	  detection	  of	  
single	  molecules.	  Such	  sensitivities,	  however,	  required	  advances	  throughout	  the	  entire	  field	  of	  
bioanalysis.	   The	   sandwich-‐type	   immunoassays	   are	   to	   this	   day	   widely	   applied	   in	   clinical	  
diagnostics.	  They	  provide	  the	  majority	  of	  the	  most	  sensitive	  assays,	  but	  require	  multiple	  steps	  
and	  washes.	  
	  
The	   first	   bioaffinity	   assays	   used	   radiolabelled	   polyclonal	   antibodies	   as	   reporter	   molecules.	  
Radiolabels	   are	   still	   wildly	   applied	   in	   assays	   where	   the	   binder	   is	   small	   (≤1	   kDa)	   and	  
conjugation	   of	   the	   binder	   to	   a	   label	   of	   corresponding	   or	   even	   larger	   size	  would	   render	   the	  
assay	   non-‐functional.	   Non-‐isotopic	   labels	   have	   largely	   replaced	   the	   radiolabels	   due	   to	  
economic,	   shelf-‐life	   issues,	   environmental	   and	   work	   safety	   aspects.	   While	   the	   radiolabels	  
cause	  minimal	   disturbance	   for	   binding	   of	   haptens	   and	   are	  widely	   used	   as	   a	   label	   in	   small-‐
ligand	  binding	  assays,	   they	   cannot	  be	  effectively	  utilised	   in	  multianalyte	  assays	  nor	  provide	  
the	  sensitivities	  delivered	  by	  photoluminescent	  and	  enzymatic	   labels	   [6].	  The	  work	  on	  non-‐
isotopic	  labels	  was	  pioneered	  by	  the	  development	  of	  polarimetric	  immunoassays	  [8]	  and	  [9],	  
ELISA	   (enzyme-‐linked	   immunosorbent	   assay)	   [10]	   and	   [11]	   and	   FIA/IFMA	  
(fluoroimmunoassay/immunofuorometric	   assay)	   [12].	   However,	   antibodies	   labelled	   with	  
fluorescent	   compounds	   were	   utilised	   much	   earlier	   in	   immunofluorescence	   method	   for	  
detection	  of	  pneumococci	  in	  tissue	  slices	  under	  fluorescence	  microscope	  [13]	  and	  [14].	  FIAs,	  
on	   the	  other	  hand,	  have	  problems	  related	   to	  scattered	  excitation	   light	  and	  autofluorescence	  
emitting	  from	  lab	  ware	  and	  biological	  materials	  [15].	  Among	  successful	  FIA-‐systems	  currently	  
in	   use	   are	   Cobas	   (Roche),	   ARCHITECT	   (Abbot	   Diagnostics),	   AVIDA	   (Siemens),	   dissociation	  
enhanced	   lanthanide	   fluoroimmunoassay	   (DELFIA)	   (PerkinElmer),	   time-‐resolved	   amplified	  
cryptate	  emission	  (TRACE)	  (Thermo	  Scientific)	  and	  HTRF-‐technology	  (Cisbio	  assays).[16]	  
	  
Nanoparticle	   labels	   have	   proved	   to	   possess	   high	   specific	   activity	   and	   even	   single	   binding	  
events	   can	   be	   observed	   due	   to	   the	   extremely	   intense	   luminescence	   of	   the	   particles	   as	  
compared	   to	  molecular	   labels	   [17],	   [18],	   [19]	   and	   [20].	   The	   use	   of	   lanthanide	   incorporated	  
nanoparticles	   was	   pioneered	   by	   Frank	   and	   Sundberg	   preparing	   the	   first	   polystyrene	  
nanoparticles	  embedded	  with	  thenoyltrifluoroacetone	  lanthanide-‐chelate	  complexed	  with	  tri-‐
n-‐octylphosphine	   oxide	   in	   the	   late	   1970’	   [21].	   The	   advantages	   arise	   from	   the	   high	  
concentration	  of	  label	  units	  within	  a	  nanoparticle,	  novel	  particle	  materials	  or	  high	  absorption	  
cross-‐section	  [22].	  	  
	  
The	   higher	   signal	   yield	   of	   labels	   is	   not	   the	   only	   property	   of	   the	   nanoparticle	   labels	   that	  
improves	   immunoassay	   sensitivity.	   In	   addition,	   avidity	   of	   a	   nanoparticle	   label	   coated	   with	  
multiple	  antibodies	  has	  been	  shown	  to	  exceed	  affinity	  of	  the	  soluble,	   labeled	  antibody.	  More	  
than	   ten-‐fold	  higher	  affinity	   constants	  have	  been	  measured	   for	  bioconjugated	  nanoparticles	  
than	   the	   respective	   molecular	   antibodies	   [23].	   These	   three	   factors	   have	   mainly	   led	   to	  
improved	  sensitivity.	  Ten-‐	   to	  hundred-‐fold	   lower	  detection	   limits	  have	  been	  measured	  [24].	  
Due	  to	  the	  high	  specific	  activity	  of	  the	  nanoparticle	  labels,	  nonspecific	  binding	  has	  become	  an	  
important	  sensitivity-‐limiting	  factor	  of	  nanoparticle-‐based	  assays	  in	  a	  variety	  of	  applications	  
in	  diagnostics	  and	  drug	  development	  [25].	  	  
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Nanoparticle	   labels	  are	   large	   in	  size	  when	  compared	   to	  molecular	   labels	  with	  size	  variation	  
typically	   from	   ten	   to	   hundreds	   of	   nanometers.	   The	   probability	   for	   successful	   binding	   has	  
increased	   together	   with	   multiple	   binding	   sites,	   but	   the	   same	   avidity-‐effect	   applies	   to	  
nonspecific	   binding.	   Increase	   in	   both	   association	   rate	   constants	   and	   slower	   diffusion	   [26]	  
markedly	   change	   the	   kinetics	   in	   sandwich-‐type	   immunoassays	   utilizing	   bioconjugate	  
nanoparticles	  labels.	  The	  large	  size	  of	  the	  labels	  may	  promote	  nonspecific	  binding	  to	  concave	  
surfaces.	   If	   there	   are	   uneven	   surfaces	   and	   cavities	   on	   the	   solid-‐phase	   surface,	   they	   could	  
potentially	  retain	  nanoparticles	  due	  to	  their	  larger	  surface	  area	  available	  for	  interactions.	  Also	  
other	   features	   present	   on	   polystyrene	   surfaces	   or	   denatured	   antibodies	   in	   the	  
biofunctionalized	   layer	   have	   been	   suggested	   to	   induce	   patches	   with	   alternating	   binding	  
properties,	   which	   could	   lead	   to	   nonspecific	   binding	   of	   nanoparticle	   labels	   or	   an	   uneven	  
antibody	  coating	  of	  the	  polystyrene	  surface	  [27]	  and	  [28].	  	  
	  
Another	  paradigm	  of	  reducing	  nonspecific	   interactions	   in	  sandwich	   immunoassays	  relies	  on	  
fragmentation	   of	   antibodies	   to	   single-‐chain	   Fv	   (scFv)	   or	   Fab	   fragments	   [29]	   and	   [30].	   The	  
fragments	  have	  their	  antigen	  recognition	  sites,	  but	  lack	  the	  Fc-‐part	  and	  they	  have	  commonly	  
been	  produced	  by	  recombinant	  DNA	  technologies	  [31].	  They	  are	  smaller	  in	  size	  and	  they	  lack	  
the	   parts	   not	   involved	   in	   antigen	   recognition,	   such	   as	   the	   Fc-‐part.	   The	   benefits	   of	   such	  
fragments	  are	   to	  provide	  a	  more	  dense	  coating	  binding	  sites,	  an	  optimized	  binding	   to	  small	  
antigens	   [32]	   and	   elimination	   Fc-‐part	   related	   cross-‐reactivity,	   e.g.	   complement	   and	  
glycosylation	  related	  interactions	  [33].	  To	  produce	  a	  dense	  coating	  on	  a	  nanoparticle	  typically	  
site-‐specifically	   oriented	   molecules	   are	   utilized.	   The	   site	   specificity	   can	   be	   obtained	   by	  
inserting	   certain	   amino	   acids	   to	   generate	   e.g.	   thiols	   or	   specific	   protein	   domains	   e.g.	   biotin	  
carboxyl	  carrier	  protein	  [34].	  However,	  some	  of	  these	  gains	  come	  at	  the	  expense	  of	  stability	  of	  
the	  antibody	  fragments,	  their	  partial	  denaturation	  can	  generate	  more	  nonspecific	  binding	  or	  
loss	  of	  binding	  sites	  over	  time	  [30].	  
	  
The	   field	   of	   in	   vitro	   diagnostics	   strives	   to	   provide	   clinicians	  more	   information	   with	   better	  
precision	   and	   accuracy	   in	   order	   for	   patients	   to	   get	   the	   best	   available	   treatment	   as	   soon	   as	  
possible	   [35].	   This	   thesis	   weighs	   the	   benefits	   and	   disadvantages	   of	   different	   techniques	   to	  
create	  general	  trends	  for	  future	  immunoassay	  development	  and	  to	  further	  decrease	  the	  limit	  
of	   detection.	   However,	   precision	   and	   accuracy	   are	   often	   problematic	   in	   a	   number	   of	   test	  
formats	  and	  small	  changes	  in	  trends	  cannot	  be	  detected.	  Therefore,	  more	  powerful	  tools	  are	  
required	   to	   quantitatively	   detect	   low	   analyte	   concentrations	   and	   trend	   reversals	   due	   to	  
intervention	  therapy.	  In	  serum,	  matrix	  related	  interference,	  e.g.	  elevated	  nonspecific	  binding,	  
autoantibodies,	  polyanions	  and	  human	  anti-‐mouse	  antibodies	  (HAMA),	  often	  hamper	  precise	  
measurements.	   Here	   we	   demonstrate	   the	   effects	   that	   the	   conceptual	   findings	   have	   to	   the	  
performance	   of	   a	   biologically	   relevant	   TSH	   assay	   in	   sandwich-‐type	   immunoassays	   utilizing	  
nanoparticle	  labels.	  The	  optimized	  europium(III)	  nanoparticle	  labeling	  technology	  is	  shown	  to	  
improve	  the	  LLD	  by	  nearly	  two	  orders	  of	  magnitude	  to	  60	  nIU/L	  that	  equals	  to	  450	  aM	  [36].	  
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2. REVIEW OF THE LITERATURE 

2.1. Immunoassays  
	  
Competitive,	  heterogeneous	  
	  
Competitive	  or	   reagent-‐limited	   immunoassays	   are	   categorized	  by	   competition	   from	  binding	  
sites	   between	   non-‐labeled	   sample	   molecules	   and	   labeled	   detector	   molecules.	   First	  
immunoassays	  developed	  were	  competitive	  immunoassays	  [1].	  In	  the	  classical	  case	  measured	  
signal	  intensity	  correlates	  inversely	  to	  the	  concentration	  of	  sample	  molecules.	  The	  displaced	  
and	  unbound	   labeled	  detector	  molecules	   are	   removed	  by	  washing,	   and	   subsequently	   signal	  
intensity	  is	  read	  from	  the	  capture	  surface.	  In	  such	  cases,	  the	  dynamic	  range	  is	  constricted	  to	  
two	   orders	   of	   magnitude	   at	   best	   and	   LLD	   usually	   higher	   than	   in	   non-‐competitive	  
immunoassays.	  [7]	  
	  
Competitive,	  homogeneous	  
	  
In	   homogenous	   assays,	   the	   modulation	   of	   output	   signal	   is	   recorded	   as	   a	   result	   of	   sample	  
molecule	  binding.	   In	   terms	  of	   fluorescence	  signal	  modulation	  can	  be	  detected	  by	  measuring	  
e.g.	  anisotropy	  [37],	  lifetime	  or	  wavelength	  of	  emission	  (FRET-‐signal)	  [38].	  Depending	  on	  the	  
setup	   the	   signal	   resulting	   from	  displacement	  of	   the	   labeled	   sample	  molecule	   analog,	   can	  be	  
either	   ascending	   or	   descending.	   Competitive	   homogenous	   immunoassays	   are	   chosen	  when	  
sample	  molecules	   have	   low	  molecular	  weight	   or	   the	   assay	  needs	   to	   be	   especially	   simple	   to	  
execute.	  [7]	  
	  
Non-‐competitive,	  heterogeneous	  
	  
Non-‐competitive	  reagent	  excess	  immunoassays	  are	  the	  most	  common	  immunoassay	  type,	  and	  
also	  known	  as	  two-‐site	  or	  sandwich-‐type	  immunoassays	  (Figure	  1).	  In	  this	  format,	  the	  sample	  
molecule	  is	  recognized	  from	  two	  independent	  sites,	  from	  one	  to	  capture	  it	  to	  the	  solid-‐phase	  
and	   from	   another	   to	   visualize	   it	  with	   a	   labeled	   detector.	   Thus,	   the	   signal	   intensity	   directly	  
proportional	  to	  the	  concentration	  measured	  molecule	  and	  recognition	  requires	  two	  separate	  
successful	   binding	   reactions	   to	   occur	   [22].	   Thus	   this	   type	  of	   immunoassay	  has	  usually	  high	  
selectivity,	  high	  sensitivity	  and	  the	  lowest	  LLD.	  However,	  after	  the	  addition	  of	  the	  sample	  and	  
each	   reagent	   a	   washing	   step	   usually	   follows,	   making	   the	   assay	   type	   laborious	   a	   hard	   to	  
automate.	  [7]	  
	  

Review of the Literature



	  

	  
Figure	  1.	  Schema	  of	  sandwich-‐type	  TSH-‐immunoassay	  utilizing	  a	  bioconjugate	  nanoparticle	  as	  a	  label.	  
Optimized	   configuration	   contained	   Mabs	   on	   particle	   surface	   and	   site-‐specifically	   biotinylated	   Fab-‐
fragments	  on	  solid-‐phase.	  
	  
Non-‐competitive,	  homogeneous	  
	  
This	  immunoassay	  type	  relies	  on	  signal	  modulation	  and	  direct	  binding	  of	  a	  detector	  antibody	  
to	  a	  sample	  molecule.	  This	  assay	  type	  is	  easy	  to	  execute	  and	  automate	  and	  commonly	  used	  in	  
high	  throughput	  screening	  (HTS)	  [38].	  Most	  of	  the	  assays	  in	  this	  category	  are	  FRET-‐based.	  [7]	  

2.1.1.	  Sensitivity	  and	  the	  lowest	  limit	  of	  detection	  in	  immunoassays	  
	  
Sensitivity	  of	  an	  immunoassay	  has	  proven	  to	  be	  an	  ambiguous	  concept	  that	  can	  refer	  to,	  how	  
small	  analyte	  quantities	  can	  be	  detected	  or	  to	  what	  is	  the	  change	  in	  the	  signal	  as	  the	  analyte	  
concentration	   changes	   one	   unit.	   Therefore,	   the	   term	  most	   commonly	   used	   to	   describe	   the	  
lowest	  concentration	  still	  detectable	   is	   the	   lowest	   limit	  of	  detection	  (LLD)	  [39].	  Considering	  
from	   a	   diagnostic	   perspective	   a	   result	   from	   an	   assay	   can	   be:	   a	   quantitative	   value,	   a	   true	  
positive,	  a	  true	  negative,	  a	  false	  positive,	  or	  a	  false	  negative.	  In	  the	  first	  three	  cases	  the	  result	  
the	  assay	  correctly	  diagnoses	  the	  patient’s	  condition.	  The	  latter	  two	  give	  an	  erroneous	  result	  
that	  lead	  to	  misdiagnosis	  and	  wrong	  treatment	  decisions.	  In	  order	  to	  provide	  accurate	  results	  
the	  diagnostic	  test	  needs	  to	  detect	  a	  sufficiently	  low	  amount	  of	  analyte	  present	  in	  the	  sample.	  
According	  to	  the	  analytical	  chemistry	  standard	  the	  LLD	  is	  classified	  as	  the	  signal	  that	  is	  three	  
standard	  deviations	  of	  the	  background	  signal,	  above	  the	  background	  signal.	  	  
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SLLD  =  Sbg  +  3×SDSbg      
	  
The	  normally	  distributed	  variances	  are	  usually	  small,	  CV	  <	  10	  %,	  and	  caused	  by	  the	  method-‐
related	   aspects	   e.g.	   low	   absolute	   signal	   level,	   imprecision	   of	   the	   assay,	   the	   affinity	   of	   the	  
binder,	  specific	  activity	  of	  the	  label	  and	  nonspecific	  binding	  of	  labeled	  binder	  (Ekins	  and	  Chu	  
1994).	  These	  effects	  are	  visible	   in	  all	   samples,	  but	   the	  sample	  matrix	   type	  may	   increase	   the	  
variance.	  Assuming	  that	  the	  variance	  is	  normally	  distributed,	  this	  means	  that	  at	  CLLD	  the	  test	  
has	  1	  %	  false	  positive	  rate	  (α-‐type	  error)	  and	  the	  rate	  of	  false	  negative	  (β-‐type	  error)	  is	  50	  %.	  
The	  clinically	  relevant	  analyte	  level	  cut-‐off,	  to	  classify	  the	  patient	  as	  either	  sick	  or	  healthy,	  is	  
usually	  set	  higher.	  The	  cut-‐off	  is	  method	  dependent	  and	  varies	  from	  technology	  to	  technology.	  
One	  of	  the	  generally	  accepted	  cut-‐off	  value	  is	  the	  limit	  of	  quantitation	  (LOQ).	  That	  is	  the	  signal	  
level	  set	  to	  ten	  standard	  deviations	  of	  the	  background	  signal	  above	  the	  background	  signal.	  	  
	  
SLOQ  =  Sbg  +  10×SDSbg  
	  
Setting	  the	  cut-‐off	  at	  LOQ	  would	  generate	  a	  negligible	  amount	  of	  false	  positives	  and	  negatives	  
originating	   from	  method-‐related	   causes.	  However,	   another	   class	   of	   the	   sample-‐related	   false	  
positives	   and	   negative	   are	   a	   result	   of	   an	   unwanted	   interaction	   with	   a	   component	   in	   the	  
sample	  matrix	   (e.g.	   human	   anti-‐mouse	   antibodies	   (HAMA)	   or	   other	   autoantibodies).	   These	  
sample-‐related	  variances	  are	  present	  only	   in	  a	  small	   fraction	  of	   individual,	   typically	  clinical,	  
samples	   and	   the	   variance	   caused	   by	   them	   is	   high.	   These	   problems	   are	   generally	   identified	  
only	   after	   the	   method	   has	   been	   taken	   into	   clinical	   use	   and	   samples	   are	   obtained	   from	   a	  
heterogeneous	  population.	  

2.1.2.	  Affinity	  of	  antibodies	  
	  
Antibody’s	  affinity	  is	  the	  measure	  with	  which	  it	  binds	  its	  epitope	  i.e.	  antigen	  determinant	  [40].	  
Bonds	   forming	   in	   the	   binding	   reaction	   are	   ionic	   interactions	   (e.g.	   attraction	   of	   opposite	  
charges	   of	   amino	   acids);	   hydrogen	   bonds	   and	   hydrophobic	   interactions	   (Table	   1).	   Affinity	  
constant	   defined	   by	   the	   Law	   of	   Mass	   Action	   as	   the	   equilibrium	   at	   which	   association	   and	  
dissociation	  happen	  at	  the	  same	  speed.	  	  
	  

𝐾𝐾! =   
!"!#

!" × !"
    

	  
Where	  Ka	   is	  the	  affinity	  constant	  (unit	  M-‐1),	  [Ab-‐Ag]	   is	  the	  concentration	  of	  bound	  antibody-‐
antigen	  pair,	  [Ab]	  concentration	  of	  free	  antibody	  and	  [Ag]	  concentration	  of	  free	  antigen.	  
From	  a	  more	  simplified	  standpoint,	   the	  affinity	  constant	   is	   the	  product	  of	   the	  kinetic	  rate	  of	  
bonds	  being	  formed	  i.e.	  association	  rate	  or	  the	  on-‐rate	  and	  the	  kinetic	  rate	  of	  bonds	  breaking	  
i.e.	  dissociation	  rate	  or	  the	  off-‐rate.	  	  
	  
𝐾𝐾! =   

!!"
!!""

    
	  
This	  equation	  separates	  the	  speed	  with	  which	  the	  antibody	  is	  able	  to	  bind	  to	  the	  antigen	  and	  
the	  speed	  with	  which	  the	  bond	  dissociates	  i.e.	  brakes	  apart	  spontaneously.	  Knowing	  these	  two	  
parameters	  are	  important	  parameters	  to	  be	  taken	  into	  account	  in	  designing	  immunoassays	  as	  
they	   determine	   the	   time	   it	   will	   take	   to	   run	   the	   assay.	   The	   valency	   of	   the	   system	   (e.g.	   two	  
binding	  sites	  in	  an	  IgG	  versus	  one	  in	  Fab-‐fragment)	  has	  an	  effect	  to	  the	  affinity	  constant.	  
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On	  a	  practical	  standpoint,	   it	   is	  often	  easier	  to	  measure	  the	  dissociation	  constant	  Kd	  (unit	  M)	  
that	  is	  the	  inverse	  of	  affinity	  constant.	  The	  added	  benefit	   in	  this	  way	  of	  defining	  tightness	  of	  
binding	  that	  it	  relates	  the	  value	  into	  the	  concentration	  of	  the	  antigen	  in	  the	  sample	  solution.	  
The	   Kd	   is	   the	   concentration	   of	   antigen	   in	  moles	   per	   liter	   that	   is	   able	   to	   occupy	   half	   of	   the	  
available	  binding	  sites.	  	  
	  

𝐾𝐾! =   
1
𝐾𝐾!
  

