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Label-free immunodetection with CMOS-compatible
semiconducting nanowires
Eric Stern1, James F. Klemic2, David A. Routenberg2, Pauline N. Wyrembak5, Daniel B. Turner-Evans2,
Andrew D. Hamilton5, David A. LaVan3, Tarek M. Fahmy1 & Mark A. Reed2,4

Semiconducting nanowires have the potential to function as
highly sensitive and selective sensors for the label-free detection
of low concentrations of pathogenic microorganisms1–10. Suc-
cessful solution-phase nanowire sensing has been demonstrated
for ions3, small molecules4, proteins5,6, DNA7 and viruses8; how-
ever, ‘bottom-up’ nanowires (or similarly configured carbon
nanotubes11) used for these demonstrations require hybrid fab-
rication schemes12,13, which result in severe integration issues that
have hindered widespread application. Alternative ‘top-down’
fabrication methods of nanowire-like devices9,10,14–17 produce dis-
appointing performance because of process-induced material and
device degradation. Here we report an approach that uses comple-
mentary metal oxide semiconductor (CMOS) field effect transistor
compatible technology and hence demonstrate the specific
label-free detection of below 100 femtomolar concentrations of
antibodies as well as real-time monitoring of the cellular immune
response. This approach eliminates the need for hybrid methods
and enables system-scale integration of these sensors with signal
processing and information systems. Additionally, the ability to
monitor antibody binding and sense the cellular immune response
in real time with readily available technology should facilitate
widespread diagnostic applications.

We demonstrate here that the limitations of fabricated nanowire-
type devices can be overcome and that nanometre-scale sensors with
little mobility degradation from bulk can be achieved. We have used
ultrathin silicon-on-insulator wafers9,10,18,19, which require only lat-
eral (in-plane, two-dimensional) active layer definition to achieve the
nanometre dimensions needed for a nanowire-type device. Previous
attempts with this approach used reactive-ion etching (RIE) of the
active silicon layer, which unacceptably degraded device perform-
ance9,10. To achieve the nanometre-scale dimensions necessary for
sensitivity, we developed a fabrication process using an anisotropic
wet etch: specifically, tetramethylammonium hydroxide, TMAH,
which etches Si (111) planes about 100 times more slowly than all
other planes20. This approach allows retention of pattern definition
(of a masking oxide layer), and smoothes edge imperfections not
aligned to the (111) plane. Previous work on TMAH-defined elec-
tronic devices has shown excellent retention of electrical properties18,
although not in configurations suitable for sensing. We show that
‘nanowire’ devices capable of sensing can be defined by TMAH etch-
ing. Our approach uses commercially available (100) silicon-on-
insulator wafers that yield trapezoidal cross-section nanowires with
dominant Si (111) exposed planes, the preferred surface for selective
surface functionalization21.

First, we show that this process can be used reproducibly to gen-
erate non-degraded devices that are narrower than their lithographic
pattern definition19. A schematic depicting a completed device before

removal of the masking oxide is shown in Fig. 1a. The anisotropic wet
etch undercuts this masking oxide, whose lateral dimensions can be
achieved with optical lithography, although it does not appreciably
etch the degenerately doped (.1020 cm23) boron contacts20. A top-
view scanning electron micrograph of a device with the oxide mask

1Department of Biomedical Engineering, 2Department of Electrical Engineering, 3Department of Mechanical Engineering, 4Department of Applied Physics, Yale University, P O Box
208284 New Haven, Connecticut 06511, USA. 5Department of Chemistry, Yale University, P O Box 208107, New Haven, Connecticut 06511, USA.
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Figure 1 | Device fabrication and electrical performance. a, Schematic after
anisotropic etch. The silicon-on-insulator active channel (yellow, width w
and thickness t) is undercut etched, whereas degenerate leads (red) are etch-
resistant. The source (S), drain (D), and underlying backgate (G) are
labelled. b, c, Scanning electron micrograph (b) and optical micrograph (c) of
a completed device. d, ISD(VSD) (w 5 50nm, t 5 25nm) for varying VGD (0 to
240 V, DV 5 21 V), illustrating p-type accumulation mode behaviour.
e, | ISD | (VGD) for VSD 5 21 V for forward (red) and reverse (black) sweep.
f, Accumulation-mode Hall and drift mobilities versus temperature
(w 5 300 nm, t 5 25 nm).
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  (FET)	
  	
  