	  
Table	  1.	  Equilibrium	  dissociation	  constants	  of	  certain	  interaction	  types	  [41].	  
Type	  of	  interaction Kd	  [M] Typical	  examples 
Weak <	  10-‐5	   Detergent	   interactions	   in	   aqueous	  

micelles	  
Medium 10-‐5	  –	  10-‐7	   Enzyme-‐substrate	   interactions,	  

nonspecific	  binding	  of	  antibodies	  
Strong 10-‐7	  –	  10-‐9	   Interaction	   of	   phospholipids	   in	   plasma	  

membrane,	   protein-‐protein	   interactions	  
in	   signaling,	   pharmacologically	   relevant	  
enzyme-‐inhibitor	  interactions	  

Very	  strong 10-‐9	  –	  10-‐11	   Monoclonal	   antibody-‐antigen	  
interaction	  

Solid	  immobilization >	  10-‐11	   Specific	  nanoparticle	  binding,	  	  
avidin-‐biotin	  interaction	  

2.1.3.	  Specific	  activity	  of	  the	  reporter	  
	  
In	  order	  to	  be	  detected,	  antibodies	  providing	  the	  recognition	  of	  analyte	  molecules	  have	  to	  be	  
coupled	   with	   a	   reporter	   i.e.	   a	   label.	   Signal	   output	   from	   a	   successful	   binding	   reaction	   is	   a	  
property	   of	   the	   label.	   The	   label	   here	   can	   be	   e.g.	   an	   enzyme,	   a	   fluorescent	   molecule,	   a	  
radionuclide	  or	  a	  nanoparticle	   [41].	  The	  higher	   the	  signal	   the	  easier	  and	  more	  sensitive	   the	  
detection	  will	  be.	  The	  very	  first	  immunoassays	  utilized	  radionuclide	  reporters	  such	  as	  125I	  and	  
32P,	   and	   relied	   in	   scintillation	   counters	   for	   detection	   [1].	   The	   problems	   with	   safety	   and	  
stability	   of	   these	   labels	   lead	   to	   adoption	   of	   enzymatic	   and	   fluorescence-‐based	   detection	  
systems.	  With	  enzymatic	   labels	  the	  signal	  generating	  reaction	  progresses	  until	   the	  substrate	  
of	   the	   enzyme	   runs	   out,	   and	   thus	   integration	   of	   signal	   can	   be	   allowed	   to	   accumulate,	   in	  
principle,	  indefinitely.	  However,	  there	  are	  shelf	  life	  and	  buffer	  composition	  requirements	  with	  
enzymatic	  labels	  that	  affect	  their	  performance	  and	  potentially	  affect	  assay	  results	  [7].	  	  
	  
Fluoroimmunoassays	   (FIA),	  on	   the	  other	  hand,	  are	   inexpensive	   to	  carry	  out,	   robust	  and	   the	  
fluorophores	  have	  practically	  an	  infinite	  shelf	  life	  (when	  stored	  in	  dry	  and	  dark	  environment)	  
and	  they	  produce	  virtually	  no	  spontaneous	  fluorescence	  signal.	  They	  do	  suffer	  to	  some	  extent	  
from	  autofluorescence	  emitted	   from	  plastic	  ware	  or	  biomolecules.	  Long-‐lifetime	   fluorescent	  
reporters,	   large	   Stokes’-‐shift	   and	   time-‐resolved	   detection	   were	   proposed	   as	   an	   optimal	  
strategy	  in	  improving	  sensitivity	  of	  fluorescence	  based	  immunoassays	  [42].	  The	  performance	  
of	   the	   lanthanide-‐doped	   nanoparticles	   is	   further	   enhanced	   by	   time-‐resolved	   detection	   of	  
lanthanides.	   Elimination	   of	   short-‐lifetime	   background	   by	   temporal	   gating	   in	   detection	   was	  
highlighted	  as	  the	  optimal	  strategy	  to	  improve	  sensitivity	  in	  FIAs	  [43].	  Chelate	  complexes	  of	  
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rare	  earth	  metals,	  primarily	  europium(III)	  and	  terbium(III),	  have	  a	  long-‐lifetime	  fluorescence	  
emission	  up	  to	  milliseconds,	  enabling	  efficient	  time-‐resolved	  detection.	  [44]	  
	  
Fluorescent	  nanoparticles	  have	  distinct	  physical	  advantages	  over	  conventional	  dye	  molecules	  
in	  the	  solution;	  they	  have	  e.g.	  an	  abundance	  of	  fluorophores,	  more	  surface	  area	  available	  for	  
binders,	  fluorophores	  protected	  from	  the	  environment	  [45]	  and	  increased	  photostability.	  Dye	  
nanoparticles,	  dye-‐doped	  nanoparticles,	  semiconductor	  and	  metal	  nanoparticles	  have	  all	  been	  
applied	   as	   reporters	   in	   bioanalytics	   [22].	   Lanthanide-‐doped	   nanoparticles	   represent	   one	   of	  
the	  most	  prominent	  of	  nanoparticulate	  fluorescent	  probe	  types	  [18]	  and	  [38].	  This	   is	  due	  to	  
their	   excellent	   physical,	   chemical	   and	   optical	   properties:	   availability	   of	  multiple	   lanthanide	  
ions	   providing	   different,	  well-‐separated	   emission	  wavelengths,	   size	   and	   shape-‐independent	  
luminescent	   properties,	   large	   effective	   Stokes	   shifts,	   long	   fluorescence	   lifetime,	   sharp	  
emission	  peaks	  with	  band-‐widths	  of	  10	  to	  20	  nm,	  low	  photobleaching,	  exclusion	  of	  interfering	  
environmental	   agents,	   low	   toxicity	   and	   absence	   of	   blinking.	   These	   unique	   properties	  make	  
lanthanide-‐doped	  nanoparticles	  highly	  suitable	  fluorescent	  probes	  for	  applications	  that	  need	  
to	  provide	  superior	  sensitivity.	  [46]	  

2.1.4.	  Background	  signal	  and	  noise	  in	  FIAs	  
	  
Over	   the	   course	   of	   fluorescence	   based	   immunoassay	   development,	   most	   of	   the	   sensitivity	  
limiting	  noise-‐signal	  produced	  by	   light	  scattering,	  natural	   fluorescence	  of	  biological	  samples	  
and	  other	  assay	  materials	  have	  been	  eliminated	  by	  careful	  selection	  of	  labels	  and	  optimisation	  
of	  detection	  instruments	  [46],	  [32],	  [47]	  and	  [22].	  The	  autofluorescence	  is	  more	  abundant	  on	  
shorter	  wavelengths	   that	   possess	   enough	   energy	   to	   excite	   the	  majority	   of	   photophysicsally	  
active	  molecules.	  Hence,	  shifting	  excitation	  and	  emission	  to	  longer	  wavelengths	  over	  450	  nm	  
reduce	   the	  effect	  of	  autofluorescence.	  The	  scattered	   light	   from	  excitation	  source,	   as	  well	   as,	  
the	   autofluorescence,	   is	   visible	   in	   wavelengths	   close	   to	   the	   excitation,	   so	   selecting	   a	  
fluorophore-‐label	   with	   a	   large	   Stokes’-‐shift	   further	   reduces	   the	   effect	   of	   autofluorescence	  
signal.	   The	   effect	   of	   a	   fluorescence	   signal	   emanating	   from	   sources	   other	   than	   the	   label,	   can	  
virtually	  be	  eliminated	  by	  applying	  time-‐resolved	  detection	  of	  the	  label,	  in	  addition	  to	  the	  two	  
strategies	  mentioned	  above	  [42]	  and	  [39].	  	  
	  
Specificity	  of	  the	  reaction	  is	  another	  characteristic	  of	  the	  antibody	  and	  reflects	  the	  antibody’s	  
ability	  to	  differentiate	  between	  epitopes.	  Some	  antibodies	  can	  differentiate	  between	  different	  
enantiomers	   of	   the	   same	  molecular	   structure.	   If	   an	   antibody	   recognizes	   other	   epitopes,	   the	  
interactions	  are	  termed	  as	  cross-‐reactivity	  [48].	  These	  unwanted	  binding	  reactions	  might	  give	  
rise	   to	   false	   positive	   results	   in	   the	   immunoassay.	   This	   signal	   is	   termed	   as	   the	   background	  
signal,	  since	  the	  unwanted	  binding	  of	  the	  specific	  label	  produces	  it.	  

2.2. Nanoparticulate labels 
	  
In	   numerous	   applications	   sensitivity	   enhancements	   exceeding	   conventional	   enzyme	   and	  
radiolabels	   have	   been	   demonstrated	   in	   nanoparticle-‐based	   labelling	   systems	   [49]	   and	   [22].	  
Detection	  methods	  based	  on	  particulate	   labels	  with	  high	   specific	  photoluminescent	   activity,	  
such	  as	  quantum	  dots	  [50],	  luminescent	  inorganic	  crystals	  [51],	  up-‐converting	  phosphors	  [20],	  
fluorescent	  nanoparticles	  [17],	  [18]	  and	  [52],	  and	  plasmon	  resonant	  particles	  [19],	  have	  been	  
introduced	  in	  response	  to	  increasing	  demands	  in	  assay	  sensitivity.	  	  
	  
Nanoparicles	   are	  defined	   to	  have	  a	  diameter	  between	  1	   to	  100	  nm	  and	   they	   should	  exhibit	  

Review of the Literature



	  

size-‐related	   properties	   not	   observed	   in	   bulk	   material.	   Although,	   as	   it	   may	   be	   ambiguous	  
whether	  a	  certain	  property	  is	  significantly	  different	  from	  properties	  of	  bulk	  matter,	  the	  size-‐
range	   is	   de-‐facto	   considered	   to	   be	   the	   defining	   parameter.	   However,	   due	   to	   their	   size	  
nanoparticles	  act	  as	  an	  intermediate	  between	  bulk	  matter	  and	  single	  molecules	  and	  proteins	  
that	  typically	  have	  diameters	  from	  1	  to	  15	  nm	  [22].	  Most	  of	  the	  special	  characteristics	  of	  the	  
nanoparticles	   derive	   themselves	   from	   the	   fact	   that	   in	   nanopartcles	   the	   amount	   of	   surface-‐
atoms	  compared	  to	  total	  amount	  atoms	  i.e.	  nanoparticles	  have	  a	  high	  surface-‐area-‐to-‐volume	  
–	   ratio	   (AV-‐ratio).	   The	   surface	   atoms	   carry	   also	   another	   functionality,	   they	   serve	   as	   a	  
protective	   layer	   for	   the	   fluorophores	   that	   prevents	   destructive	   photobleaching,	   eliminates	  
dynamic	   quenching	   and	   stabilizes	   the	  microenvironment	   to	   eliminate	   solvent	   relaxation	   of	  
excited	  fluorophores	  [45]	  
	  
In	   some	  materials	   e.g.	   semiconductors	  and	  gold	   the	   size	  of	   the	  nanoparticle	  determines	   the	  
optical	  properties	  of	  the	  colloid.	  In	  semiconductor	  nanoparticles	  the	  small	  size	  of	  the	  particle	  
allows	  quantum	  confinement	  of	  energy	  states	  and	  thus	  the	  free	  movement	  of	  electrons	  in	  the	  
lattice	  is	  obstructed.	  Furthermore,	  the	  colloids	  absorb	  photons	  that	  excite	  electrons	  to	  higher	  
energy	  states	  and	  in	  the	  relaxation	  process	  a	  lower	  energy	  photon	  is	  emitted.	  Semiconductor	  
nanoparticles	  absorb	  light	  mainly	  in	  the	  UV/Vis(blue)	  –	  wavelengths,	  but	  also	  red	  and	  near-‐IR	  
[53]	  and	  [54].	  They	  emit	  a	  narrow	  peak	  corresponding	  their	  size	  or	  more	  accurately	  band	  gap	  
between	  the	  highest	  valence	  band	  and	  the	  lowest	  conduction	  band.	  Colloidal	  gold	  (3-‐100	  nm)	  
absorbs	   light	   according	   to	   its	   size,	   but	   whereas	   it	   does	   not	   emit	   light	   it	   can	   form	   surface	  
plasmons.	  However,	  as	  a	  prime	  example	  of	  size	  dependent	  properties	  of	  nanoscale	  materials,	  
the	  ultra-‐small	  gold	  nanoclusters,	  size	  <	  1	  nm,	  are	  again	  fluorescent,	  water	  soluble	  and	  good	  
labels	  for	  in	  vitro	  -‐diagnostics	  [55]	  and	  [56].	  
	  
The	   primary	   motivation	   for	   utilization	   of	   nanoparticles	   in	   immunoassays	   is	   that	   they	   can	  
provide	  higher	  specific	  signals	  per	  binding	  reaction	   than	  molecular	  dyes	  and	  most	  enzymes	  
[57]	  and	   [58].	  The	  specific	  activity	  of	  a	   label	   is	  determined	  by	  how	  much	  signal	   it	  produces	  
when	   compared	   to	   the	   background.	   Fluorescence	   and	   phosphorescence	   emission	   are	   both	  
very	  specific	  reactions	  and	  in	  an	  optimized	  detection	  setting	  there	  is	  virtually	  no	  spontaneous	  
background	   emission	   or	   reflection.	   Hence,	   the	   background	   signal	   is	   usually	   very	   low	  
compared	   to,	   for	   example	   absorbance.	   The	   specific	   activity	   of	   nanoparticles	   is	   readily	  
modifiable	  as	  the	  size	  of	  the	  colloid	  or	  the	  dye	  molecules	  incorporated	  within	  the	  particle	  can	  
be	  chosen	  to	  accommodate	  the	  needs	  of	  any	  application.	  However,	  many	  fluorophores	  exhibit	  
self-‐quenching	  when	  they	  are	  packed	  inside	  of	  the	  nanoparticle	  core,	  well	  within	  the	  Förster-‐
radius	  of	   the	   fluorophores.	   In	   this	   respect,	   the	   lanthanide-‐doped	  nanoparticles	   stand	  out	   as	  
they	   have	   an	   extremely	   long	   Stokes-‐shift,	   originating	   from	   the	   complex	   photophysical	  
relaxation	  of	  the	  excited	  state	  [42].	  	  
	  
Besides	   the	   size	   and	   labeling	   other	   key	   determinants	   of	   a	   nanoparticle	   label	   are	   surface	  
charge,	   hydrophobicity/hydrophilicity	   and	   biofunctionalization.	   A	   strong	   surface	   charge,	  
either	  negative	  or	  positive,	  is	  required	  to	  achieve	  and	  maintain	  particle-‐particle	  repulsion	  that	  
will	   disallow	   the	   aggregation	   of	   nanoparticles.	   In	   diagnostic	   applications,	   the	   particles	   are	  
usually	  designed	  to	  be	  as	  hydrophilic	  as	  possible.	  Anti-‐fouling	  agents	  are	  mainly	  hydrophilic	  
polymers	  e.g.	  polyethylene	  glycol	  or	  proteins	  e.g.	  BSA	  [25].	  

2.2.1.	  Bioconjugate	  nanoparticles	  
	  
To	   be	   utilized	   in	   immunoassays	   the	   nanoparticles	   need	   to	   be	   coated	   with	   antibodies.	   To	  

Review of the Literature



	  

achieve	   this	   there	   are	   various	   technologies	   ranging	   from	   nonspecific	   physical	   adsorption,	  
elaborate	   bioconjugate	   chemistry	   to	   site-‐specific	   bioconjugation	   of	   antibody	   fragments	   and	  
over	   to	  use	  of	  adaptor	  proteins,	   e.g.	   avidins	   (Table	  2),	   as	   reviewed	  by	   [47]).	  The	  method	  of	  
bioconjugation	  affects	  the	  density	  of	  coating,	  orientation	  of	  biomolecules	  and	  the	  stability	  of	  
biomolecules.	  All	  of	  the	  parameters	  listed	  have	  further	  implications	  for	  the	  binding	  properties	  
of	  bioconjugate	  nanoparticles.	  	  
	  
Table	   2.	   Summary	   of	   bioconjugate	   chemistry	   functionalization	   reactions	   typically	   utilized	   with	  
nanoparticulate	  labels,	  adapted	  from	  [47]	  

	  
	  
Polystyrene	   is	  weakly	   hydrophobic	   and	   that	   facilitates	   physical	   adsorption	   to	   surfaces	   as	   a	  
bioconjugation	  method.	  Also,	  the	  native	  conformation	  of	  a	  protein	  is	  determined	  by	  folding	  of	  
the	   hydrophobic	   residues	   that	   allow	   close	   packing	   of	   protein	   cores	   [59].	   The	   effect	   of	   the	  
surface	  chemistry	  of	  biomaterials	  on	  the	  protein	  adsorption	  process	  has	  been	  a	  topic	  of	  great	  
interest	  for	  many	  years,	  and	  much	  is	  known	  in	  this	  field	  [60].	  Interaction	  with	  a	  surface	  can	  
easily	   disrupt	   the	   native	   conformation	   and,	   therefore,	   the	   protein	   function.	   This	   renders	   a	  
number	   of	   the	   conjugated	   antibodies	   unable	   to	   bind	   intended	   targets.	   In	   addition	   effects	  
caused	   by	   denaturation,	   the	   orientation	   of	   binding	   sites	   is	   random	   and	   not	   all	   of	   them	   can	  
access	   the	   antigen.	   A	   classic	   example	   of	   bioreactive	   adaptor	   protein	   using	   coupling	   is	   the	  
biotin-‐streptavidin	  system,	  which	  can	  be	  classified	  as	  nearly	  covalent	  by	  its	  affinity	  with	  a	  Kd	  
1×10-‐14	  M	  [61].	  	  
	  
Avidity	  of	  a	  labeling	  unit	  –	  nanoparticle	  coated	  with	  multiple	  antibodies	  –	  has	  been	  shown	  to	  

Target Reactive+Group Product Example+mecanism
Maleimide Thioether
Haloacetyl0or0Alkyl0halide Thioether

Free0thiol Arylating0agents Thioether
7SH Aziridine Thioether

Acryloyl0derivatives Thioether
Disulfide0exchange070
pyrfyridyl0disulfides,
57thio727nitrobezoic0acid0(TNB)

Aldehyde0or Hydrazine Hydrazone
Ketone Amines Schiff's0base
7CHO (imine)

N7hydroxysuccinimide0ester0(NHS) Amide
Acetyl0azides Amide
Isocyanates,0Isothiocyanates Urea,0Thiourea

Free0amine Sulfonyl0chlorides Sulfonamide
7NH2 Aldehydes,0Glioxals Imine,0Secondary0amine

Epoxides,0Oxiranes Secondary0amine
Carbonates Carbamate
Arylating0agents Arylamine
Imidoesters Amidine
Carbodiimines,0anhydrides Amine
Carbodiimines Amides

Carboxylate Carbonyldiimidazole Amides
Diazoalkenes,0Diazoacetyl Ester
Epoxides,0Alkyl0halogens Ether
Periodate Aldehyde

Hydroxyl Carbonyldiimidazole Carbamate
Isocyanates,0Isothiocyanates or
N7hydroxysuccinimidyl0chloroformate Urethane
N,N'$7disuccinimidyl0carbonate

Ractive0
carbon Diazonium Diazo7bond
(e.g.0phenol0on
tyrosine)

Mixed0disulfides

ester modification of amines along with carbodiimide-mediated
(EDC) condensation of carboxyls with amines, maleimide con-
jugation to thiols, and diazonium modification of the phenolic
side chain on tyrosine. Figure 5 presents a more detailed schematic
of many of the chemistries that have already been applied to NPs
for functionalization, although not all have been utilized with

biologicals.15 This figure also highlights how many of the chem-
istries can be applied with reactive groups on either the NP or the
biological of interest or both.
It is now very common to recombinantly modify proteins to

display unique cysteine residues (i.e., thiol handles) for site-
specific labeling and conjugation.166,167 Protein N-termini can
also be specifically modified using multistep N-terminal trans-
amination chemistries, while polyhistidine (Hisn) motifs in-
serted almost anywhere in a protein can act as a site for region-
specific interactions with nitrilotriacetic acid (NTA)-modified
substrates.168,169 Clearly, far more chemistries are applicable
than presented here, and the interested reader is referred to
Hermanson’s Bioconjugate Techniques,80 which is perhaps the
most comprehensive guide to this subject, along with
Haugland’s The HandbookA Guide to Fluorescent Probes and
Labeling Technologies.170

Biomolecules of synthetic origin, particularly peptides
and nucleic acids, are far more versatile because virtually any
functional group or chemical handle can be site-specifically
introduced as needed during initial synthesis or by subsequent
modification. The genomic revolution led to the development
of a library of chemistries for synthesizing and modifying nucleic
acids, and this now allows them to be obtained with a variety of
functional groups site-specifically inserted into their structures
including amines, thiols, carboxyls, biotin, azides, alkynes,

Figure 4. The more common potential functional groups on either a NP
or protein structure that can be utilized for subsequent bioconjugation.

Table 3. Selected Biological Functional Groups and Representative Reaction Mechanismsa

aAdapted from refs 80 and 171. 1Indicates the example mechanism highlighted. 2Might be followed by reductive amination to form a stable product.
3After reduction. 4Via reactive intermediate.
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exceed	   that	   of	   the	   soluble	   labeled	   antibody.	   The	   probability	   for	   successful	   binding	   has	  
increased	   together	   with	   multiple	   binding	   sites.	   Increase	   in	   the	   association	   rate	   constant	  
contributes	   favorably	   to	   the	   improved	   affinity	   and	   more	   than	   ten-‐fold	   higher	   affinity	  
constants	  have	  been	  measured	  for	  nanoparticle	  bioconjugates	  [23].	  High	  specific	  activity	  and	  
high	   avidity	   have	   made	   possible	   to	   decrease	   the	   number	   of	   detector	   antibodies	   in	  
immunoassays.	  

2.2.2.	  Colloidal	  stability	  
One	  of	   the	  main	   characteristics	  of	  nanoparticles	   in	   suspension	   is	   that	   the	  nanoparticles	   are	  
properly	  dispersed	   i.e.	   they	   form	  stable	  colloids.	  Nanoparticle	   suspensions	  are	  stabilized	  by	  
the	   high	   surface	   charge	   of	   the	   particle	   and	   by	   agents	   in	   the	   suspension	   that	   enhance	  
electrostatic	  or	  steric	  stability	  [62].	  Stabilization	  is	  required	  to	  counteract	  the	  Van	  der	  Waals	  
attraction	   forces	   that	   would	   otherwise	   cause	   the	   particles	   to	   aggregate	   and	   sediment.	   The	  
parameter	  used	  to	  measure	  electrostatic	  stability	   is	  zeta	  potential	  (ζ-‐potential)	   [63].	   It	  can	  
be	  defined	  as	  electrophoretic	  mobility	  of	   the	   colloid	  and	   it	   is	   a	  measure	  of	   the	  electrostatic	  
repulsion	  force	  between	  charged	  particles.	  The	  higher	  the	  absolute	  value,	  positive	  or	  negative,	  
is	  the	  stronger	  repulsion	  is	  and	  the	  more	  stabile	  the	  suspension	  is.	  The	  particle	  is	  surrounded	  
by	  a	  double	  layer	  (DL)	  of	  ions	  with	  an	  inner	  dense	  shell	  of	  ions,	  called	  the	  Stern	  layer,	  with	  an	  
opposite	  charge	  to	  the	  surface	  charge	  and	  an	  outer,	  more	  diffuse,	  layer	  of	  ions	  with	  a	  matching	  
charge	  (Figure	  2).	  Physiological	  environment	  the	  surface	  charge	  is	  thus	  not	  in	  direct	  contact	  
with	  the	  surrounding	  buffer	  and	  surfaces,	  but	  the	  effect	  of	  the	  charge	  dissipates	  through	  these	  
layers.	   Hence,	   in	   case	   of	   nanoparticles,	   the	   surface	   potential	   and	   the	   Stern-‐potential	   are	  
usually	   much	   higher	   than	   the	   ζ -‐potential.	   Ionic	   strength	   of	   the	   solution	   is	   inversely	  
proportional	  to	  the	  Debye	  length	  that	  is	  the	  width	  of	  the	  DL	  in	  physiological	  ionic	  strength	  of	  
150	  mM	  is	  around	  1	  nm	  and	  in	  e.g.	  1	  mM	  it	  would	  be	  10	  nm	  [63].	  	  
	  
However,	   in	  the	  case	  of	  bioconjugate	  nanoparticles	   the	  surface	  charge	  alone	  does	  not	  define	  
the	   stability	   of	   the	   colloid	   (Figure	  2).	   The	   antibody	   layer	   covering	   the	  nanoparticle	   reaches	  
much	   further	   than	   DL	   of	   ions.	   The	   bioconjugation	   strategy,	   usage	   of	   adaptor	   proteins,	   the	  
stability	  of	  coated	  antibodies	  and	  the	  size	  of	  the	  antibody	  type	  will	  all	  be	  effective	  parameters	  
in	   determining	   the	   colloidal	   stability.	   Furthermore,	   to	   the	   antibody	   surface	   is	   adhered	   a	  
loosely	  bound	  corona	  of	  proteins	  in	  the	  assay	  matrix	  or	  assay	  buffer.	  The	  addition	  of	  nonpolar	  
surfactants	   or	   polymers	   enhances	   stability	   through	   steric	   stabilization	   of	   the	   bioconjugate	  
nanoparticle’s	  surface.	  	  
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Figure	  2.	  Charged	  layers	  on	  a	  nanoparticle	  biconjugate.	  

2.2.3.	  Kinetics	  of	  nanoparticle	  binding	  
	  
The	   high	   AV-‐ratio	   and	   the	   high	   number	   of	   binding	   sites	   of	   biofunctionalized	   polystyrene	  
nanoparticles	   contribute	   to	   stronger	   binding	   of	   nanoparticles	   when	   compared	   to	   labeled	  
single	  molecules	  [64].	  Previous	  research	  supports	  approximately	  ten-‐fold	  increase	  in	  overall	  
affinity,	   Kd,	   demonstrating	   that	   increased	   avidity	   and	   slower	   dissociation	   more	   than	  
compensate	  the	  slower	  diffusion.	  Furthermore,	  due	  to	  the	  close	  proximity	  of	  adjacent	  binders	  
and	   nonspecific	   binding	   of	   the	   particle	   the	   dissociation	   is	   slower	   [65]	   and	   [23].	   These	  
properties	  both	   increase	   the	   affinity	  of	   the	   label,	   i.e.	   they	  make	  binding	  more	  probable	   and	  
stronger.	   However,	   these	   phenomena	   are	   equally	   observed	   for	   nonspecific	   binding	   limiting	  
the	  applicability	  of	  nanoparticle	  labels	  [66].	  
	  
The	  dissociation	  constant	  of	  the	  specific	  binding	  of	  bioconjugate	  nanoparticle	  to	  PSA	  attached	  
to	  solid-‐phase	  antibodies	  was	  measured	  to	  be	  1.8×10-‐11	  M	  compared	  to	  the	  1.5×10-‐10	  M	  given	  
by	  the	  provider	  for	  single	  Mab	  [23].	  The	  kinetic	  constants	  were	  calculated	  by	  running	  a	  global	  
fit	  of	  a	  concentration	  series	  [67].	  The	  association	  rate	  (constant),	  kon,of	  specific	  binding	  was	  
measured	  to	  be	  2.5×106	  M-‐1	  s-‐1	  and	  the	  dissociation	  rate	  (constant),	  koff,	  was	  determined	  to	  be	  
3.7×10-‐5	  s-‐1	   [23].	  However,	   the	  koff	  was	  so	   low	  that	   the	  dissociation	  could	  be	  considered	  too	  
slow	  to	  be	  measured	  and	  also	  the	  standard	  error	  for	  koff	  parameter	  was	  very	  high.	  The	  result	  
in	   line	   with	   previous	   observations	   that	   the	   lifetimes	   of	   typical	   protein–protein	   complexes	  
range	  from	  microseconds	  to	  weeks,	  and	  protein–ligand	  complexes	  typically	  have	  lifetimes	  of	  
microseconds	   to	   days.	   The	   association	   rate	   constants	   of	   some	   complexes	   approach	   the	  
diffusion-‐controlled	  limit,	  whereas	  conformational	  changes	  upon	  binding	  may	  slow	  down	  the	  
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process	  by	  orders	  of	  magnitude	  [68].	  

2.3. Solid-phases in sandwich-type immunoassays 
	  
Creating	  binding	  surfaces	  with	  high	  specific	  binding	  activity	  and	  low	  nonspecific	  binding	  is	  a	  
prerequisite	  for	  a	  high	  sensitivity	  bioaffinity	  assay.	  The	  most	  common	  solid	  surface	  of	  choice	  
has	   been	   polystyrene	   as	   it	   is	   easily	   molded	   and	   has	   a	   good	   ability	   to	   adsorb	   proteins.	  
Relatively	  strong	  hydrophobic	  bonds	  are	  formed	  upon	  adsorption	  between	  the	  hydrophobic	  
amino	   acids	   and	   the	   polystyrene	   monomers	   [69].	   Different	   methods,	   irradiation,	   plasma-‐
treatment	  etc.,	  are	  available	  to	  modify	  surface	  characteristics	  altering	  the	  profile	  of	  adsorbed	  
proteins	  from	  hydrophobic	  to	  hydrophilic	  [70].	  In	  most	  cases,	  the	  capture	  protein	  layer	  is	  not	  
complete	  and	  there	  is	  a	  need	  for	  blocking	  the	  surface	  with	  additional	  proteins	  or	  detergents	  
[69]	  and	  [71].	  Blocking	  molecules	  are	  usually	  chosen	  to	  readily	  adsorb	  onto	  the	  polystyrene	  
surface	  and	  have	  no	  affinity	  towards	  binding	  molecules	  in	  order	  to	  prevent	  their	  nonspecific	  
binding.	  
	  
Passively	   adsorbed	   proteins	   on	   any	   given	   surface	   alter	   the	   conformation	   of	   these	   proteins	  
[72].	   In	   case	   of	   polystyrene	   and	   silicone	   there	   is	   evidence	   that	   proteins	   unfold	   permitting	  
internal	   hydrophobic	   side	   chains	   to	   form	   strong	   hydrophobic	   bonds	  with	   the	   surface	   [69].	  
While	   the	   bond	   between	   surface	   and	   proteins	   is	   strong	   and	   relatively	   stable,	   the	   altered	  
conformation	   has	   been	   proven	   to	   affect	   antigen	   specificity	   and	   function.	   Also,	   the	   protein	  
surface	  adsorption	  has	  been	  reported	  to	  denature	  a	  large	  portion	  of	  adsorbed	  antibodies	  and	  
significantly	   reduce	   the	   amount	   of	   binding	   sites	   [69]	   and	   to	   change	   enzyme	   substrate	  
specificity	  [73]	  and	  [74].	  It	  has	  been	  shown	  that	  the	  method	  for	  attaching	  capture	  antibodies	  
has	  an	  impact	  on	  the	  functionality	  of	  the	  antibody	  layer	  [75]	  and	  [27].	  In	  the	  case	  of	  the	  scFv-‐
fragments	   lacking	   the	   stabilizing	   constant	   domains	   it	   has	   been	   suggested	   that	   the	   partial	  
unfolding	  of	  the	  antibody	  fragments	  creates	  sticky	  patches	  on	  the	  surface	  leading	  to	  increased	  
nonspecific	  signal	  [76].	  It	  has	  previously	  been	  shown	  that	  both,	  whole	  monoclonal	  antibodies	  
and	   their	   fragments,	   have	   improved	   performance	   in	   and	   immunoassay,	   when	   they	   are	  
attached	  to	  microtiter	  well	  surfaces	  via	  capture	  proteins	  [30]	  and	  [40].	  However,	  no	  change	  in	  
respect	   to	   nonspecific	   binding	  was	   found	  when	   fragmented	   antibodies	  were	   applied	   in	   the	  
nanoparticle	  assays.	  [34]	  	  
	  
The	  edge	  effect	  has	  been	  identified	  as	  potential	  mediator	  of	  increased	  adsorption	  of	  material	  
evidence	  of	  sites	  that	  are	  prone	  to	  nonspecific	  binding	  [77]	  and	  [75].	  The	  topographic	  features	  
on	  coated	  surfaces,	  both	  increase	  the	  surface	  area	  increasing	  the	  binding	  capacity	  and	  cause	  
turbulent	  liquid	  flows	  that	  hasten	  the	  binding	  kinetics	  [78].	  However,	  the	  unwanted	  increase	  
of	   the	   microtiter	   well	   edges	   and	   other	   topographical	   features	   on	   nonspecific	   binding	   of	  
labeled	   molecules	   has	   been	   reported	   [79].	   The	   large	   surface	   area	   in	   the	   edges	   could	  
potentially	   lead	   to	   higher	   degree	   of	   nonspecific	   binding	   of	   nanoparticles	   compared	   to	   flat	  
surface	  areas	  containing	  no	  edges	  [77].	  

2.4. Nonspecific binding in bioaffinity assays 
	  
Unwanted	   nonspecific	   binding	   of	   the	   labeled	   detector	   antibody	   is	   a	   universal	   problem	   in	  
immunoassays	   and	   bioaffinity	   assays	   in	   general.	   It	   is	   acknowledged	   as	   one	   of	   the	   main	  
limiting	   factors	   in	   further	   improvement	   of	   sensitivity	   in	   bioaffinity	   assays	   utilizing	  
bioconjugate	   nanoparticle	   [51]	   and	   [80].	   The	   origin	   of	   the	   phenomenon	   has	   been	   widely	  
speculated,	  but	  it	  has	  not	  been	  clearly	  characterized	  due	  to	  its	  diverse	  nature.	  However,	  it	  can	  
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be	  divided	  into	  two	  categories,	  in	  terms	  of	  sample-‐to-‐sample	  variation,	  constant	  and	  variable.	  	  
	  
There	  are	  at	  least	  three	  possible	  reasons	  for	  constant	  nonspecific	  binding:	  1)	  the	  surface	  itself	  
adsorbs	  the	  label	  (labeled	  antibody)	  or	  2)	  the	  capture	  protein	  attached	  to	  the	  capture	  surface	  
binds	   the	   label	   or	   the	   antibody	   attached	   to	   it	   or	  3)	   the	   surface	   structure	  of	   the	   solid	  phase	  
promotes	  nonspecific	  binding.	  Generally,	   this	  kind	  of	  nonspecific	  binding	   is	  a	  sum	  of	  a	  wide	  
variety	   of	   interference	   [48].	   In	   non-‐clinical	   setting	   buffer	  matrix,	   the	  nonspecific	   binding	   of	  
bioconjugate	   nanoparticles	   has	   been	   shown	   to	   depend	   on	   the	   amount	   of	   antibodies	   on	   the	  
particle	   surface	   [81].	   This	   can	   be	   circumvented	   in	   some	   degree	   by	   variety	   of	   coating	  
procedures,	  buffers	  and	  optimization	  of	  the	  assay	  [82].	  
	  
The	  variable	  nonspecific	  binding	  is	  likely	  to	  be	  caused	  by	  the	  sample	  matrix	  e.g.	  human	  anti-‐
mouse	   antibodies,	   rheumatoid	   factors,	   complement	   reaction,	   heterophilic	   antibodies	   or	  
autoantibodies	  in	  blood	  or	  serum	  [48]	  and	  [83].	  In	  such	  cases,	  the	  term	  false	  positive	  is	  often	  
used,	   implying	   differences	   between	   samples	   and	   a	   majority	   of	   these	   cases	   are	   caused	   by	  
specific	  cross-‐reactivity	  of	  one	  or	  more	  components	  of	  the	  assay.	  The	  Fc-‐part,	  responsible	  for	  
mediating	   the	   immunoregulatory	   functions	   of	   antibodies,	   has	   been	   linked	   to	   some	   of	   the	  
interfering	   effects	   and	   utilization	   of	   fragmented	   antibodies	   has	   in	   some	   cases	   reduced	   the	  
occurrence	   of	   variable-‐type	   nonspecific	   binding	   [84]	   and	   [85].	   Adding	   an	   excess	   of	  
structurally	   similar,	   nonspecific	   bovine	   or	  murine	   immunoglobulin	   or	   other	   proteins	   to	   the	  
assay	  buffer	  to	  deplete	  the	  origin	  of	  cross-‐reactivity	  has	  been	  shown	  to	  reduce	  the	  problem,	  
but	  not	  to	  eliminate	  it	  [81]	  and	  [86]	  	  

2.4.1.	  Bond	  types	  in	  nonspecific	  binding	  
	  
Intermolecular	   interactions	   in	   nonspecific	   binding	   are	   comprised	   of	   similar	   interactions	   as	  
specific	   binding,	   but	   from	   an	   assay	   development	   standpoint,	   these	   binding	   events	   are	  
unwanted.	   The	   hydrophobic	   interactions,	   specific	   chemical	   interactions,	   hydrogen	   bonding,	  
and	   the	   electrostatic	   interactions	   between	   proteins	   and	   the	   adsorbent	   mediate	   bond	  
formation.	   In	   addition	   to	   general	   adsorption,	   cross-‐reactivity,	   antibody	   interference	   and	  
matrix	  effects	  are	  included	  in	  nonspecific	  binding.	  When	  nanoparticles	  enter	  a	  biological	  fluid,	  
they	  become	  coated	  with	  proteins	  that	  may	  transmit	  biological	  effects	  due	  to	  altered	  protein	  
conformation,	   exposure	   of	   novel	   epitopes,	   perturbed	   function	   (due	   to	   structural	   effects	   or	  
local	  high	  concentration),	  and/or	  avidity	  effects	  arising	  from	  the	  close	  spatial	  repetition	  of	  the	  
same	  protein	  [68].	  	  

2.5. Antibody fragmentation to reduce nonspecific binding 
	  
Majority	  of	  the	  immunoassays	  and	  clinical	  applications	  that	  are	  commercially	  available	  make	  
use	  of	  whole	  Mabs	  [40].	  The	  offer	  stability	  and	  proven	  functionality	  developed	  over	  millions	  
of	   years	   of	   evolution.	   However,	   Mabs	   are	   meant	   to	   transmit	   the	   recognition	   signal	   on	   to	  
immune	   cells	   and	   for	   this	   purpose	   they	   have	   functionalities	   also	   in	   the	   Fc-‐domain.	   These	  
functionalities,	   on	   the	   perspective	   of	   immunoassay	   development,	   tend	   to	   cause	   unwanted	  
interferences	   in	   the	   assays	   [87].	   Recombinant	   DNA	   technologies	   have	   facilitated	   the	  
fragmentation	  of	  antibodies	  into	  single-‐chain	  variable-‐Fv	  (scFv)	  or	  Fab	  fragments	  containing	  
the	   domains	   required	   for	   antigen	   recognition,	   but	   lacking	   the	   Fc-‐part	   (Figure	   3)	   [88],	   [40].	  
Owing	   to	   their	   smaller	   size	   and	   the	   lack	   of	   parts	   not	   involved	   in	   antigen	   recognition,	   the	  
recombinant	   antibodies	   can	   provide	   advantages	   in	   immunoassays.	   The	   effect	   of	   different	  
antibody	   fragments	   (scFv	   or	   Fab)	   on	   immunoassay	   performance	   has	   been	   studied	   with	  
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surface	   plasmon	   resonance	   [89].	   The	   Fab	   fragment	   was	   found	   to	   be	   more	   resistant	   to	  
variations	   in	   assay	   configuration	   compared	   to	   scFv	   fragment.	   In	   another	   study,	   two	  
monoclonal	  antibodies	  have	  been	  compared	  to	  recombinant	  Fab	  fragments	  in	  sandwich-‐type	  
time-‐resolved	  fluorescence	  immunoassay	  for	  cardiac	  troponin-‐I	  [29].	  The	  authors	  found	  that	  
recombinant	  Fab	  fragments	  improved	  binding	  capacity,	  yielded	  many	  fold	  higher	  signal	  levels	  
and	  increased	  assay	  sensitivity.	  Yet	  another	  study	  compared	  three	  different	  antibody	  formats	  
(Mab,	   Fab	   and	   scFv)	   in	   sandwich-‐type	   immunoassay	   of	   TSH	   [34].	  Mab,	   Fab	   and	   scFv	  were	  
used	  as	  capture	  antibodies	  and	  detector	  antibody	  was	  directly	  labeled.	  The	  background	  signal	  
was	  reported	  to	  be	  two-‐fold	  higher	  with	  scFv	  fragments	  compared	  to	  Mabs	  and	  Fab	  fragments.	  

	  
Figure	  3.	  A	  Schematic	  representation	  of	  a	  whole	  monoclonal	  antibody	  (Mab),	  Fab-‐fragment	  and	  scFv-‐
fragment,	  adapted	  from	  [88]	  

2.6. Matrix related problems in immunoassays 
	  
Matrix	  effects	  in	  an	  immunoassay	  usually	  refer	  to	  interference	  arising	  from	  the	  sample	  matrix	  
(e.g.	  whole	  blood,	  serum	  or	  saliva)	  that	  contains	  the	  analyte,	  but	  in	  a	  broader	  sense	  it	  means	  
all	   the	  other	  components,	   including	  assay	  buffer,	  plastic	  ware,	  separation	  system	  and	  cross-‐
reactivity	  of	  antibodies	  [90].	  It	  is	  defined	  to	  be	  variation	  in	  the	  reactivity	  of	  the	  analyte	  caused	  
by	  variations	  in	  its	  environment	  in	  the	  sample	  that	  includes	  properties	  like	  pH,	  ionic	  strength,	  
different	   proteins	   and	   lipids	   with	   varying	   concentrations,	   cross-‐reactivity	   with	   sample	  
components	   and	   antibody	   interference	   (e.g.	   human	   anti-‐mouse	   antibodies).	   In	   most	   of	   the	  
diagnostic	   immunoassays	  blood	  or	  a	  fractionated	  component	  of	   it	   is	  the	  sample	  matrix	  [91].	  
Matrix	  effects	  cause	  variations	   in	   the	  reactivity	  of	   the	  analyte	   towards	  other	  components	   in	  
the	  assay	  or	  secondary	  reactions	  that	  affect	  the	  binding	  of	  the	  labeled	  antibodies,	  and	  due	  to	  
these	  variations	  the	  result	  of	  the	  assay	  no	  longer	  reflects	  the	  true	  concentration	  of	  the	  analyte	  
in	  the	  sample	  [90].	  [7]	  
	  
The	  whole	   blood	  may	   be	   used	   in	   some	   immunoassays,	   especially	   in	   neonatal	   screening	   for	  
congenital	  defects,	  because	  sample	  volume	  is	  very	   limited	  and	  does	  not	  allow	  pre-‐analytical	  

Review of the Literature



	  

processing.	   The	   presence	   of	   chromogens	   and	   enzymes	  which	   include	   proteases,	   hydrolases	  
and	   those	   capable	   of	   generating	   active	   oxygen	   species	   such	   as	   superoxide	   dismutase,	  
peroxidases	  and	  pseudoperoxidases	  (haem	  nucleus)	  can	  lead	  to	  nonspecific	  effects,	  especially	  
in	  non-‐optimized	  enzyme	   immunoassays	  based	  on	  peroxidase	  reaction	  products	  as	  a	  signal.	  
The	  proteins	   in	  plasma	   [92]	   and	   serum	   [93],	   the	  presence	  of	   complement	   [94],	   rheumatoid	  
factor	   [95],	   chelators	   [96],	   polyanions	   [97],	   autoantibodies	   [98],	   other	   cross	   reacting	  
antibodies	   [99],	   drugs	   [100]	   and	   metabolites	   of	   the	   analyte	   in	   question	   may	   give	   rise	   to	  
nonspecific	  effects	  which	  may	  be	  specific	  only	  for	  one	  specific	  assay	  system	  in	  question	  or	  all	  
employing	  a	  certain	  reagent.	  In	  serum	  the	  same	  problems	  can	  occur,	  with	  the	  exception	  of	  the	  
anticoagulants,	   fibrinogen	   and	   clotting	   factors.	   The	   fact	   that	   the	   lowest	   frequency	   of	  
interference	  effects	  due	  to	  the	  sample	  matrix	  is	  seen	  in	  assays	  using	  serum	  as	  the	  sample	  may	  
reflect	  the	  fact	  that	  the	  majority	  of	  assays	  have	  been	  "optimised"	  with	  respect	  to	  serum	  as	  the	  
sample	  matrix.	  [101]	  
	  
Mechanisms	  through	  which	  interfering	  compounds	  affect	  	  
	  
Types	   of	   interference	   in	   immunoassays	   include:	   1)	   cross-‐reactivity;	   2)	   the	   hook	   effect;	   3)	  
antibody	   interference;	   4)	   signal	   interference;	   and	   5)	   matrix	   related	   effects.	   Some	  
immunoassay	  designs	  are	  especially	  prone	  to	  particular	  types	  of	  interference	  e.g.	  competitive	  
immunoassays	  are	  susceptible	  to	  the	  hook	  effect,	  whereas	  non-‐competitive	  are	  not.	  	  
Immunoassays	   are	   often	   quite	   sensitive	   to	   the	   matrix	   due	   to	   effects	   on	   antigen	   antibody	  
binding,	   efficiency	   of	   separation	   of	   bound	   and	   unbound	   fractions,	   and	   the	   extent	   of	  
nonspecific	  binding.	  
	  
Interfering,	   endogenous	   substances	   that	   are	   natural,	   polyreactive	   antibodies	   or	  
autoantibodies	   (heterophiles),	   or	   human	   anti-‐animal	   antibodies	   together	   with	   other	  
unsuspected	  binding	  proteins	  that	  are	  unique	  to	   the	   individual	  (Table	  3),	  can	   interfere	  with	  
the	  reaction	  between	  analyte	  and	  reagent	  antibodies	  in	  immunoassay	  [87].	  
	  
Table	  3.	  Interferences	  are	  very	  case-‐specific,	  hard	  to	  predict	  and	  difficult	  to	  detect.	  They	  may	  increase	  
or	   decrease	   the	  measured	   value	   and	   result	   to	  misdiagnosis	   and	   to	   insufficient	   or	   dangerous	   clinical	  
decisions.	  
Unique	  to	  an	  individual	  
Interfering	  antibody	  concentration	  can	  change	  over	  time	  within	  the	  same	  individual	  
Low	  affinity	  polyspecific	  antibodies	  can	  be	  present	   in	  high	  concentrations	  or	  high	  affinity	   in	  
low	  concentrations	  
Can	  produce	  falsely	  high	  (false-‐positive)	  or	  falsely	  low	  (false-‐negative)	  results	  
May	  interfere	  within	  one	  or	  more	  manufacturers'	   immunoassay	  systems	  but	  not	  necessarily	  
in	  all	  assays	  
May	  interfere	  in	  a	  number	  of	  immunoassays	  for	  different	  analytes	  
The	   inclusion	   of	   one	   or	  more	   interference	   blocking	   agents	   in	  manufacturers'	   immunoassay	  
reagents	  may	  be	  insufficient	  to	  overcome	  the	  interference	  
	  
A	   list	   of	  methods	   used	   to	   reduce	   interference	   caused	   by	   heterophile	   antibodies	   and	  HAMA	  
(Table	  4),	  [90],	  [48]	  and	  [87].	  
	  
	  
	   	  

Review of the Literature



	  

Table	   4.	   The	   procedures	   through	  which	   immunoassay	   interference	   can	   be	   removed.	   There	   are	   two	  
principle	  strategies;	  removal	  of	  the	  interfering	  compound	  or	  rendering	  it	  non-‐functional.	  

	  
	  
Affinity	  purification	  
	  
In	   study	   that	   reported	   an	   interference	   caused	   by	   HABs,	   Preissner	   et	   al.	   re-‐assayed	   several	  
months	   of	   stored	   samples	   after	   HBT	   treatment.	   In	   another	   group	   of	   an	   additional	   1751	  
samples	   they	   found	   a	   similar	   heterophile	   interference	   rate	   of	   just	   fewer	   than	   2.9%.	   They	  
suggest	   to	   routinely	   treating	   all	   samples	   in	   heterophile	   blocking	   tubes	   HBT	   tubes	   before	  
serum	  thyroglobulin	  measurement.	  This	  has	  brought	  the	  heterophile	  interference	  rate	  down	  
to	  excellent,	  and	  in	  this	  case	  known	  and	  verified,	  levels	  of	  less	  than	  0.1%	  [91].	  This	  is	  reflected	  
by	   the	   fact	   that	   depending	   on	   the	   assay	   used,	   the	   published	   estimation	   of	   the	   HAMA	  
prevalence	  in	  the	  normal	  population	  varies	  between	  1–80%	  [91]	  and	  many	  studies	  show	  that	  
the	  prevalence	  of	  interfering	  antibodies	  affects	  30-‐40%	  of	  the	  population	  [48].	  Consequently,	  
these	  assays	  have	   limited	  value	   in	  excluding	  or	  confirming	  any	  suspected	  clinically	   relevant	  
HAB	  interference.	  

2.6.1.	  The	  protein	  corona	  of	  bound	  biomolecules	  
	  
As	  much	   as	   the	   nanoparticle	  material	   and	   the	   bioconjugate	   layer,	   the	   nanoparticles	   can	   be	  
classified	   in	   terms	   of	   their	   biomolecule	   corona	   [102].	   The	   biomolecule	   corona	   of	   a	  
nanoparticle	  is	  a	  dynamic	  layer	  of	  non-‐covalently	  associated	  proteins	  and	  other	  biomolecules	  
that	   in	   part,	   mediates	   nanoparticle	   interactions	   and	   biological	   identity	   of	   the	   bioconjugate	  
nanoparticle	  [102].	  Protein	  adsorption	  to	  various	  materials	  has	  been	  widely	  studied	  and	  it	  has	  
been	   found	   that	  various	   factors	  e.g.	   electrostatic	   interactions,	  hydrophobic	   interactions,	  and	  
the	   specific	   chemical	   interactions	   between	   the	   protein	   and	   the	   adsorbent	   mediate	   bond	  
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Immunoextraction
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formation.	  The	  effect	  of	  the	  surface	  chemistry	  of	  biomaterials	  and	  their	  effect	  on	  the	  protein	  
adsorption	  process	  has	  been	  studied	  in	  detail	  [60]	  and	  [69].	  Selective	  adsorption	  of	  proteins	  
on	   various	   synthetic	   adsorbents	   has	   been	   examined	   under	   different	   conditions	   (such	   as	  
solution	   pH	   and	   protein	   concentration)	   and	   for	  many	   proteins	   the	  mechanism	   of	   selective	  
adsorption	   has	   been	   attributed	   to	   electrostatic	   interactions	   [103].	   Anti-‐fouling	   strategies	   in	  
medical	  device	   research,	   such	  as	  PEGylation	  of	   the	  surface,	   are	  utilized	   to	  minimize	  protein	  
deposition	  [104].	  The	   interactions	  are	  complex,	  and	  a	  reduced	  protein	   load	  on	   the	   interface	  
does	  not	  necessarily	  mean	  a	  reduced	  amount	  of	  interactions	  as	  compared	  to	  adsorbed	  protein.	  
	  
The	  native	  conformation	  of	  a	  protein	  is	  tightly	  controlled	  by	  the	  shape	  complementarity	  of	  the	  
hydrophobic	  residues	  that	  allow	  close	  packing	  of	  the	  cores[59].	  Interaction	  with	  a	  surface	  can	  
disrupt	   the	   native	   conformation	   and	   thus	   modify	   protein	   interactions	   and	   its	   function.	  
Proteins	   such	   as	   fibrinogen,	   lysozyme,	   ovalbumin,	   and	   human	   carbonic	   anhydrase	   II)	   bind	  
with	   no	   enthalpy	   change.	   Thus,	   the	   binding	   of	   these	   proteins	   is	   likely	   to	   be	   driven	   by	   an	  
entropy	  increase	  as	  bound	  water	  is	  released	  from	  the	  surface	  of	  the	  nanoparticle.	  This	  more	  
than	   compensates	   the	   reduction	   of	   entropy	   of	   the	   protein.	   In	   the	   case	   of	   entropy-‐driven	  
binding,	   the	   initial	   interaction	   does	   not	   result	   in	   a	   conformation	   change	   of	   the	   protein,	  
however,	  a	  secondary	  reaction	  driven	  by	  electrostatic	   interactions	  is	  possible	  after	  an	  initial	  
interaction	   [105].	   At	   the	   interface	   between	   asbestos	   fibers	   and	   the	   biological	   medium,	  
homomolecular	  exchange	  between	  the	  adsorbed	  and	  dissolved	  state	  of	  BSA	  was	  studied	  with	  
Fourier	  transform	  infrared	  spectroscopy	  (FTIR)	  and	  CD	  spectroscopy.	  In	  the	  solid	  state,	  BSA	  
modifications	  were	  driven	  by	  surface	  interaction	  with	  the	  substrate	  and	  once	  BSA	  is	  desorbed	  
back	   into	   the	   solution	   its	   structure	   rearranges,	   although	   some	   of	   the	   modifications	   with	  
respect	  to	  the	  native	  species	  are	  irreversible	  [106].	  Same	  observations	  have	  been	  made	  with	  
polystyrene	   nanoparticles,	   the	   adsorption	   and	   subsequent	   desorption	   of	   BSA	   from	  
polystyrene	   particles	   causes	   irreversible	   changes	   in	   its	   stability,	   secondary	   and	   tertiary	  
structure	  [107].	  This,	   in	  turn,	  can	   lead	  to	  myriad	  of	  secondary	   interactions	  of	  the	  denatured	  
proteins.	  	  
	  
	   	  

Review of the Literature



	  

3. AIMS OF THE STUDY 
	  

I. Characterize	  nonspecific	  binding	  in	  immunoassays	  utilizing	  nanoparticle	  labels	  
	  

II. Study	  mechanisms	  that	  induce	  nonspecific	  binding	  	  
	  

III. Measure	  the	  difference	  in	  bond	  strength	  between	  specific	  and	  nonspecific	  binding	  
immunoassays	  utilizing	  nanoparticle	  labels	  

	  
IV. Measure	  the	  parameter	  best	  able	  to	  differentiate	  between	  specific	  and	  nonspecific	  

binding	  
	  

V. Develop	   methods	   to	   reduce	   nonspecific	   binding	   in	   immunoassays	   utilizing	  
nanoparticle	  labels	  

	  
By	  using	  nanoparticle	  labels	  a	  superior	  intensity	  of	  the	  produced	  signal	  can	  be	  obtained,	  as	  in	  
essence	  a	  single	  binding	  event	  can	  be	  visualized	  [5].	  The	  antibody-‐coated	  nanoparticles	  have	  
higher	   binding	   avidity	   than	   single	   antibodies	   [23].	  However,	   the	  major	   disadvantage	   of	   the	  
nanoparticle	   labels	   is	   the	   increased	  background	  signal	  resulting	   from	  nonspecific	  binding	  of	  
the	  antibody-‐coated	  nanoparticles.	  The	  study	  was	  undertaken	  to	  solve	  original	  causes	  of	  this	  
sensitivity-‐limiting	  problem	  and	   to	   find	  ways	   to	   reduce	   it,	   in	  order	   to	   improve	   the	  LLD	  and	  
sensitivity	  of	  sandwich-‐type	  immunoassays.	  	  
	  
The	  first	  aim	  was	  to	  do	  a	  thorough	  step-‐by-‐step	  characterization	  of	  the	  impact	  of	  the	  different	  
components	   of	   the	   assay	   setup	   have	   on	   the	   nonspecific	   binding.	  We	   studied	   the	   effects	   of	  
particle	   size,	   antibody	   fragmentation,	   solid-‐phase	   coating	   and	   nanoparticle	   bioconjugation	  
strategies.	  Here	  we	  found	  certain	  factors	  that	  correlated	  between	  assays	  for	  PSA	  and	  TSH	  e.g.	  
optimal	  antibody	  configuration,	  colloidal	  stability	  of	  bioconjugate	  nanoparticles	  and	  binding	  
kinetics	   of	   nanoparticles,	   thus	   these	   parameters	   are	   likely	   to	   be	   general	   guidelines	   in	  
designing	   immunoassays	   utilizing	   nanoparticle	   labels.	   As	   the	   second	   objective,	   these	  
phenomena	   were	   examined	   and	   the	   parameters	   contributing	   the	   most	   to	   the	   nonspecific	  
binding	   were	   revealed.	   The	   third	   objective	   was	   to	   measure	   the	   relative	   bond	   strengths	   of	  
specific	  and	  nonspecific	  binding.	  To	  our	  surprise	  the	  bond	  strengths	  were	  very	  close	  to	  each	  
other	   and	   as	   such	   the	   most	   obvious	   parameter	   to	   differentiate	   between	   specific	   and	  
nonspecific	  binding	  was	  unusable	  in	  the	  development	  of	  more	  sensitive	  immunoassays.	  This	  
finding,	   in	   turn,	   lead	  us	   to	   the	   fourth	  objective	   that	  was	   to	   find	  and	  measure	   the	  parameter	  
that	   is	   the	   reason	   behind	   the	   vast	   difference	   in	   biding	   observed	   with	   analyte	   present	   as	  
compared	  to	  the	  absence	  of	   the	  analyte.	  The	   final,	  and	  the	  most	   important	  objective,	  was	  to	  
make	   use	   of	   this	   new	   information	   in	   developing	   a	   more	   sensitive	   immunoassay	   utilizing	  
nanoparticle	  labels.	  
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4. SUMMARY OF MATERIALS AND METHODS 
	  

4.1. Nanoparticle bioconjugate chemistry 
	  
The	  nanoparticle	  type	  utilized	  in	  all	  of	  Publications	  I,	  II,	  III	  and	  IV	  was	  europium(III)-‐chelate	  
(β-‐diketone)	   –	   doped	   Fluoro-‐MaxTM,	   monodisperse,	   carboxyl	   group	   –	   functionalized,	  
polystyrene	  nanoparticles	  (101,	  53.5,	  46	  34	  and	  23.5	  nm	  in	  radius)	  that	  were	  purchased	  from	  
Seradyn	   (Indianapolis,	   IN).	   The	   particles	   contained	   2.94,	   1.77,	   2.78,	   0.96	   and	   1.11	   carboxyl	  
groups	   per	   nm2,	   respectively;	   these	  were	   used	   for	   covalent	   bioconjugation.	   The	   number	   of	  
europium(III)	  ions	  in	  a	  single	  nanoparticle	  was	  determined	  by	  adding	  the	  nanoparticles	  to	  a	  1	  
mL/L	   Triton	   X-‐100	   solution	   or	   to	   the	   enhancement	   solution	   (DELFIA;	   Perkin-‐Elmer	   Life	  
Sciences).	  	  
	  
For	  the	  antibody	  type	  experiments	  [I]	  nanoparticles	  were	  prewashed	  with	  10	  mM	  phosphate	  
buffer,	   pH	   7.5,	   on	   a	   Nanosep	   microporous	   centrifugal	   filter	   (300	   kDa	   cutoff;	   Pall	   Filtron).	  
Phosphate	   buffer	   was	   added	   to	   the	   particles,	   and	   the	   solution	   was	   sonicated	   with	   a	   tip	  
sonicator	   (Labsonic	   U;	   B.	   Braun)	   at	   80	   W	   for	   5	   s.	   Carboxyl	   groups	   on	   the	   surface	   of	  
nanoparticles	  were	   activated	  with	  10	  mM	  N-‐(3-‐dimethylaminopropyl)-‐N′-‐ethylcarbodiimide	  
and	  N-‐hydroxysulfosuccinimide	  (Fluka)	  for	  30	  min.	  The	  activated	  particles	  were	  washed	  once	  
with	   10	   mM	   carbonate	   buffer,	   pH	   9.0,	   and	   15	   μM	   streptavidin	   was	   added.	   After	   2	   h	   of	  
incubation,	   the	   streptavidin-‐coated	   particles	  were	  washed	   five	   times	  with	   a	   2	  mM	  Tris-‐HCl	  
solution,	  pH	  7.4,	  and	  stored	  at	  4	  °C.	  
	  
Alternatively,	  the	  Mab	  anti-‐TSH	  5404	  [II],	  [III]	  and	  [IV]	  was	  covalently	  coated	  to	  nanoparticles	  
according	   to	  above-‐described	  procedure	  using	  6	  µM	  mAb	  [108].	  The	  monoclonal	  antibodies	  
were	  botinylated	  randomly	  through	  lysines	  according	  to	  protocol	  described	  earlier	  [34].	  

4.2. Well-plate immunoassays 

4.2.1.	  Nanoparticle	  and	  sample	  preparation	  
	  
To	  produce	  bioconjugate	  nanoparticles	  [I],	  biotinylated	  antibodies	  were	  attached	  onto	  the	  SA-‐
coated	  nanoparticles	  in	  the	  assay	  buffer	  for	  60	  minutes.	  The	  nanoparticle	  bioconjugates	  were	  
then	  sonicated	  with	  a	  bath	  sonicator,	  vortexed	  vigorously	  and	  2	  mM	  biotin	  was	  added	  to	  block	  
the	   remaining	   SA	   and	   the	   incubation	   was	   continued	   for	   another	   5	   minutes.	   When	   the	  
covalently	   coated	  MAb	   anti-‐TSH	   5404	   bioconjugate	   nanoparticles	   were	   used	   this	   step	   was	  
omitted	  [II],	  [III]	  and	  [IV].	  	  
	  
Affinity	  purification	  
	  
Affinity	  purification	  performed	  by	  incubating	  pooled	  human	  serum	  in	  microtitre	  wells	  coated	  
with	  anti-‐TSH	  Mab	  5404	  (IV).	  Alternatively,	  the	  serum	  was	  purified	  with	  anti-‐PSA	  Fab	  5A10	  
that	  was	  structurally	  similar	  to	  the	  anti-‐TSH	  antibodies.	  The	  incubation	  lasted	  15	  minutes	  and	  
the	   serum	  was	   treated	   twice	   in	   a	   volume	   of	   60	   µl.	   The	   purified	   serum	  was	   extracted	   from	  
wells	  and	  stored	  refrigerated	  or	  frozen	  until	  used.	  The	  purified	  serum	  diluted	  1-‐20	  fold	  into	  
KVG-‐buffer	  immediately	  prior	  to	  measurement.	  
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4.2.2.	  Well-‐plate	  sandwich-‐type	  immunoassay	  
	  
In	  all	  publications	  streptavidin-‐coated	  microtitration	  wells	  were	  washed	  twice	  with	  the	  wash	  
solution	  to	  remove	  preservatives	  and	  loosely	  bound	  proteins.	  In	  the	  first	  step	  3×10-‐13	  mol	  or	  
2×1011	  molecules	  of	   the	  biotinylated	  capture	  antibodies	  were	  attached	  to	   the	  solid-‐phase	   in	  
30	   µl	   of	   assay	   buffer	   for	   20	   minutes.	   To	   create	   the	   spot-‐wells	   (IV)	   streptavidin-‐coated	  
microtitration	   wells	   were	   first	   washed	   twice	   with	   the	   washing	   solution	   to	   remove	  
preservatives	  and	  loosely	  bound	  proteins.	  In	  the	  second	  step	  3×10-‐13	  mol	  of	  biotinylated	  Fab-‐
fragment	  were	  incubated	  in	  30	  µl	  of	  KVG-‐buffer	  for	  20	  minutes.	  In	  spot-‐coating	  1×10-‐13	  mol	  of	  
biotinylated	  Fab-‐fragment	  was	  incubated	  in	  volume	  of	  1	  µl	  of	  KVG-‐buffer	  for	  10	  minutes.	  The	  
spot	  was	  produced	  by	  adding	  the	  1	  μl	  drop	  of	  capture-‐antibody	  halfway	  between	  the	  edge	  and	  
center	   of	   the	   well	   of	   a	   streptavidin	   functionalized	   96-‐well	   plate.	   The	   majority	   of	   the	   solid	  
phase	   is	   left	   devoid	   of	   the	   capture-‐antibody	   and	   affinity	   of	   the	   bioconjugate	   nanoparticle	  
towards	  it	  is	  significantly	  lower.	  
	  
In	   all	   publications	   wells	   were	   washed	   to	   remove	   unbound	   antibodies.	   Thereafter,	   analyte,	  
1.5×109	  molecules	   of	   prostate	   specific	   antigen	   (PSA,	   2×10	   -‐6	   g/l	   or	   75×10-‐12	  M)	  or	  TSH	   (10	  
mIU/l	  or	  66×10-‐12	  M),	  was	  added	  in	  35	  µl	  of	  assay	  buffer	  and	  incubated	  for	  20	  minutes.	  After	  
the	  reaction,	   the	  wells	  were	  washed	   twice	   to	   remove	  unbound	  analyte.	  Then	  3×107	   -‐	  1×109	  
nanoparticle	  bioconjugates	  (depending	  on	  the	  assay	  format)	  were	  added	  to	  wells	   in	  40	  µl	  of	  
assay	   buffer	   and	   incubated	   for	   30	   or	   120	   minutes.	   In	   the	   study	   for	   nanoparticle	   size,	  
incubation	  times	  of	  120,	  240,	  480	  and	  1140	  with	  three	  replicates	  were	  used.	  Finally,	  the	  wells	  
were	  washed	  six	  times,	  and	  the	  surface-‐bound	  europium	  fluorescence	  from	  the	  nanoparticle–
antibody	   bioconjugates	   was	   detected	   at	   615	   nm	   using	   a	   time-‐resolved	   plate	   fluorometer	  
Victor2	  1420	  Multilabel	  counter	   (Wallac,	  PerkinElmer	  Life	  Sciences).	   Immunoassay	  with	  SA-‐
Eu	   [I]	   was	   performed	   as	   described	   for	   immunoassay	   with	   nanoparticles	   by	   replacing	   the	  
nanoparticle	   bioconjugates	   with	   3×1011	   (500	   fM)	   SA-‐Eu	   molecules	   and	   using	   30	   minutes	  
incubation	  for	  the	  bioconjugate.	  	  

4.2.3.	  Optimized	  sandwich-‐type	  immunoassay	  with	  serum	  samples	  
	  
To	   stabilize	   the	  protein	   corona	   the	  bioconjugate	  nanoparticles	   the	  particles	  were	  diluted	  5-‐
1000	  fold	  into	  KVG-‐buffer	  or	  to	  a	  subset	  of	  buffer’s	  components	  (IV).	  Thereafter,	  the	  desired	  
amount	  analyte,	  thyroid	  stimulating	  hormone	  (TSH),	  was	  added	  KVG-‐buffer	  and	  incubated	  for	  
20	   minutes.	   Alternatively,	   the	   TSH	   was	   mixed	   into	   affinity	   purified	   serum	   –	   KVG-‐buffer	   –	  
mixture	   and	   incubated	   10-‐20	  minutes.	   In	   the	   one-‐step	   assay	   configuration	   TSH	  was	   added	  
into	  1:1	  mixture	  of	  affinity	  purified	  serum	  and	  KVG-‐buffer	  and	  20	  µl	  of	  the	  sample	  was	  then	  
added	  to	  the	  reaction	  well.	  After	  10	  minutes	  the	  detector	  bioconjugate	  nanoparticles	  3×107	  in	  
30	  µl	  of	  KVG-‐buffer	  were	  added	  to	  wells	  and	  incubated	  for	  30	  minutes.	  Finally,	  the	  wells	  were	  
washed	   six	   times,	   and	   the	   time-‐resolved	   fluorescence	   from	   the	   nanoparticle–antibody	  
bioconjugates	   was	   measured	   at	   615	   nm	   using	   tme-‐resolved	   fluorescence	   of	   plate	   reader	  
Victor2	  1420	  Multilabel	  counter	  (Wallac).	  	  
	  
The	  LLD	  was	   calculated	   (I	   and	   IV)	   by	   first	   subtracting	   average	  background	   signal	   from	   the	  
calibrator	  sample	  averages.	  The	  standard	  deviation	  of	   the	  background	  replicates	   (N=5)	  was	  
calculated.	  After	  that	  we	  fit	  a	  power-‐function	  to	  the	  background	  subtracted	  signal	  values.	  	  
	  
𝑦𝑦 = 𝑎𝑎𝑥𝑥!	  	  
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From	  parameters	  of	  this	  equation	  the	  LLD	  was	  set	  to	  3×SD.	  
	  

𝐿𝐿𝐿𝐿𝐿𝐿 = (
3×𝑆𝑆𝑆𝑆
𝑎𝑎 )

!
!	  

4.2.4.	  Stability	  of	  antibodies	  
	  
The	   solid-‐phase	   antibody	   Mab	   anti-‐TSH	   5409	   was	   immobilized	   on	   clear	   MaxiSorp™	  
microtitration	  wells	  by	  physical	  adsorption	  [II].	  The	  wells	  were	  coated	  for	  overnight	  at	  37	  °C	  
with	   100	   ng	   of	   Mabs	   in	   50	   µl	   of	   10	   mM	   phosphate	   buffer,	   pH	   7.0.	   The	   coated	  wells	   were	  
washed	  twice	  with	  a	  wash	  solution	  and	  saturated	  over	  night	  at	  23	  °C	  with	  200	  µl	  of	  10	  mM	  
phosphate	   buffer	   (pH	   7.0)	   containing	   76	   µM	   bovine	   serum	   albumin	   and	   27	  mM	   D-‐sorbitol.	  
After	  the	  saturation,	  the	  wells	  were	  aspirated	  and	  dried	  in	  a	  laminar	  hood	  for	  1	  h.	  The	  wells	  
were	  stored	  at	  4	  °C	  in	  a	  sealed	  package	  with	  desiccant.	  	  
	  
In	  publication	  II	  prior	   to	  use,	   the	  wells	  with	  passively	  adsorbed	  Mabs	  were	  prewashed	  four	  
times	   to	   remove	   preservatives.	   When	   Fab-‐fragments	   or	   biotinylated	   Mabs	   were	   used	   the	  
optimized	  amount	  (I,	  Figure	  S1)	  was	  added	  at	  this	  stage.	  As	  an	  additional	  step	  to	  the	  standard	  
protocol,	  this	  was	  followed	  by	  denaturing	  treatments	  in	  a	  volume	  of	  50	  µl	  in	  case	  of	  acids	  and	  
detergents	  and	  100	  µl	  when	  heating	  was	  applied.	  A	  washing	  step	  was	  performed	  to	  remove	  
denaturing	  solution	  before	  the	  continuation	  of	  the	  assay.	  Thereafter	  the	  assay	  according	  to	  the	  
above-‐mentioned	  protocol,	  the	  analyte,	  TSH	  (1	  mIU/l),	  was	  added	  in	  35	  µl	  of	  assay	  buffer	  and	  
incubated	  for	  20	  minutes.	  

4.3. Antibody fragment production 
	  
Cloning	   of	   anti-‐PSA	   hybridoma	   cell	   lines	   H117	   and	   5A10	   antibodies	   have	   been	   previously	  
described	   [83]	   as	   well	   as	   cloning,	   expression	   and	   site-‐specific	   biotinylation	   of	   anti-‐TSH	  
antibody	   clones	   5404	   and	   5409	   producing	   cell	   lines	   [34].	   All	   fragments	   contained	   an	  
additional	  unpaired	  cysteine	  and	  his6–tag	  peptide	  at	  C-‐terminus	  of	  Fd	  chain	  (I,	  II	  and	  IV).	  Fab-‐
fragments	   were	   expressed	   to	   periplasmic	   space	   of	   Escherichia	   coli	   strain	   RV308	   (ATCC#	  
31608)	   in	  a	  5-‐L	  BioFlo3000	  fermentor	  (New	  Brunswick	  Scientific,	  New	  Jersey,	  USA)	  using	  a	  
high-‐cell	   density	   cultivation	   technique	   and	   the	   defined	  medium	   in	   32-‐36	  h	   time	   span.	   Cells	  
containing	  antibody	   fragments	  were	  collected	  and	  stored	   frozen	  at	   -‐70	   °C	  until	  purification.	  
Antibody	  fragments	  were	  purified	  using	  osmotic	  shock,	  Streamline	  SP	  (1.2	  l	  in	  Streamline100	  
column)	  expanded	  bed	  adsorption	  chromatography,	  and	  finally	  with	  50	  ml	  of	  a	  nickel-‐loaded	  
chelating	   Sepharose	   fast-‐flow	   affinity	   chromatography	   matrix	   (all	   from	   Amersham	  
Biosciences,	   Uppsala,	   Sweden).	   Unpaired	   cysteine	   was	   site-‐specifically	   biotinylated	   with	  
Maleimide	  PEO2-‐Biotin	   (Pierce,	  USA).	  The	  Mabs	  were	   randomly	  botinylated	   through	   lysines	  
according	  to	  protocol	  described	  earlier	  [34].	  	  

4.4. Atomic force microscopy 
	  
AFM-‐images	   were	   captured	   using	   NTEGRA	   Prima	   scanning	   probe	   microscope	   (NT-‐MDT,	  
Russia)	   (Publication	   II).	   Surface	   topography	  was	  measured	  with	   intermittent	   contact	  mode	  
under	  ambient	   conditions	   (T	  =24–25	   oC,	  RH	  =	  17–34	  %)	  using	  uncoated	  rectangular	   silicon	  
cantilevers	  (MikroMasch,	  model	  NSC14/NoAl	  or	  NSC15/NoAl).	   Images	  were	  recorded	   in	  the	  
repulsive	  regime	  using	  a	  damping	  ratio	  of	  0.7	  and	  a	  scan	  speed	  of	  0.25–0.50	  Hz.	  The	  images	  
were	  processed	  with	  scanning	  probe	  image	  processor	  (Image	  Metrology)	  software.	  NTEGRA	  
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Prima	  was	  also	  utilized	  to	  measure	  spring	  constants	  of	  MCLT	  probes	  (III).	  
	  
In	   AFM	   studies,	   the	   well	   edges	   were	   removed	   to	   make	   the	   sample	   accessible	   to	   AFM.	   In	  
addition,	  in	  all	  experiments	  measured	  with	  AFM,	  we	  used	  1×109	  nanoparticle	  bioconjugates	  in	  
15	   µl	   of	   the	   assay	   buffer	   in	   order	   to	   promote	   nonspecific	   binding.	   Finally,	   the	   wells	   were	  
washed	   six	   times,	   and	   the	   time-‐resolved	   fluorescence	   from	   the	   nanoparticle–antibody	  
bioconjugates	  was	  measured	  at	  615	  nm	  using	  the	  plate	  fluorometer	  [II].	  	  

4.5. Force spectroscopy 
	  
Force	   measurements	   in	   publication	   III,	   using	   AFM	   tips	   functionalized	   with	   anti-‐TSH5404-‐
BSA–coated	  nanoparticles,	  were	  performed	  on	  surface	  bound	  anti-‐TSH5409	  antibodies	  in	  the	  
absence	  and	  presence	  of	  TSH	  (30	  mIU/l)	  on	  an	  AFM	  5500	  (Agilent	  Technologies,	  USA)	  setup.	  
When	   distributed	   evenly	   on	   the	   solid	   phase,	   the	   TSH	   amount	   corresponds	   to	   400	   TSH	  
molecules	  per	  µm2.	  To	  record	  one	  PDF,	  1000	  force-‐distance	  cycles	  were	  recorded.	  PDFs	  were	  
recorded	  at	  vertical	  scan	  rates	  ranging	  from	  0.5	  to	  5	  s	  and	  z-‐amplitudes	  from	  300	  to	  1000	  nm.	  
In	  order	  to	  vary	  the	  contact	  time	  of	  the	  probe	  and	  solid-‐phase	  the	  deflection	  set	  point	  value	  
was	   changed.	   This	  method	   changes	   also	   the	   indentation	   force	   of	   the	   tip,	   but	   force-‐distance	  
curves	  were	  analyzed	  only	  from	  probes	  where	  the	  nanoparticle	  was	  not	  trapped	  between	  tip	  
and	  the	  solid	  phase.	  The	  curves	  where	  the	  nanoparticle	  was	  trapped,	  i.e.,	  where	  the	  deflection	  
signal	  in	  the	  approach	  curve	  showed	  a	  decrease	  after	  an	  initial	  increase	  or	  a	  clearly	  nonlinear	  
increase,	  were	  excluded.	  All	  measurements	  were	  performed	  in	  assay	  buffer	  (10	  mM	  NaH2PO4	  
(pH	  7.4),	  150	  mM	  NaCl,	  7.7	  mM	  NaN3	  and	  75	  µM	  BSA.	  The	  spring	  constants	  of	  the	  levers	  were	  
measured	  using	   the	   thermal	  noise	  method	  with	  NTEGRA	  Prima	  scanning	  probe	  microscope	  
(NT-‐MDT,	  Russia).	  Results	  from	  the	  experiment	  series	  were	  processed	  to	  PDFs	  in	  a	  MatLab™	  
(MATH	  WORKS,	  USA)	  [109]	  and	  [110].	  	  
	  
In	   the	   experiments,	   solid-‐phase	   antibodies	   (monoclonal	   anti-‐TSH	   antibody	   5409,	   Medix	  
Biochemica)	  were	  covalently	  bound	  to	  mica	   in	  a	   three-‐step	  procedure.	  First,	   freshly	  cleaved	  
muscovite	  mica	  was	  aminofunctionalized	  using	  3-‐aminopropyltriethoxysilane	  (APTES,	  Sigma)	  
in	   the	   gas	   phase	   [111]	   and	   [112].	   Secondly,	   a	   50	   µl	   droplet	   of	   1	   mM	   ethylene	   glycol-‐
bis(succinimydylsuccinate)	   (EGS,	  Pierce	  Biotechnology)	   in	  50	  mM	  NaH2PO4-‐buffer	  at	  pH	  7.0	  
was	  added	  to	  the	  aminofunctionalized	  mica.	  Thirdly,	  after	  5	  minutes	   incubation	  50	  µL	  of	  50	  
mM	  NaH2PO4-‐buffer	  at	  pH	  7.4	  containing	  200	  ng	  of	  the	  solid-‐phase	  antibody	  was	  added	  and	  
allowed	  to	  react	  for	  25	  minutes.	  Finally,	  500	  µg	  of	  BSA	  in	  50	  µl	  buffer	  A	  was	  added	  to	  block	  the	  
rest	  of	  the	  EGS-‐functionalized	  mica.	  The	  solid-‐phase	  surface	  was	  washed	  five	  times	  with	  TSA	  
buffer	  (100	  mM	  Tris,	  150	  mM	  NaCl,	  and	  7.7	  mM	  NaN3)	  to	  inactivate	  unreacted	  EGS.	  [III]	  
	  

4.6. Biolayer interferometry biosensors 
	  
Association	   kinetics	   in	   [III]	   was	   measured	   with	   Octet	   RED384	   biolayer	   interferometry	  
biosensor	   (FortéBio,	   Pall	   Life	   Sciences,	   US)	   using	   streptavidin	   probes	   (FortéBio,	   Pall	   Life	  
Sciences).	   In	   the	  Octet	  biolayer	   interferometry	  system,	  the	  target	  antibody	  was	   immobilized	  
on	  the	  functionalized	  tip	  of	  a	  fiber	  optic	  probe	  that	  is	  dipped	  into	  TSH	  solution	  and	  further	  to	  
nanoparticle	  suspension	  to	  observe	  association	  kinetics.	  First,	  the	  SA-‐sensors	  were	  allowed	  to	  
hydrate	  and	  stabilize	   in	  Kbuffer	   ((50	  mM	  Tris–HCl	   (pH	  7.8),	  150	  mmol/l;	  NaCl,	  7.7	  mmol/l;	  
NaN3,	   75	   µM	   BSA,	   Tween	   40,	   small	   amounts	   of	   different	   nonspecific	   IgGs	   and	   chelates	   for	  
divalent	  cations)	  Kaivogen,	  Turku	  Finland),	  which	  was	  used	  throughout	  the	  experiment	  series	  
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for	   dilutions	   and	   suspensions.	   The	   saturating	   concentration	   (190	   µM)	  of	   biotinylated	   anti-‐
TSH5409	  Mab	  was	  incubated	  for	  20	  min	  onto	  the	  streptavidin	  probes	  and	  washed	  for	  5	  min.	  
Then,	   the	   analyte	   TSH	  was	   added	   in	   the	   concentration	   of	   500	  mIU/l	   in	   the	   case	   of	   specific	  
binding	  and	  excluded	  from	  the	  nonspecific	  case.	  The	  incubation	  time	  for	  the	  analyte	  was	  25	  
min.	  The	  sensors	  were	  then	  washed	  for	  5	  minutes	  in	  Kbuffer.	  Finally,	  the	  association	  of	  anti-‐
TSH5404	  Mab	  coated	  bioconjugate	  nanoparticles	  [II]	  was	  recorded	  for	  4	  hours.	  Bioconjugate	  
nanoparticles	  were	  used	  in	  suspensions	  of	  3×108,	  1×108,	  3×107,	  1×107	  and	  3×106	  particles/µl.	  
The	   experiment	   was	   performed	   at	   30°C	   using	   the	   default	   settings	   of	   the	   instrument	   and	  
stirring	  speed	  of	  1000	  rpm.	  The	  raw	  interference	  signal	  phase	  shift	  change	  was	  negative	  upon	  
nanoparticle	  binding,	  due	  to	  the	  size	  of	  the	  nanoparticles.	  The	  signal	  was	  inverted	  to	  positive	  
from	   nanoparticle	   binding	   onward	   to	   allow	   fitting	   according	   to	   exponential	   association	  
function.	  
	  
The	  electron	  micrographs	  were	  acquired	  from	  biofunctionalized	  gold	  sputtered	  AFM-‐probes	  
with	  a	  surface	  scanning	  electron	  microscope	  (SEM)	  ZEISS	  1540XB	  CrossBeam	  high	  resolution	  
GEMINI®-‐system.	   Force	   measurements,	   using	   AFM	   tips	   functionalized	   with	   anti-‐TSH5404-‐
BSA–coated	  nanoparticles,	  were	  performed	  on	  solid-‐phase	  bound	  anti-‐TSH5409	  antibodies	  in	  
the	  absence	  and	  presence	  of	  thyroid-‐stimulating	  hormone	  (TSH)	  (30	  mIU/l)	  on	  an	  AFM	  5500	  
(Agilent	   Technologies,	   USA)	   setup.	   Silicon	   nitride	   AFM	   probes	   (Si3N4,	   MCLT,	   Veeco)	   were	  
functionalized	  with	  amine	  groups	  [114]	  and	  [111].	  [III]	  
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5. RESULTS AND DISCUSSION 
	  
We	   have	   studied	   the	   assay	   performance	   and	   particularly	   nonspecific	   binding	   properties	   of	  
nanoparticle	   labels	   of	   different	   sizes	   using	   high	   affinity	   monoclonal	   antibodies	   and	  
recombinant	   antibody	   fragments	   against	   clinical	   analytes	   TSH	   and	   PSA.	   Typically,	   the	  
following	   assay	   procedure	   was	   applied:	   biotinylated	   capture	   antibodies	   or	   antibody	  
fragments	   were	   attached	   on	   streptavidin-‐coated	   microtiter	   wells	   followed	   by	   analyte	  
incubation.	   Biotinylated	   detector	   antibodies	   or	   antibody	   fragments	   were	   attached	   onto	  
streptavidin-‐coated	  europium(III)	  nanoparticles	  in	  a	  microtube.	  Thereafter	  the	  nanoparticles	  
were	  added	  to	  the	  microtiter	  wells	  containing	  the	  analyte.	  	  
	  

5.1. Nanoparticle size 
	  
Colloidal	   stability	   of	   bioconjugate	   nanoparticles	   is	   affected	   by	   the	   antibody	   coating,	  
nanoparticle	  size	  and	  nanoparticle	  concentration.	  We	  then	  characterized	  this	  effect	  of	  particle	  
size	   to	   colloidal	   stability	   and	   to	   both	   specific	   and	   nonspecific	   binding.	   Five	   different	  
europium(III)	  particle	  sizes	  were	  available	  from	  the	  same	  manufacturer,	  23.5,	  34,	  46,	  53.5	  and	  
101	  nm	  in	  radius.	  In	  our	  experience,	  the	  binding	  of	  larger	  particles	  is	  considerably	  weaker	  in	  
addition	  they	  fall	  well	  beyond	  the	  definition	  of	  nanoparticles	  and	  thus	  they	  were	  omitted	  from	  
the	  study.	   It	  has	  previously	  been	  shown	  that	   the	  number	  of	  europium(III)	  chelates	  within	  a	  
particle	  followed	  in	  a	  linear	  manner	  the	  particle	  volume	  (Härmä	  et	  al.,	  2001).	  Size	  distribution	  
of	   the	   SA-‐coated	   nanoparticles	   was	   determined	   using	   photon	   correlation	   spectroscopy.	   All	  
non-‐coated	   nanoparticles	  were	   stable	   colloids	   in	   suspensions.	   For	   streptavidin-‐coated	   23.5	  
and	  34	  nm	  particles,	  aggregation	  was	  observed.	  In	  the	  23.5	  nm	  bioconjugate	  nanoparticles	  the	  
maximum	  size	  of	  aggregates	  was	  larger	  and	  very	  few	  individual	  particles	  were	  seen.	  In	  the	  34	  
nm	  particles	  some	  individual	  particles	  were	  seen	  and	  the	  average	  aggregate	  size	  was	  smaller.	  
The	   streptavidin-‐coated	   particles	   of	   46,	   53.5	   and	   101	   nm	   in	   radius	   were	   stable	   colloids	  
(Figure	   4).	   The	   SA-‐coating	   increased	   the	   particle	   hydrodynamic	   radius	   of	   all	   the	   particles	  
measured.	  
	  
In	  the	  sandwich	  immunoassay	  a	  combination	  of	  Fab	  fragment	  of	  anti-‐PSA	  5A10	  as	  the	  capture	  
antibody	  and	  anti-‐PSA	  monoclonal	   antibody	  H117	  as	   the	  detector	   antibody	  had	   the	  highest	  
S/B-‐ratio.	   This	   combination	   was	   utilized	   when	   the	   effects	   of	   nanoparticle	   size	   to	   assay	  
performance	  were	   assayed.	   The	   standard	   curves	   for	   PSA	   assay	  were	   run	  with	   all	   particles	  
keeping	  the	  number	  of	  particles	  per	  reaction	  constant	  (I,	  Figure	  5).	  As	  expected,	   the	   largest	  
particles	   with	   the	   most	   Eu-‐chelates	   gave	   the	   highest	   overall	   signals.	   From	   the	   measured	  
standard	  curves	  the	  lowest	  limit	  of	  detection	  were	  calculated	  for	  each	  particle	  size:	  34,	  17,	  6.8,	  
23	  and	  115	  pg/ml	  for	  nanoparticles	  of	  23.5,	  34,	  46,	  53.5	  and	  101	  nm	  in	  radius,	  respectively.	  
With	   the	   largest	   particle	   a	   considerable	   nonspecific	   binding	  was	   observed.	   In	   contrast,	   the	  
smallest	  particles	  gave	  the	  smallest	  nonspecific	  signal.	  This	  was	  expected	  as	  the	  volume	  and	  
thus	   also	   the	   amount	   of	   Eu-‐chelates	   was	   in	   the	   largest	   particle	   80-‐fold	   higher	   than	   in	   the	  
smallest.	  The	  highest	  S/B-‐ratio	  was	  achieved	  with	  a	  particle	  of	  46	  nm	  in	  radius	  or	  92	  nm	  in	  
diameter.	  
	  
Bearing	   in	   mind	   the	   relation	   between	   particle	   volume	   and	   signal	   output	   we	   divided	   the	  
nanoparticle-‐based	  immunoassay	  signals	  with	  particle	  volumes.	  This	  resulted	  in	  the	  number	  
of	   bound	   particles	   in	   each	   assay.	   In	   the	   volume-‐normalized	   signal	   of	   the	   zero	   calibrator	  
sample	  (i.e.	   the	  background	  signal)	  yielded	  a	  statistically	  non-‐significant	  trend	  in	  relation	  to	  
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the	   particle	   size,	   in	   both	   PSA	   and	   TSH	   assays	   (I,	   Figure	   5).	   These	   results	   suggest	   that	  
nonspecific	   binding	   was	   independent	   of	   the	   particle	   size.	   However,	   the	   specific	   signals	  
decreased	  as	  the	  size	  of	  the	  particles	  increased.	  Therefore	  the	  highest	  S/B-‐ratio	  was	  measured	  
for	   smaller	  particles.	  Deviating	   from	   this	   trend,	   the	   S/B-‐ratio	   for	   the	   smallest	   particles	  was	  
significantly	  lower.	  This	  was	  due	  to	  the	  colloidal	  instability	  of	  the	  bioconjugate	  nanoparticles	  
that	  increased	  the	  average	  particle	  size	  and,	  thus,	  decreased	  the	  specific	  signal.	  
	  

	  
Figure	   4.	   Colloidal	   stability	   of	   the	   SA-‐coated	   nanoparticles.	   Size	   distribution	   curves	   showed	  
aggregation	  of	  the	  smallest	  two	  particles	  (A)	  of	  23.5	  nm	  (squares)	  and	  34	  nm	  (circles).	  For	  the	  
largest	  three	  particles	  (B)	  of	  46	  (squares)	  53.5	  (circles)	  and	  101	  nm	  (triangles)	  no	  aggregation	  
was	  observed.	  
	  
The	  difference	  in	  the	  S/B-‐ratio	  is	  carried	  over	  to	  LLD	  of	  the	  assays	  indicating	  that	  the	  colloidal	  
stability	   bioconjugate	   nanoparticles	   is	   in	   direct	   relation	   to	   the	   LLD	   of	   the	   assay.	   Here	   we	  
utilized	  a	  relatively	  high	  number	  of	  nanoparticle	  labels,	  1	  ×	  109	  per	  microtiter	  wells.	  This	  had	  
two	   direct	   consequences:	   the	   high	   background	   signal	   at	   a	   zero	   analyte	   concentration	   and	  
reduced	  assay	  sensitivity.	  
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Figure	  5.	  PSA-‐immunoassay	  standard	  curves	  using	  nanoparticles	  labels	  of	  23.5	  nm	  (A),	  34	  nm	  (B),	  46	  
nm	  (C),	  53,5	  nm	  (D)	  and	  101	  nm	  (E)	   in	   radius.	  The	  horizontal	   lines	   show	   the	  LLD	  values	  calculated	  
using	   3×SD	   of	   the	   zero	   calibrator.	   The	   Fab-‐fragment	   of	   anti-‐PSA	   5A10	   was	   used	   as	   the	   capture	  
antibody	  and	  anti-‐PSA	  monoclonal	  antibody	  H117	  as	  the	  detector	  antibody.	  The	  data-‐points	  presented	  
are	   background	   subtracted	   and	   thus	   the	   average	   background	   signal	   is	   set	   to	   zero-‐value	   and	   LLD	   at	  
3×SD	  of	  background.	  The	  Bg-‐value	  shows	  the	  absolute	  averaged	  background.	  

5.2. Antibody type selection in sandwich type assay 
	  
Previous	  studies	  have	  shown	  the	  importance	  of	  the	  number	  of	  binding	  sites	  on	  nanoparticle	  
labels.	  A	  high	  number	  of	  binding	  sites	  on	  a	  nanoparticle	  increased	  the	  probability	  for	  analyte	  
binding	  [23].	  Therefore,	  the	  number	  of	  detector	  antibody	  or	  antibody	  fragment	  was	  optimized	  
to	  cover	  densely	   the	  nanoparticle	  surface.	  The	  highest	  S/B-‐ratio	  and	  high	  signal	   level	   in	   the	  
optimization	   determined	   the	   concentration	   used	   in	   subsequent	   tests	   (data	   not	   shown).	  
Working	  at	  maximum	  S/B-‐ratio	  eliminated	  possible	  errors	  in	  experimentally	  defined	  antibody	  
concentrations	   and	   possible	   differences	   in	   activities	   of	   different	   antibody	   fragments.	   In	   the	  
same	  way,	  the	  amount	  of	  capture	  antibodies	  was	  optimized	  onto	  the	  microtiter	  wells	  coated	  
with	  streptavidin.	  
	  
The	   performance	   of	   different	   antibodies	   was	   compared	   as	   both	   capture	   and	   detector	  
antibodies.	   Combinations	   of	  Mab	   and	   recombinant	   Fab-‐	   and	   scFv-‐fragments	  were	   tested	   in	  
TSH	   immunoassays	   and	   Mab	   and	   recombinant	   Fab	   fragment	   in	   PSA-‐immunoassays.	   All	  
antibody	   fragments	   were	   site-‐specifically	   biotinylated	   with	   maleimide	   PEO2-‐biotin	   3	   nm	  
spacers	   that	   gave	   additional	   mobility	   for	   the	   biotins.	   The	   monoclonal	   antibodies	   were	  
randomly	   biotinylated	   through	   lysines	   and	   they	   retained	   any	   possible	   glycosylations.	   The	  
immunoassays	  were	  carried	  out	  using	  30	  and	  120	  min	  incubation.	  As	  both	  incubation	  times	  
gave	  equal	  results,	  the	  assay	  with	  30	  min	  incubation	  are	  presented	  here.	  	  
	  
Typically,	  the	  immunoassays	  utilizing	  monoclonal	  antibodies	  as	  detector	  antibodies	  produced	  
higher	   specific	   signals	   than	   recombinant	   antibody	   fragments	   in	   both	   PSA	   and	   TSH	   assays	  
(Figures	   6	   and	   7).	   The	   highest	   S/B-‐ratios	  were	   achieved	  with	   a	   Fab-‐fragment	   as	   a	   capture	  
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antibody	  and	  a	  Mab	  as	  a	  detector	  antibody.	  The	  scFv-‐fragments	  did	  not	  perform	  well	   in	   the	  
sandwich	  immunoassays.	  The	  PSA-‐immunoassay	  gave	  considerably	  higher	  S/B-‐ratios,	  as	  the	  
specific	   signal	   was	   higher	   and	   the	   nonspecific	   signal	   lower	   than	   in	   the	   TSH-‐immunoassay.	  
Typical	  S/B-‐ratio	   in	  the	  PSA-‐immunoassay	  was	  50	  while	   in	  the	  TSH	  immunoassay	  it	  was	  15	  
when	  1.5×109	  analyte	  molecules	   (for	  TSH	  66×10-‐12	  M	  or	  10	  mIU/l	  and	   for	  PSA	  75×10-‐12	  M)	  
were	  used.	  This	  indicates	  that	  the	  nanoparticle	  assay	  performance	  was	  largely	  dependent	  on	  
the	   properties	   of	   antibodies	   used.	   High	   specific	   signal	   level	   was	   the	   predominant	   factor	   in	  
determining	   the	   S/B-‐ratio	   immunoassay.	   Decrease	   of	   nonspecific	   binding	  was	   found	   not	   to	  
compensate	  for	  simultaneously	  occurring	  weaker	  specific	  binding.	  	  
	  

	  
Figure	   6.	   PSA-‐immunoassays	   using	   nanoparticle	   label	   (A)	   and	  Eu(III)	   labeled	   streptavidin	   (B).	   Anti-‐
PSA	   5A10	   (assigned	   as	   0)	   and	   H117	   (assigned	   as	   7)	   were	   used	   as	   the	   capture	   and	   the	   detector	  
antibody,	   respectively,	   in	   the	   two	   left	   set	   of	   columns.	   Anti-‐PSA	   H117	   and	   5A10	   were	   capture	   and	  
detector	  antibodies,	  respectively,	  in	  the	  two	  sets	  of	  columns	  on	  the	  right	  side.	  Monoclonal	  antibodies	  
and	   Fab	   fragments	   are	   marked	   as	   M	   and	   F,	   respectively.	   Solid	   bars	   represent	   measured	   europium	  
signals	   for	  nonspecific	   (black)	   and	   specific	   (grey)	  binding.	  Transparent	  bars	   are	   S/B-‐ratios	   (right	   y-‐
axis).	  Error	  bars	  are	  shown	  in	  each	  column.	  To	  ensure	  colloidal	  stability	  nanoparticles	  of	  53.5	  nm	  in	  
radius	  and	  1.5×109	  PSA	  molecules	  (75×10−	  12	  M)	  were	  used	  in	  the	  assay	  with	  a	  30-‐minute	  incubation	  
time.	  
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Figure	  7.	  TSH	  immunoassays	  using	  nanoparticle	  labels	  (A)	  and	  Eu(III)	  labelled	  streptavidin	  (B).	  Anti-‐
TSH	  5404	  (assigned	  as	  4)	  was	  used	  as	  the	  capture	  antibody	  and	  anti-‐	  TSH	  5409	  (assigned	  as	  9)	  as	  the	  
detector	   antibody.	  Mab,	   Fab	   fragment	   and	   scFv	   are	  marked	   as	  M,	   F	   and	   sc,	   respectively.	   Solid	   bars	  
represent	  measured	  europium	  signals	  for	  nonspecific	  (black)	  and	  specific	  (grey)	  binding.	  Transparent	  
bars	  are	  S/B-‐ratios	  (right	  y-‐axis).	  Error	  bars	  are	  shown	   in	  each	  column.	  To	  ensure	  colloidal	  stability	  
nanoparticles	   of	   53.5	   nm	   in	   radius	   and	   1.5×109	   TSH	  molecules	   were	   used	   in	   the	   assays	   having	   an	  
incubation	  time	  of	  30	  min.	  
	  
Nonspecific	   binding	   of	   Mab	   was	   not	   consistently	   higher	   than	   that	   for	   Fab	   or	   scFv.	   These	  
results	  suggest	   that	  removing	  the	  Fc-‐domain	  does	  not	  reduce	  the	  nonspecific	  binding	   in	  the	  
buffer-‐based	   model	   immunoassays,	   neither	   with	   molecular	   labels	   nor	   with	   bioconjugate	  
nanoparticles.	   This	   was	   to	   be	   expected	   as	   most	   of	   the	   reported	   Fc-‐based	   interferences	   re	  
present	  only	   in	  clinical	  samples	  e.g.	   the	  complement	  [33].	  The	  data	  suggested	  that	  the	  more	  
favorable	  orientation	  of	  antibody	  fragments	  on	  the	  capture	  surface	  resulted	   in	  higher	  signal	  
and	   improved	   S/B-‐ratio.	   In	   addition,	   the	   high	   flexibility	   of	   the	   Mab	   hinge	   region,	   in	  
comparison	  to	  antibody	  fragments,	  seemed	  to	  favor	  more	  efficient	  binding	  [115],	  even	  though	  
the	  recombinant	  antibodies	  possessed	  a	  spacer	  arms	  to	  provide	  them	  with	  similar	  additional	  
mobility.	  The	  length	  of	  the	  spacer	  however,	  was	  shorter	  than	  the	  hinge	  region	  of	  a	  Mab.	  At	  the	  
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high	   particle	   amount	   used,	   no	   significant	   difference	   in	   nonspecific	   binding	   properties	   of	  
antibody	   fragments	   could	   be	   concluded	   from	   our	   data.	   These	   differences	   could	   not	   be	  
attributed	   to	   the	   number	   of	   binding	   sites	   as	   optimized	   antibody	   concentrations	   ruled	   out	  
large	   variations	   in	   the	   number	   of	   binding	   sites	   per	   nanoparticle	   label.	   When	   only	   buffer	  
matrix	  is	  considered,	  using	  Fab-‐fragments	  as	  the	  capture	  antibody	  provided	  higher	  S/B-‐ratios,	  
but	   in	   nonspecific	   binding	   could	   not	   be	   reduced	   through	   antibody	   fragmentation.	  
Fragmentation	  may,	   however,	   have	   significant	   impact	   in	   difficult	  matrices	   such	   as	   blood	   or	  
serum	  where	   autoantibodies	   or	   other	   binding	   components	   severely	   disturb	   binding	   events	  
[116].	  

5.2.1.	  The	  effect	  of	  the	  label-‐type	  to	  antibodies	  
	  
The	  use	  of	  nanoparticle	  labels	  was	  justified	  by	  their	  higher	  specific	  activity	  and	  higher	  affinity	  
values	   in	   comparison	   to	   soluble	   binders	   [117].	   Therefore,	   it	   was	   interesting	   to	   compare	  
soluble	  europium(III)	  labeled	  streptavidin	  to	  nanoparticle	  label	  using	  different	  antibodies	  and	  
their	   fragments.	   As	   a	   control	   the	   nanoparticle	   labels	   were	   replaced	   with	   soluble	  
europium(III)-‐chelate	   labeled	   streptavidin	   (soluble	   tracer)	   (3×1011)	   in	   comparative	   studies.	  
Each	   labeled	   streptavidin	  was	  measured	   to	   comprise	   2.4	   europium(III)	   chelates.	  While	   the	  
amount	  of	  antibodies	  is	  roughly	  equal,	  the	  amount	  of	  Eu-‐chelates	  is	  hundred-‐fold	  less	  in	  the	  
control	  assays	  using	  SA–Eu.	  In	  our	  studies,	  the	  soluble	  labels	  performed	  nearly	  identically	  to	  
nanoparticle	   labels	   in	   all	   assay	   setups	   (Figures	   6	   and	   7).	   This	   shows	   that	   antibodies	   used	  
predominately	  determined	  the	  assay	  performance.	  This	  also	  indicates	  that	  the	  performance	  of	  
antibodies	  is	   independent	  of	  the	  label	  used	  for	  detection.	  Assays	  with	  SA–Eu	  as	  a	  tracer	  and	  
the	   nonspecifically	   biotinylated	   detector	   Mabs	   produced	   higher	   signals	   than	   those	   using	  
fragmented	  antibodies	  because	  more	  than	  one	  SA–Eu	  was	  bound	  per	  antibody.	  

5.3. Solid-phase stability and coating configuration 
	  
Some	  of	  the	  nonspecific	  binding	  is	  speculated	  to	  originate	  from	  denatured	  antibodies	  [76],	  [30]	  
and	   [31].	  Upon	  adsorption,	   antibody’s	   conformational	   changes	   can	   expose	   amino	   acids	   that	  
are	   attracted	   to	   surrounding	   biomolecules	   or	   solid	   surfaces	   and	   thus	   lead	   to	   nonspecific	  
binding.	   This	   hypothesis	  was	   examined	   by	   subjecting	   the	   capture	   antibodies	   to	   denaturing	  
conditions	  using	  heat,	   acid	   and	  detergents.	   Experiments	  were	  performed	  on	   three	  different	  
capture	   surfaces:	   monoclonal	   antibodies	   passively	   adsorbed	   on	   microtiter	   wells	   and	  
biotinylated	   Mabs	   and	   Fab-‐fragments	   attached	   onto	   microtiter	   wells	   coated	   with	   SA.	   The	  
denaturing	  steps	  were	  applied	  before	  the	  TSH	  analyte	  incubation.	  	  
	  
First,	   hydrochloric	   acid	   at	   0.6	   M	   concentration	   was	   incubated	   on	   the	   capture	   surface	   and	  
binding	  activity	  of	  the	  capture	  surface	  was	  observed	  by	  determining	  the	  specific	  binding	  in	  an	  
immunoassay.	   While	   most	   of	   the	   specific	   signal	   was	   lost	   the	   nonspecific	   signal	   was	   not	  
affected	  in	  comparison	  to	  the	  non-‐treated	  surface.	  The	  layer	  of	  passively	  adsorbed	  antibodies	  
was	  more	  sensitive	   to	  denaturation	   treatments	  and	  all	   specific	  binding	  properties	  were	   lost	  
whereas	   biotinylated	   antibodies	   attached	   to	   SA	   retained	   approximately	   15%	   of	   binding	  
activity.	   This	   was	   a	   general	   trend	   that	   was	   consistently	   observed	   throughout	   this	   study	   –	  
antibody	   coating	  using	  a	   SA	   layer	  provided	  more	   stability	   against	   all	   denaturation	  methods	  
used.	   Similar	   effects	   have	   been	   reported	   when	   capture	   proteins	   were	   immobilized	   on	   a	  
preadsorbed	  layer	  of	  SA	  or	  anti-‐mouse	  IgG	  [75],	  [118]	  and	  [69].	  
	  
The	  SA-‐bound	  capture	  surfaces	  were	  treated	  additionally	  with	  different	  potentially	  interfering	  
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chemicals	  in	  high	  concentrations.	  We	  applied	  as	  high	  as	  175	  mM	  SDS,	  5	  M	  urea,	  5	  M	  NaCl,	  20%	  
ethanol	  and	  found	  insignificant	  deterioration	  of	  the	  binding	  activity	  of	  the	  capture	  surface	  at	  
room	  temperature.	  However,	  with	  divalent	  cations	  (4	  M	  MgCl2)	  a	  decrease	  in	  specific	  binding	  
activity	   was	   seen.	   With	   adsorbed	   Mab	   the	   specific	   signal	   dropped	   to	   the	   level	   of	   the	  
background	  signal	  a	  1000-‐fold	  decrease.	  On	  the	  contrary,	  under	  the	  same	  circumstances	  with	  
a	   capture	   antibody	   (biotinylated	   Fab-‐fragment	   of	   the	   same	   antibody	   clone)	   attached	   to	   SA	  
only	   a	   5-‐fold	   decrease	   in	   specific	   signal	   was	   observed.	   Again,	   in	   all	   experiments	   the	  
nonspecific	  binding	  remained	  at	  the	  level	  of	  the	  control	  assay.	  Neither	  did	  we	  observe	  a	  trend	  
in	  either	  direction	   in	   the	   standard	  deviation	  between	   replicates	  when	   interfering	   chemicals	  
were	  used.	  	  
	  
In	  the	  next	  experiment	  the	  effect	  of	  heat	  to	  binding	  activity	  was	  examined.	  The	  heating	  step	  
was	  carried	  out	   in	  water	   for	  15	  minutes.	  Temperature	  up	   to	  70	  °C	  was	  required	   to	  have	  an	  
impact	  on	  binding	  activity	  of	  passively	  adsorbed	  surface	  antibodies	  whereas	  antibodies	  bound	  
to	  a	  SA-‐layer	  required	  80	  °C	  for	  decreased	  binding	  activity	  (Figure	  8	  A).	  To	  assess	  the	  stability	  
of	  the	  Fab-‐fragment	  we	  examined	  the	  effect	  of	  heating	  to	  the	  antibody	  and	  the	  binding	  of	  both	  
biotinylated	  Fab	  and	  Mab	  antibodies	  in	  solution.	  Antibodies	  were	  heated	  up	  to	  90	  °C,	  cooled,	  
diluted	  into	  assay	  concentration,	  analyte	  was	  bound,	  the	  complex	  was	  immobilized	  onto	  SA-‐
surface	   and	   the	   amount	   of	   bound	   TSH	  was	   detected	  with	   the	   anti-‐TSH	   nanoparticle	   labels.	  
Both	  were	  found	  to	  maintain	  their	  binding	  activity	  after	  heat	  treatment	  in	  90	  °C	  water	  within	  
20	  %	  deviation	  from	  the	  original	  activity.	  

5.3.1.	  The	  effect	  of	  binder	  distance	  from	  the	  surface	  on	  antibody	  stability	  
	  
In	  denaturing	  experiments	  a	  correlation	  between	  stability	  and	  distance	  of	  the	  binding	  domain	  
was	  observed.	  The	  passively	  adsorbed	  monoclonal	  antibody	  is	  attached	  in	  random	  orientation	  
and	  considering	  its	  approximate	  dimensions,	  length	  12	  nm,	  width	  15	  nm	  and	  depth	  4	  nm	  [119]	  
and	   [105]	   the	   estimated	   average	   distance	   of	   the	   hypervariable	   region	   from	   the	   surface	   is	  
around	  7	  nm.	  The	  Fab-‐fragments	  were	  site-‐specifically	  biotinylated	  (with	  3	  nm	  spacer)	  from	  
the	  end	  opposite	  to	  the	  hypervariable	  region	  and	  dimension	  of	  length	  10	  nm,	  width	  4	  nm	  and	  
depth	   4	   nm.	   The	   layer	   of	   streptavidin	   had	   a	   thickness	   of	   around	   5	   nm	   [120],	   but	   the	  
orientation	   of	   the	   4	   binding	   sites	   cannot	   be	   controlled.	   However,	   we	   can	   assume	   that	  
antibodies	   attached	   to	   it	   were	   preferentially	   directed	   away	   from	   the	   surface	   due	   to	   site-‐
specific	   functionalization.	   In	   the	  case	  of	  biotinylated	  Mab,	  such	  assumption	  cannot	  be	  made,	  
however,	   we	   expect	   the	   average	   distance	   from	   the	   solid-‐phase	   to	   be	   longer	   than	   the	   Fab-‐
fragment.	  Thus,	  the	  estimated	  distances	  of	  binding	  sites	  are	  7	  nm,	  14	  nm	  and	  16	  nm	  from	  the	  
solid-‐phase	   for	   adsorbed	  Mab,	   SA-‐Fab	   and	   SA-‐Mab	   respectively.	   In	   the	   experiments	   where	  
heating	  of	   capture	   solid-‐phases	  was	  performed	   in	   the	  presence	  of	  20	  mM	  SDS	   solution,	   the	  
denaturation	   of	   the	   capture	   antibodies	   on	   the	   surfaces	   was	   more	   pronounced	   and	   it	   was	  
observed	   20	   –	   40	   °C	   earlier	   than	  with	  water	   only	   (Figure	   8B).	   As	   the	   capture	   surface	   lost	  
specific	  binding,	   also	   the	  nonspecific	  binding	  decreased,	  but	   this	  was	   in	   lesser	   extent.	   In	   all	  
heating	   experiments	   the	   change	   in	   nonspecific	   binding	   signal	  was	  not	   significant	   indicating	  
that	   denaturation	   of	   capture	   antibodies	   is	   not	   a	   major	   cause	   of	   nonspecific	   binding	   in	  
immunoassays.	  The	  experiments	  also	  show	  that	  the	  antibodies	  were	  very	  stabile	  even	  in	  high	  
temperatures.	  	  
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Figure	   8.	   Heat	   denaturation	   test	   of	   passively	   adsorbed	   Mab	   (signal	   green;	   bg.	   black),	   and	   bio-‐Fab	  
(signal	  blue;	  bg.	  cyan)	  and	  bio-‐Mab	  (signal	  red;	  bg.	  magenta)	  captured	  through	  SA	  on	  the	  polystyrene	  
surface.	   The	   heat	   treatment	   denatured	   passively	   adsorbed	  mAb	   at	   lower	   temperature	   compared	   to	  
bio-‐Mab	  capture	  on	  the	  surface	  through	  SA.	  Heat	  denaturation	  was	  less	  pronounced	  in	  water	  (A)	  than	  
with	  20	  mM	  SDS	   (B).	   The	  nonspecific	   binding	  of	   nanoparticle	   labels	   did	  not	   increase	  when	   surface-‐
bound	  Mabs	  suffered	  from	  denaturation.	  
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When	  protein	  is	  adsorbed	  onto	  a	  surface	  the	  bonds	  holding	  it	  in	  place	  are	  mostly	  hydrophobic	  
or	  hydrophilic	  in	  nature.	  In	  order	  to	  form	  strong	  hydrophobic	  interactions	  the	  protein	  is	  likely	  
to	  undergo	  significant	  conformational	  rearrangement,	  i.e.	  denature,	  at	  least	  at	  the	  contact	  area.	  
With	  fairly	  large	  proteins	  e.g.	  IgG	  denaturing	  leads	  to	  loss	  of	  binding	  sites	  on	  the	  surface	  in	  a	  
considerable	  fraction	  of	  adsorbed	  protein	  [69].	  The	  loss	  of	  binding	  activity	  by	  denaturation	  of	  
adsorbed	   antibodies	   can	   be	   compensated	   by	   adding	   more	   antibodies	   to	   the	   well.	   We	   and	  
others	  have	   shown	   that	   there	   is	   an	  optimum	  amount	   for	   solid-‐phase	   capture	   antibody	   [48]	  
and	  [I].	  After	  the	  optimum	  has	  been	  reached	  any	  further	  addition	  of	  the	  antibody	  to	  the	  well	  
leads	   to	   a	   higher	   background	   signal	   in	   the	   immunoassay.	   To	   eliminate	   this	   source	   of	  
background	   coating	   by	   passive	   adsorption	   should	   be	   avoided	   due	   to	   the	   denaturing	   effect	  
near	   the	   surface.	   The	   binders	  were	  more	   resistant	   to	   denaturing	   treatments	   (stability:	   ads	  
Mab	  <	   SA-‐Fab	  <	   SA-‐Mab)	   the	   further	   away	   from	   the	   solid-‐phase	   surface	   their	   binding	   sites	  
were	  (7	  nm,	  14	  nm	  and	  16	  nm,	  respectively)	  (Figure	  8B).	  This	  suggests	  that	  when	  possible	  an	  
additional	   spacer	  protein	  or	   linker	   should	  be	  added	  when	  capture	   surfaces	  are	   coated	  with	  
proteins.	  Furthermore,	  in	  antibody	  engineering	  special	  consideration	  should	  be	  placed	  also	  on	  
the	  stability	  of	  the	  antibody	  fragments	  [76].	  The	  loss	  of	  binding	  activity	  of	  the	  Fab-‐fragment	  
was	   observed	   at	   slightly	   lower	   temperatures	   than	   the	   distance	   from	   the	   solid-‐phase	  would	  
predict.	  This	  could	  be	  caused	  by	  the	   less	  stable	  structure	  of	   the	   fragmented	  antibody	  or	   the	  
flexible	  linker	  that	  would	  allow	  the	  fragment	  to	  bend	  parallel	  to	  the	  surface.	  Especially	  in	  the	  
case	   of	   scFvs	   the	   absence	   of	   disulfide	   bonds	   is	   likely	   to	   cause	   decreased	   stability	   of	   the	  
fragments.	   Especially	   with	   nanoparticulate	   labels	   and	   solid-‐phases,	   use	   of	   stabile	   binders	  
produce	  higher	  specific	  signals	  outweighing	  minor	   improvements	   in	   the	   level	  of	  nonspecific	  
background	  signal.	  

5.4. Binding kinetics in nanoparticle assay  
	  
Kinetic	   differences	   between	   specific	   and	   nonspecific	   binding	   in	   the	   well	   plate	   format	   PSA-‐
immunoassay	   utilizing	   nanoparticle	   labels	  were	   tested	   in	   relation	   to	   particle	   size.	  Diffusion	  
speed	   decreases	   as	   particle	   size	   increases	   and	   so	   the	   assay	   kinetics	   was	   assumed	   to	   slow	  
down	   when	   larger	   nanoparticle	   labels	   were	   used	   [65].	   This	   was	   studied	   by	   incubating	  
nanoparticle	   bioconjugates	   of	   different	   size	   for	   120,	   240,	   480	   and	  1140	  min.	   The	   S/B-‐ratio	  
was	  at	  the	  maximum	  at	  120	  min	  for	  all	  particles.	  Longer	  incubation	  times	  gave	  higher	  signals,	  
both	  specific	  and	  nonspecific.	  Saturation	  of	  the	  specific	  signal	  was	  observed	  for	  53.5	  and	  101	  
nm	  particles	  at	  480	  min,	  for	  46	  nm	  particles	  at	  240	  min	  and	  for	  34	  nm	  particles	  at	  120	  min,	  
thus	  the	  nanoparticle	  size	  had	  an	  apparent	  impact	  on	  assay	  kinetics.	  The	  signal	  for	  nonspecific	  
binding	  increased	  steadily	  over	  the	  whole	  incubation	  time	  up	  to	  1140	  min.	  This	  increase	  led	  
to	  lower	  S/B-‐ratio,	  suggesting	  as	  expected	  that	  the	  specific	  binding	  is	  faster	  than	  nonspecific.	  

5.4.1.	  Kinetics	  of	  specific	  binding	  
	  
Slower	  kinetics	   is	  mainly	  due	  to	  slower	  diffusion	  caused	  by	  their	   larger	  size	  as	  compared	  to	  
molecular	   labels	   [26].	   In	   order	   to	   characterize	   the	   binding	   constants	   in	   more	   detail	   we	  
conducted	  BLI	   and	  FS	   experiments.	  The	   specific	   binding	  profile	   is	   simple	   single	   component	  
adhesion	  (Figure	  9A).	  The	  Kd	  of	  specific	  binding	  of	  the	  bioconjugate	  nanoparticle	  to	  the	  solid-‐
phase	  captured	  TSH	  was	  measured	  to	  be	  2.5×10-‐11	  M	  compared	  to	  the	  1×10-‐10	  M	  given	  by	  the	  
provider	  for	  single	  Mab	  (Table	  5).	  The	  kinetic	  constants	  were	  calculated	  by	  running	  a	  global	  
fit	  of	  the	  concentration	  series	  [67].	  The	  association	  rate	  (constant)	  kon	  of	  specific	  binding	  was	  
measured	   to	  be	  6.45×106	  M-‐1	   s-‐1	   and	  dissociation	   rate	   (constant)	   koff	  was	  determined	   to	  be	  
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below	  1.6×10-‐4	  s-‐1.	  However,	  the	  koff	  was	  so	  low	  that	  the	  dissociation	  could	  be	  considered	  too	  
slow	  to	  be	  measured	  and	  also	  the	  standard	  error	  for	  koff	  parameter	  was	  very	  high.	  This	  was	  
mainly	   due	   to	   instrument	   drift,	   probably	   caused	   by	   buffer	   evaporation	   and	   slow	  
sedimentation	  of	   the	  nanoparticles.	   In	  binding	  without	  TSH	  being	  present,	   the	  bioconjugate	  
nanoparticles	  had	  much	  slower	  association	  rate	  throughout	  the	  measured	  time	  range,	  and	  the	  
association	   rate	   constant	   could	   only	   be	   determined	   with	   the	   two	   highest	   nanoparticle	  
concentrations.	  The	  majority	  of	  the	  association	  was	  occurring	  during	  the	  first	  few	  seconds	  and	  
the	  reaction	  was	   found	  saturated	  by	  60	  s	   in	  all	   the	  concentrations	  used	  (Figure	  9B).	   In	  well	  
plate	   assay	   the	   binding	   without	   analyte	   shows	   two-‐components;	   at	   first	   fast	   binding	   is	  
observed	   and	   later	   gradually	   increasing	   component	   dominates,	   whose	   inclination	   remains	  
constant	  until	  the	  reaction	  is	  stopped	  (III	  Figure	  S1).	  	  
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Figure	  9.	  A	  Log-‐log	  plot	  of	  binding	  with	  500	  mIU	  L-‐1	  TSH	  (A)	  and	  without	  TSH	  (B)	  biosensor	  binding	  
signals	  measured	  with	  ForteBio	  Octet	  RED384.	  Bioconjugate	  nanoparticles	  were	  used	  in	  suspensions	  
of	  3×108	  (n),	  1×108	  (�),	  3×107	  (Δ),	  1×107	  (w)	  and	  3×106	  (*)	  particles	  µL-‐1.	  Please	  note	  the	  difference	  in	  
axis	   scales.	  The	  binding	  with	  TSH	  shows	  strong,	   fast,	   single	  component	  association.	  Binding	  without	  
TSH	   adhesion	   shows	   a	   very	   small	   and	   fast	   initial	   increase	  with	   the	   two	   highest	   concentrations	   and	  
saturation	   during	   the	   first	   10	   s	   of	   the	   measurement,	   and	   then	   considerably	   slower	   signal	   increase	  
matching	  background	  level	  for	  the	  remaining	  duration	  of	  the	  measurement	  time	  (III).	  	  
	  
To	   characterize	   the	   kinetics	   on	   shorter	   time	   scales	   a	   FS	  measurement	   setup	  was	  utilized,	   a	  
sandwich-‐type	   immunoassay	   was	   performed	   between	   a	   single	   antibody-‐functionalized	  
nanoparticle	  mounted	  on	  the	  outer	  apex	  of	  an	  AFM	  tip,	  TSH	  and	  solid-‐phase	  antibody	  bound	  
on	  a	  solid	  mica	  support	  (III,	  Figure	  2).	  Similar	  sandwich-‐type	  immunoassay	  was	  run	  on	  Octet	  
RED384-‐sensor	   and	   standard	  well	   plate	   assay.	   The	   combined	   data	   from	   these	   experiments	  
reveal	  binding	  kinetics	  over	  a	  time	  range	  from	  50	  ms	  to	  240	  min.	  	  

5.4.2.	  Binding	  probabilities	  and	  bond	  loading	  rates	  
	  
As	  expected,	  in	  the	  experiments	  with	  TSH	  the	  binding	  probability	  (Figure	  10	  and	  III,	  table	  1S)	  
and	   the	  most	  probable	  unbinding	   force	  ((MPUF),	  unbinding	   force	  of	   the	  highest	  peak	   in	   the	  
PDF)	  were	  both	  higher	  than	  in	  binding	  without	  TSH	  (Figure	  10).	  The	  MPUF	  increased	  60-‐80	  
pN	  in	  specific	  binding	  (Figure	  11)	  (III).	  The	  measured	  anti-‐THS	  –	  TSH	  unbinding	  forces	  were	  
similar	  to	  previously	  described	  antibody-‐antigen	  interactions	  at	  the	  investigated	  loading	  rate	  
range	   [122]	   and	   [123].	   In	   FS	   with	   bioconjugate	   nanoparticle	   probes	   the	   specific	   binding	  
probability	  was	  2-‐4	   times	  higher	   [122]	  and	   the	  nonspecific	  binding	  probability	  was	  2	   times	  
higher	   [124]	   or	   equal	   [125],	   when	   compared	   to	   the	   similar	   receptor	   ligand	   system	   using	  
conventional	  single	  molecule	  FS.	  This	  is	  due	  to	  the	  relatively	  large	  surface	  area	  of	  biologically	  
coated	  nanoparticles	  and	  high	  density	  of	  antibodies.	  Thus,	   in	  nanoparticle	  FS	  several	  bonds	  
may	  form	  simultaneously.	  Moreover,	  because	  of	  the	  probability	  of	  unbinding	  is	  roughly	  equal	  
between	  the	  solid-‐phase	  antibody	  –	  TSH	  and	  the	  tracer	  antibody	  –	  TSH	  –bonds,	  some	  of	  the	  

Results and Discussion



	  

TSH	   molecules	   may	   accumulate	   on	   the	   nanoparticle	   and	   further	   increase	   the	   binding	  
probability.	  Also,	  the	  wide	  probability	  distribution	  seen	  with	  specific	  binding	  (Figure	  11A)	  is	  
likely	   to	  be	  a	   result	  of	  different	  affinities	  of	   the	  antibodies	  used.	  The	   tracer	  antibody	   (clone	  
5404)	  had	  a	  Kd	  of	  1×10-‐10	  M	  and	  the	  solid-‐phase	  antibody	  (clone	  5409)	  had	  a	  Kd	  of	  1×10-‐9	  M.	  
Although	  the	  affinities	  were	  different,	  we	  were	  not	  able	  to	  differentiate	  between	  unbinding	  of	  
the	  two	  antibody	  clones	  in	  the	  tracer	  antibody–TSH–solid-‐phase	  antibody	  –	  complex.	  
	  
Bond	  loading	  rate	  
	  
Experiments	   utilizing	   nanoparticles	  were	   limited	   to	   a	   narrow	   range	   of	   loading	   rates	   5000-‐
30000	  pN	  s-‐1	  due	  to	  rolling	  and	  re-‐association	  of	   the	  nanoparticle	  as	  a	  consequence	  of	  slow	  
probe	  speed	  and	  increased	  hydrodynamic	  noise	  due	  to	  high	  speed	  of	  the	  coated	  probe	  (data	  
not	   shown).	   At	   the	   slower	   end	   of	   the	   loading	   rates	   the	   specific	   binding	   probabilities	   were	  
close	   to	   100	  %	   and	   the	   nonspecific	   binding	   probabilities	   were	   40%	   even	   at	   short	   contact	  
times.	  In	  addition,	  the	  force	  distribution	  at	  slow	  loading	  rates	  was	  not	  shifted	  to	  lower	  forces	  
as	   is	   usually	   observed	   in	   conventional	   FS,	   but	   remained	  between	  35-‐60	  pN	   in	  both	   specific	  
and	  nonspecific	  binding	  (Figure	  11).	  In	  those	  experiments	  where	  the	  probe	  contact	  time	  with	  
the	  solid-‐phase	  was	  decreased,	  an	   increase	  of	  unbinding	   force	  was	  observed.	  Typically	  such	  
an	   increase	   is	  seen	  when	  probe	  speed,	  a	  variable	  commonly	  utilized	   to	   increase	   the	   loading	  
rate,	   is	   increased.	  We	   speculate	   that	   this	   is	   caused	   by	   rolling	   and	   fast	   re-‐association	   of	   the	  
bioconjugate	  nanoparticle.	  	  

5.4.3.	  Association	  rate	  
	  
Changing	   the	   probe	   contact	   time	  with	   the	   solid-‐phase	   allows	   studies	   on	   the	   association	   of	  
bioconjugate	  nanoparticle	  binding	  to	  a	  biofunctionalized	  solid-‐phase.	  The	  binding	  probability	  
here	   describes	   the	   number	   of	   binding	   events	   and	   hence	   allows	   an	   estimation	   of	   the	  
association	  rate	   to	  be	  made.	  The	  binding	  probability	  closes	   to	  zero	  as	  contact	   time	  of	  probe	  
and	   solid-‐phase	   is	   shorter	   than	   the	   association	   rate.	   As	   expected,	   we	   observed	   an	   overall	  
decrease	  of	  binding	  probability	  over	  the	  used	  contact	  time	  range	  investigated.	  In	  a	  two-‐tailed	  
t-‐test	   that	   allowed	  unequal	   variance	  between	   samples	  was	   found	   a	   significant	   difference	   in	  
contact	   times	   below	   100	   ms	   (Figure	   10	   and	   III,	   table	   1S).	   We	   chose	   to	   average	   binding	  
probabilities	  measured	  by	  varying	  loading	  rate	  to	  exclude	  the	  effect	  of	  probe	  velocity.	  If	  both,	  
the	  loading	  rate	  and	  contact	  time,	  were	  kept	  constant	  a	  significant	  difference	  (two	  tailed	  t-‐test	  
significance	  p-‐value	  <	  0.01)	  was	  seen	  in	  all	  contact	  time	  ranges.	  	  
	  
The	   difference	   in	   binding	   probability	   between	   binding	   with	   and	   without	   TSH	   analyte	   was	  
found	   to	  be	   significant	   (p-‐value	  <0.05)	   suggesting	   that	   contact	   times	   in	   the	   low	  millisecond	  
range	   may	   prevent	   bonds	   responsible	   for	   nonspecific	   binding	   being	   formed	   in	   the	   case	   of	  
bioconjugate	   nanoparticles.	   Short	   contact	   times	   will,	   however,	   reduce	   the	   absolute	   signal	  
levels	  in	  samples	  with	  TSH	  as	  well.	  In	  the	  contact	  time	  range	  used	  in	  this	  study,	  there	  was	  a	  
linear	   increase	   in	   the	   log-‐log	  plot	   for	  both	  binding	   types	   (Figure	  10).	   It	  was	  not	  possible	   to	  
totally	   disallow	   nonspecific	   binding,	   but	   because	   of	   the	   low	   binding	   probability	   and	  
probability	  decrease	   towards	   zero	   the	   association	   can	  be	   estimated	   to	   require	   contact	   time	  
longer	  than	  30	  ms	  i.e.	  3×101	  s-‐1.	  We	  are	  forcing	  a	  single	  bioconjugate	  nanoparticle	  into	  contact	  
and	  do	  not	  allow	  diffusion,	  thus	  the	  relation	  to	  molar	  constants	  is	  not	  trivial	  to	  establish,	  but	  
as	   the	   particle	   is	   brought	   to	   direct	   contact	   the	   local	   concentration	   is	   very	   high.	   Similar	  
estimation	   cannot	   be	   extrapolated	   with	   reasonable	   accuracy	   from	   the	   fitting	   for	   specific	  
binding,	  however,	   the	  association	  rate	  would	  seem	  to	  be	  orders	  of	  magnitude	  higher	  and	   in	  
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agreement	  with	  the	  biosensor	  data	  (Figure	  10).	  Also,	  in	  the	  binding	  measurement	  performed	  
in	   the	   presence	   of	   TSH	   (30	  mIU	   L-‐1)	   in	   the	   FS	   setup,	   the	   overall	   binding	   signal	   is	   likely	   to	  
include	   a	   component	   of	   nonspecific	   binding	   of	   the	   nanoparticle	   in	   addition	   to	   antibody-‐
antigen	  binding.	  	  
	  
Table	   5.	   Summary	   of	   determined	   binding	   constants.	   The	   specific	   binding	   kinetic	   constants	   were	  
measured	  with	  BLI	  and	  nonspecific	  data	  with	  FS	  (Figure	  9A	  and	  Figure	  10).	  

	  

	   	  
Figure	  10.	  A	  log-‐log	  plot	  of	  average	  binding	  probabilities	  for	  obtained	  in	  the	  presence	  of	  TSH	  
(30	  mIU	  L-‐1)	  (n)	  and	  in	  the	  absence	  of	  TSH	  (u)	  for	  bioconjugate	  nanoparticles	  versus	  contact	  
time	  of	  the	  probe	  and	  the	  solid-‐phase.	  The	  binding	  without	  TSH	  appears	  to	  be	  close	  to	  zero	  at	  
contact	  time	  10	  -‐	  40	  ms,	  thus	  binding	  would	  happen	  at	  rate	  of	  3×101	  s-‐1.	  The	  association	  rate	  
for	   specific	   binding	   cannot	   be	   calculated	   from	   the	   data,	   but	   would	   appear	   to	   be	   orders	   of	  
magnitude	  higher.	  	  
	  

Specific'binding'kinetics
Interferometry Kon+/+M.1+s.1 Koff+/+s.1 Bmax Kd+/+mol+L.1

Average 6.45E+06 1.62E.04 8.88 2.51E.11
Std.+error 3.50E+04 3.21E.06 0.062 5.97E.13

Nonspecific'binding'kinetics
Force+spectroscopy Association+/+s.1

Average 33
Std.+error 4.3
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5.4.4.	  Unbinding	  forces	  
	  
No	   significant	   difference	   between	   the	   maximum	   unbinding	   forces	   was	   observed	   in	   the	  
experiments	  performed	   in	   the	  presence	  or	   absence	  of	  TSH.	  Therefore,	  we	  cannot	  provide	  a	  
simple	   cut-‐off	   unbinding	   force	   that	  would	   separate	   nonspecific	   binding	   from	   specific.	  Most	  
probably	  the	  measured	  high	  binding	  forces	  in	  both	  experiments	  (over	  300	  pN)	  are	  caused	  by	  
nanoparticle	   adhesion	   to	   the	   substrate	   via	  many	   parallel	  weaker	   bonds,	   thereby	   creating	   a	  
strong	  macro-‐bond.	  Such	  events	  were	  rare	  with	  probabilities	  of	  0.3%	  (1-‐8	  out	  of	  1000	  force	  
distance	  curves	  recorded)	  or	   lower.	   In	  a	  previous	  study	  similar	  probabilities	   for	  nonspecific	  
binding	  (0.02-‐2%	  of	  total	  particles	  in	  an	  assay)	  were	  observed	  in	  ultrasensitive	  sandwich-‐type	  
immunoassay	  [81].	  
	  
The	  changes	  in	  the	  MPUF	  are	  an	  indication	  of	  dissociation	  rate	  being	  reached,	  i.e.	  applying	  or	  
loading	   force	   on	   the	   bond	   at	   the	   same	   rate	   as	   koff	   (spontaneous	   water-‐aided	   dissociation)	  
would	  yield	  no	  unbinding	  force	  at	  all	  [126].	  However,	  the	  MPUF	  remained	  between	  35-‐60	  pN	  
in	  both	  binding	  with	  and	  without	  TSH,	  despite	  the	  decrease	  in	  loading	  rate.	  The	  difference	  in	  
the	  MPUF	  between	  binding	  with	  and	  without	  TSH,	  although	  clearly	  distinguishable,	  was	  also	  
less	   than	   expected.	   Based	   on	   previous	   affinity	   constant	  measurements,	   this	  was	   somewhat	  
surprising,	  as	  nonspecific	  interactions	  are	  typically	  thought	  to	  be	  much	  weaker	  than	  specific	  
binding	   [127]	   and	   [128].	   This	   data	   indicates	   similar	   slow	   dissociation	   and	   overall	   bond	  
characteristics	   in	   both	   specific	   and	   nonspecific	   binding	   of	   bioconjugate	   nanoparticles.	   As	  
contact	   time	  was	  decreased,	   the	  MPUF	  was	   increased.	   In	   the	  binding	  with	  TSH	   the	   increase	  
was	  found	  at	  contact	  times	  shorter	  than	  120	  ms	  and	  in	  experiments	  based	  on	  binding	  without	  
TSH	  shorter	  than	  95	  ms	  (Figure	  11).	  The	  increase	  of	  the	  MPUF	  was	  from	  60	  pN	  to	  110	  pN	  with	  
TSH	  and	  from	  35	  pN	  to	  80	  pN	  without	  TSH	  (Figure	  11).	  However,	  the	  molecular	  mechanism	  
behind	   the	   increase	   of	   unbinding	   force	   can	   be	   similar	   to	   the	   observed	   unbinding	   force	  
increase	   loading	  rate	   is	   increased.	  The	  delay,	  with	  which	  the	  tip-‐bound	  nanoparticle	   follows	  
the	  movement	  of	   the	  probe,	  accelerates	   the	  speed	  of	   the	  nanoparticle	  when	  the	  direction	  of	  
the	   movement	   is	   reversed.	   Nevertheless,	   the	   decrease	   stabilized	   between	   35-‐60	   pN	   most	  
likely	   due	   to	   avidity	   of	   the	   bioconjugate	   nanoparticles,	   continuous	   dissociation	   and	   re-‐
association	  of	  bonds	  maintaining	  a	  stable	  macro-‐bond.	  
	  
The	  majority	  of	  unbinding	  events	  seemed	  to	  resemble	  a	  simultaneous	  unbinding	  of	  more	  than	  
one	   bond	   i.e.	   the	   binding	   signal	   resembled	   that	   of	   a	   single	   molecule	   binding,	   but	   the	  
distribution	  of	  forces	  was	  wider	  [III].	  Although	  in	  binding	  with	  TSH,	  the	  analyte	  concentration	  
allowed	  a	  nanoparticle	  to	  bind	  through	  more	  than	  one	  specific	  bond,	  the	  appearance	  of	  only	  
one	  major	  peak	  suggests	  that	  the	  additional	  binding	  can	  also	  be	  similar	  to	  nonspecific	  binding.	  
Distributions	  of	  binding	  forces	  in	  cases	  where	  specific	  binding	  is	  measured	  were	  not	  a	  simple	  
Gaussian	   distribution	   and	   subsets	   of	   binding	   forces	   are	   found.	  When	   the	   contact	   time	  was	  
increased	  more	  subsets	  could	  be	   fitted	   into	   the	  PDF.	   In	  binding	  without	  TSH,	   the	  unbinding	  
force	   distribution	  was	  more	   uniform	   over	   the	   contact	   time	   range	   used,	   but	   at	   the	   shortest	  
contact	   times	   distinct	   subsets	   emerged.	   In	   a	   previous	   study	   such	   overlapping	   Gaussian	  
distributions	  have	  successfully	  been	  resolved	  [129].	  However,	  nonspecific	  binding	  is	  assumed	  
to	  comprise	  several	  different	  bond	  types	  and	  thus	  similar	  component	  analysis	  did	  not	  yield	  a	  
result.	   Some	   cases	   showed	   the	   characteristics	   of	   zipper-‐type	   probe	   relaxation	   where	   the	  
probe	  was	  partially	  relaxed	  between	  individual	  unbinding	  events.	  Zipper-‐type	  relaxation	  may	  
be	  due	  to	  nanoparticle	  rotation	  upon	  unbinding.	  Such	  a	  mechanism	  fits	  well	  to	  the	  observed	  
tendency	  of	  re-‐association	  of	  bonds.	  	  
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Figure	  11.	  Contact	  time–dependence	  of	  the	  unbinding	  forces.	  Red	  solid	   lines	  (A)	  show	  the	  unbinding	  
force	  PDFs	  of	  binding	  with	  TSH	  (30	  mIU/l)	  and	  black	  dotted	  lines	  (B)	  reflect	  binding	  without	  TSH.	  On	  
the	  z-‐axis	  is	  the	  normalized	  probability,	  on	  x-‐axis	  the	  unbinding	  force	  [pN],	  and	  on	  the	  y-‐axis	  the	  probe	  
contact	  time	  with	  the	  sample	  in	  milliseconds.	  With	  short	  contact	  time	  in	  nonspecific	  case,	  no	  unbinding	  
events	  were	   detected	  which	  was	   partly	   due	   to	   cantilever	   vibrations	   and	   signal	   noise	   caused	   by	   the	  
relatively	  high	  loading	  rate.	  	  
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5.5. Matrix effects 

5.5.1.	  Stabilization	  of	  bioconjugate	  nanoparticle’s	  protein	  corona	  
	  
The	  colloidal	  stability	  of	  bioconjugate	  nanoparticles	  is	  defined	  by	  their	  surface	  potential,	   the	  
stability	  of	  conjugated	  antibodies,	   ionic	  strength	  of	   the	  assay	  buffer,	  detergents	   in	   the	  assay	  
buffer,	   concentration	   of	   bioconjugate	   nanoparticles	   in	   the	   suspension,	   presence	   blocking	  
proteins	   and	   the	   stability	   of	   their	   protein	   corona.	   As	   compared	   to	   small	   molecules,	   the	  
particles	   have	   slower	   exchange	   of	   molecules	   at	   their	   surface.	   When	   the	   bioconjugate	  
nanoparticles	  are	  diluted	  to	  the	  assay	  buffer	  from	  a	  separate	  storage	  buffer	  where	  they	  were	  
stored	   in	  high	  concentration	  the	  equilibrium	  of	  proteins	  at	   the	  surface	   is	  perturbed	  and	  the	  
system	  begins	  to	  find	  a	  new	  equilibrium.	  During	  this	  process	  bonds	  form	  and	  break,	  and	  this	  
opens	   a	   possibility	   for	   un-‐wanted	   nonspecific	   interactions.	   Once	   the	   equilibrium	   of	   the	  
protein	  corona	  is	  formed	  such	  interactions	  are	  less	  likely	  to	  form.	  We	  discovered	  that	  storing	  
bioconjugate	  nanoparticles	   in	  KVG-‐buffer	  at	   concentration	  no	  higher	   than	  100-‐times	   that	  of	  
the	  optimal	  usage	  concentration	  increased	  the	  signal-‐to-‐noise	  ratio	  of	  the	  assay	  nearly	  3-‐fold	  
(Figure	  12).	  	  
	  
	  

	  
Figure	   12.	   Concentration	   dependent	   protein	   corona	   stabilization.	   The	   bioconjugate	  
nanoparticles	  were	   stored	   in	   KVG-‐buffer	   at	   various	   concentrations.	   The	   stabilization	   of	   the	  
particle	   suspension	  was	   reached	   at	   a	   concentration	   100-‐fold	   higher	   than	   the	   concentration	  
used	  in	  the	  assay.	  
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To	  investigate	  the	  stabilization	  in	  more	  detail	  we	  tested	  the	  components	  of	  the	  KVG-‐buffer	  to	  
establish,	  which	  of	  the	  components	  were	  required	  to	  deliver	  the	  effect.	  We	  also	  wanted	  to	  test	  
whether	   the	  effect	  was	  only	  due	   to	  better	  dispersibility	  of	   the	  more	  dilute	  solution	  or	  were	  
specific	   buffer	   components	   required	   for	   the	   effect.	   A	   component-‐by-‐component	   test	   of	   the	  
buffer	  ingredients	  was	  conducted	  at	  a	  concentration	  of	  1.25×108	  particles/μl	  (Figure	  13).	  As	  
expected,	  the	  blocking	  protein	  BSA	  was	  the	  main	  component	  in	  the	  buffer	  during	  stabilization	  
and	  that	  blocking	  detergent	  Tween	  40	  was	  of	  secondary	  importance	  the	  main	  components	  in	  
the	   storage	   buffer.	   The	   importance	   of	   the	   detergent	   subsided	   slightly	  when	   buffer	   pH	  was	  
adjusted	   to	   the	   optimal	   according	   to	   the	   antibody.	   Nearly	   a	   three	   fold	   improvement	   in	   the	  
S/B-‐ratio,	   and	   the	   full	   potential	   of	   the	   stabilization,	  was	   reached	  by	  using	   the	  optimum	  pH,	  
physiological	   ionic	   strength,	   blocking	   protein	   and	   detergent.	   However,	   when	   these	  
components	  were	  added	  to	  the	  storage	  buffer	  at	  particle	  concentration	  1.25×1010	  particles/μl	  
no	  benefit	  was	  observed.	  
	  

	  
Figure	   13.	   Component-‐by-‐component	   breakdown	   of	   the	   storage	   buffer	   composition	   in	  
concentration	  of	  1.25×108	  particles/μl.	  
	  

5.5.2.	  Sample	  pre-‐processing	  by	  affinity	  purification	  
	  
The	  TSH	  serum	  samples	  were	  prepared	  by	  affinity	  purifying	  pooled	  serum	  samples	  and	  later	  
spiking	  a	  desired	  amount	  of	   recombinant	  TSH	   into	   the	  sample.	  Analyzing	   these	  samples	  we	  
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observed	   a	   reduced	   level	   of	   nonspecific	   background	   signal	   from	   a	   zero	   calibrator	   sample	  
(Figure	  14).	  This	  would	  imply	  that	  the	  affinity	  purification	  of	  TSH	  removed	  also	  cross-‐reactive	  
or	   interfering	   compounds	   from	   the	   sample.	   Removal	   of	   such	   compounds	   from	   a	   clinical	  
sample	  would	  naturally	  make	  detection	  of	  even	  smaller	  concentrations	  of	  the	  analyte	  possible.	  
This	  could	  be	  achieved	  by	  a	  preprocessing	  step	  where	   the	  sample	  would	  be	  affinity	   filtered	  
with	  antibodies	  (e.g.	  with	  antibody	  coated	  microbeads)	  bearing	  close	  resemblance	  to	  capture	  
and/or	   detector	   antibodies,	   but	   would	   not	   recognize	   the	   antigen.	   In	   order	   to	   quantify	   the	  
observation	  we	  utilized	  similarly	  produced	  anti-‐PSA	  5A10	  Fab-‐fragment	  –	  coated	  wells	  [I]	  to	  
affinity	  purify	  pooled	  serum	  samples	  with	   low-‐normal	  range	  TSH	  (approximately	  1	  mIU/L).	  
We	   mock	   affinity	   purified	   the	   female	   serum	   with	   5A10	   Fab-‐fragments	   and	   measured	   the	  
increase	  of	  signal-‐to-‐noise	  ratios	  with	  a	  different	  amount	  of	  diluted	  serum	  where	  100	  μIU/L	  of	  
recombinant	  TSH	  was	  spiked	  (IV	  Figure	  4).	  In	  this	  experiment,	  the	  amount	  of	  TSH	  was	  fixed	  in	  
respect	   to	   the	   total	   volume	   of	   buffer	   and	   serum,	   i.e.	   the	   serum	   TSH	   concentration	   in	   5%	  
sample	  would	  be	  ten	  times	  as	  much	  as	  in	  the	  50%	  sample.	  We	  observed	  that	  at	  concentrations	  
over	  10%	  (v/v)	   the	   signal-‐to-‐noise	   ratios	   increased	   in	   response	   to	   affinity	  purification.	  The	  
effect	   was	  mainly	   due	   to	   increased	   recovery	   of	   the	   spiked	   TSH.	   The	   higher	   the	   amount	   of	  
serum	  in	  the	  sample	  was	  the	  stronger	  effect	  the	  affinity	  purification	  delivered.	  
	  

	  
Figure	   14.	   Comparison	   of	   TSH-‐assay	   S/B-‐ratios	   in	   KVG-‐buffer	   and	   in	   50%	   affinity	   purified	  
serum.	   The	   assay	   utilized	   normal	   and	   protein	   corona	   stabilized	   bioconjugate	   nanoparticles	  
and	   fully	  coated	  and	  spot-‐coated	  microtitre	  wells.	  The	  optimized	  configuration	  gave	  10-‐fold	  
higher	  S/B-‐ratio	  in	  KVG-‐buffer	  and	  a	  100-‐fold	  higher	  ratio	  in	  50%	  affinity	  purified	  serum.	  
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5.6. Super-sensitive TSH assay utilizing bioconjugate nanoparticles 

5.6.1.	  Control	  of	  association	  time	  by	  solid-‐phase	  organization	  
	  
We	  have	  shown	  that	  the	  association	  rate	  of	  specific	  binding	  of	  bioconjugate	  nanoparticles,	  the	  
kon,	   is	   200000-‐fold	   higher	   than	   for	   nonspecific	   binding.	   Therefore,	   in	   order	   to	   disallow	  
sedimentation	   and	   nonspecific	   binding	   in	   immunoassays	   utilizing	   biocojugate	   nanoparticle	  
labels,	  we	  decided	  to	  control	  the	  association	  time	  with	  fast	  liquid	  flow	  induced	  by	  mixing	  and	  
a	   small	   area	   for	   specific	   binding	   [130]	   and	   [131].	   The	   coating	   of	   only	   the	   small	   area	   of	   the	  
active	   solid	   phase,	   was	   produced	   by	   adding	   the	   capture-‐antibody	   in	   a	   1	   μl	   drop	   halfway	  
between	  the	  edge	  and	  center	  of	  a	  streptavidin	  functionalized	  96-‐well	  plate	  well.	  The	  capture-‐
antibody	  occupied	  only	  a	  fraction	  of	  the	  available	  solid-‐phase	  and	  affinity	  of	  the	  bioconjugate	  
nanoparticle	   towards	   the	   solid-‐phase	   without	   antibodies	   was	   significantly	   lower.	   When	  
compared	  against	  a	  fully	  coated	  well	  the	  spot-‐coated	  wells	  provided	  a	  S/B-‐ratio	  increase	  of	  3-‐
10	  –fold.	  Such	  solid-‐phase	  configuration	  is	  likely	  to	  reduce	  rolling	  of	  nanoparticles	  that	  would	  
potentially	   increase	   nonspecific	   binding	   by	   allowing	   more	   time	   for	   the	   bioconjugate	  
nanoparticles	  to	  adhere.	  Another	  mechanism,	  through	  which	  an	  increase	  could	  be	  mediated,	  is	  
through	  signal	  amplification	  on	  the	  measured	  area	  and	  the	  decrease	  in	  the	  optimal	  amount	  of	  
bioconjugate	   nanoparticles	   needed	   for	   the	   assay	   (IV,	   Figure	   S1).	   Decrease	   of	   the	   optimal	  
amount	   was	   possible	   because	   the	   signal	   obtained	   from	   the	   nanoparticles	   was	   condensed	  
under	  the	  excitation	  beam	  of	  the	  Victor2-‐multilabel	  counter.	  
	  

5.6.2.	  Optimized	  sandwich-‐type	  immunoassay	  
	  
Taking	  the	  previously	  described	  findings	  into	  account	  we	  performed	  a	  heterogenic	  sandwich-‐
type	  TSH-‐immunoassay	  utilizing	  bioconjugate	  nanoparticle	   labels	   in	   affinity	  purified	  pooled	  
human	  serum.	  A	  typical	  standard	  curve	  measured	  by	  using	  three	  replicates	  of	  each	  calibrator	  
is	  presented	  in	  Figure	  15.	  The	  LLD	  60	  nIU/L	  or	  450	  aM	  or	  10000	  molecules	  in	  sample	  volume	  
of	  20	  μl	  was	  defined	  as	   the	  signal	   that	  3SD	  of	  zero	  calibrator	  over	   the	  signal	  obtained	   from	  
zero	   calibrator.	   The	   assay	   is	   a	   one-‐step	   configuration	   where	   the	   un-‐diluted	   sample	   is	   first	  
added	  and	  the	  tracer	  nanoparticles	  are	  added	  to	  the	  same	  well	  without	  a	  separation	  step	   in	  
between.	   A	   washing	   step	   is	   required	   only	   before	   the	   time-‐resolved	   fluorescence	   signal	   is	  
recorded.	  The	   immunoassay	  requires	  a	   total	  of	  40-‐minute	   incubation	   time,	  a	   low	  amount	  of	  
reagents	  and	  is	  relatively	  easy	  to	  perform.	  	  
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Figure	  15.	  A	   typical	   standard	  curve	  measured	   in	  an	  affinity	  purified	  serum	  sample	  by	  using	  
three	  replicates	  of	  each	  calibrator.	  The	  LLD	  of	   the	  assay	  was	  60	  nIU/L	  or	  450	  aM	  or	  10000	  
molecules	   in	  sample	  volume	  of	  20	  μl.	  The	  data-‐points	  presented	  are	  background	  subtracted	  
and	  thus	  the	  average	  background	  signal	  is	  set	  to	  zero-‐value	  and	  LLD	  at	  3×SD	  of	  background.	  
The	  Bg-‐value	  shows	  the	  absolute	  averaged	  background.	  
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6. SUMMARY AND CONCLUSIONS 
	  
Nonspecific	   binding	   of	   a	   detector	   antibody	   is	   often	   addressed	   to	   the	   Fc-‐domain	   of	   Mab.	  
Fragmentation	   of	   detector	   antibodies	   did	   not	   yield	   improved	   performance	   in	   buffer-‐based	  
samples,	  either	  when	  it	  was	  used	  in	  conjunction	  with	  nanoparticulate	  or	  soluble	  labels.	  A	  Mab,	  
as	  both	  capture	  and	  detector	  antibody,	  was	  not	  found	  to	  be	  the	  optimal	  assay	  configuration.	  
Constantly	  Fab	  fragment	  as	  a	  capture	  and	  Mab	  as	  a	  detector	  antibody	  gave	  the	  highest	  S/B-‐
ratio.	  The	  nanoparticle	  assay	  performance	  was	  largely	  dependent	  on	  the	  stability	  and	  affinity	  
constant	   of	   antibodies	   used.	   The	   size	   of	   the	   antibody-‐conjugated	   nanoparticles	   had	   an	  
insignificant	   impact	   on	   nonspecific	   binding.	  While	   the	   absolute	   signal	   intensity	  was	   higher	  
with	  larger	  particles,	  assays	  utilizing	  the	  bioconjugate	  nanoparticles	  with	  a	  diameter	  between	  
65-‐95	   nm	   gave	   higher	   S/B-‐ratio	   and	   lower	   LLD-‐value	   [I].	   However,	   bioconjugate	  
nanoparticles	   smaller	   than	   that	  had	  a	   thermodynamic	   tendency	   to	   aggregate,	   a	   feature	   that	  
depends	  in	  large	  extent	  on	  the	  antibody	  used	  in	  the	  coating.	  In	  light	  of	  our	  findings,	  it	  appears	  
that	   in	  buffer-‐samples	  the	  nonspecific	  binding	   in	  a	  nanoparticle	   immunoassay	   is	  affected	  by	  
antibody	  constant	  domain,	  glycosylation	  or	  size	  of	  the	  nanoparticle	  label,	  only	  to	  a	  very	  small	  
extent	  [I].	  
	  
Our	   data	   suggests	   that	   relatively	   harsh	   denaturing	   conditions	   are	   required	   in	   order	   to	  
deteriorate	  the	  capture	  antibody	  surface.	  A	  striking	  difference	   in	  the	  stability	  of	   the	  capture	  
antibody	   layer	   passively	   adsorbed	   on	   polystyrene	   solid-‐phase	   or	   attached	   to	   a	   streptavidin	  
coated	   solid-‐phase	   via	   chemically	   coupled	   biotin	   was	   observed	   [II].	   Antibodies	   attached	  
through	   SA	   layer	   were	   significantly	   more	   resistant	   to	   denaturing	   treatments	   than	   those	  
passively	  adsorbed	  to	  the	  surface.	  This	  suggests	  that	  the	  solid	  surface	  may	  act	  as	  a	  “catalyst”	  
and	  make	  the	  antibodies	  more	  susceptible	  to	  denaturation	  [II]	  and	  [69].	  Apparently	  antibody	  
on	  a	  capture	  surface	  was	  relatively	  stable	  at	  ambient	  assay	  conditions	  and,	  therefore,	  did	  not	  
create	   sites	   on	   the	   surface	   that	   would	   promote	   nonspecific	   binding	   of	   the	   nanoparticle	  
bioconjugate.	   In	   fact,	   our	   data	   shows	   that	   nonspecific	   binding	   seems	   not	   to	   originate	   from	  
denatured	   capture	   antibodies	   on	   surfaces	   because	   intentional	   denaturation	   of	   the	   capture	  
surface	   did	   not	   increase	   nonspecific	   binding	   of	   the	   nanoparticle	   labels.	   The	   structural	  
characteristics	  on	   the	   capture	   surface	  or	  denaturation	  of	   capture	  antibody	  did	  not	  promote	  
nonspecific	  binding.	  This	  led	  us	  to	  believe	  that	  the	  addition	  of	  sufficient	  blocking	  proteins	  to	  
the	  capture	  solid-‐phase	  and	  in	  assay	  buffer	  is	  sufficient	  to	  reduce	  surface	  sites	  susceptible	  to	  
nonspecific	  binding	  [II].	  	  
	  
In	   this	   study	   the	   kinetics	   of	   specific	   and	   nonspecific	   binding	   of	   anti-‐TSH	   antibody	  
bioconjugated	  nanoparticles	  in	  a	  sandwich-‐type	  immunoassay	  were	  examined	  with	  two	  new	  
methods,	   biolayer	   interferometry	   biosensor	   and	   FS.	   Two	   novel	   methods	   allowed	  
characterizing	  binding	  kinetics	  in	  time	  range	  spanning	  from	  50	  ms	  to	  4	  h	  [III].	  Both	  methods	  
showed	  good	  S/B-‐ratios	  compared	  to	  single	  antibodies,	  due	  to	  the	  avidity	  and	  increased	  Kd	  of	  
bioconjugate	   nanoparticles.	   The	   koff	   was	   shown	   to	   be	   similar	   for	   specific	   and	   nonspecific	  
binding	  of	  bioconjugate	  nanoparticles,	  but	  the	  kon	  was	  200000-‐fold	  higher	  for	  specific	  binding	  
[III].	   However,	   we	   also	   observed	   a	   fast	   initial	   nonspecific	   association	   of	   bioconjugate	  
nanoparticles	  and	  subsequent	  saturation	  and	  signal	  decrease	  in	  an	  inverted	  biosensor	  method	  
as	   well	   as	   a	   steady	   slow	   increase	   of	   signal	   in	   well-‐plate	   assay	   that	   are	   likely	   caused	   by	  
nanoparticle	  sedimentation.	  This	  was	  despite	  polystyrene	  particles	  having	  a	  density	  equal	  to	  
water	   and	   the	   nanoparticle	   suspension	   being	   turbidimetrically	   stable	   for	   weeks.	   We	   also	  
demonstrated	   that	   the	  maximum	  unbinding	   forces	   in	   specific	   and	  nonspecific	   binding	  were	  
nearly	   equal	   and	   even	   the	  MPUFs	   showed	   only	   a	   two-‐fold	   difference.	   This	  was	   despite	   the	  
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orders	  of	  magnitude	  lower	  affinity	  constants	  shown	  in	  thermodynamic	  affinity	  tests	  for	  single	  
antibodies	  [127]	  and	  [128].	  Taken	  together	  this	  suggests	  that	  controlling	  the	  association	  time	  
with	  liquid	  flow	  (induced	  with	  mixing	  or	  otherwise)	  to	  disallow	  nonspecific	  binding	  and	  solid-‐
phase	   orientation	   to	   disallow	   sedimentation	   could	   be	   the	   optimal	   strategy	   to	   reduce	   the	  
undesired	  nonspecific	  background	  signal	  in	  immunoassays	  utilizing	  biocojugate	  nanoparticle	  
labels	  [III].	  
	  
A	  super-‐sensitive	   time-‐resolved	  FIA	   for	  TSH	  utilizing	  europium(III)	  nanoparticle	   labels	  with	  
reduced	   nonspecific	   binding	   was	   developed	   [IV].	   The	   key	   step	   obtaining	   the	   sensitivity	  
increase	  was	  an	  optimized,	  spot	  like,	  configuration	  of	  the	  active	  solid-‐phase	  that	  reduced	  the	  
time	  a	  bioconjugate	  nanoparticle	  is	  allowed	  to	  roll	  and	  associate	  to	  an	  antibody-‐coated	  solid-‐
phase	   [IV].	   Further,	  performance	  enhancement	  was	  achieved	  by	   stabilization	  of	   the	  protein	  
corona	   of	   the	   bioconjugate	   nanoparticle	   label.	   This	   was	   by	   allowing	   the	   protein	   exchange	  
reactions	  to	  reach	  equilibrium	  when	  the	  particles	  were	  diluted	  or	  transferred	  to	  assay	  matrix	  
[IV].	   We	   also	   observed	   that	   an	   affinity	   purification	   step	   with	   an	   antibody	   bearing	   close	  
resemblance	  to	  the	  detector	  and	  capture	  antibody	  removed	  interfering	  compounds	  from	  the	  
sample	  matrix	   [IV].	   This	   is	   noteworthy	   as	   TSH	   and	   thyroid	   hormone	   assays	   are	   especially	  
prone	  to	  interferences	  due	  to	  human	  autoantibodies	  (HAB)	  as	  both	  Graves’	  and	  Hashimoto’s	  
diseases	  are	  autoimmune	  disorders	  [132].	  Combined	  these	  properties,	  with	  previously	  found	  
general	  parameters	  [I],	  [II]	  and	  [III],	  facilitated	  the	  development	  of	  a	  sandwich	  immunoassay	  
that	  had	  a	  100	  fold	  lower	  LLD	  and	  increased	  sensitivity	  [IV].	  	  
	  
The	  developed	  immunoassay	  could	  enable	  more	  precise	  diagnosis	  and	  therapy	  evaluation	  of	  
metabolic	  syndrome	  and	  pregnancy	  related	  thyroid	  dysfunctions.	  Graves’	  (hyperthyroidism)	  
and	  Hashimoto’s	  (hypothyroidism)	  diseases	  are	  caused	  by	  autoimmune	  disorders	  [132]	  and	  
[134].	  These	  conditions	  are	  dangerous	  and	  may	  cause	  congestive	  heart	  failure	  for	  the	  mother,	  
miscarriage	   and	   impaired	   cognitive	   development	   to	   the	   fetus,	   especially	   during	   the	   first	  
trimester	   [134].	   Thyroid	   hormones	   modulate	   many	   metabolic	   pathways	   relevant	   to	   the	  
resting	  energy	  expenditure	  and	  hypothyroidism	  is	  associated	  with	  modest	  weight	  gain	  [135].	  
Positive	   correlation	   between	   TSH	   and	   body	   mass	   index	   (BMI)	   has	   been	   documented	   in	  
number	   of	   instances	   [136].	   However,	   causality	   of	   this	   correlation	   has	   not	   been	   established	  
TSH	   synthesis	   appears	   to	   be	   affected	   by	   adipose	   tissue	   and	   caloric	   intake,	   highlighted	   by	   a	  
study	  where	  98	  obese	  women	  who	  over	  a	  6	  month	  period	  lost	  more	  than	  10%	  of	  body	  weight,	  
there	  was	   a	   significant	   decrease	   in	   TSH	   [137].	   Conversely,	   active	   TSH	   receptors	   have	   been	  
found	   on	   adipose	   tissue	   [138]	   and	   animal	   tests	   have	   identified	   TSH	   being	   involved	   in	  
lipogenesis	  [139].	  
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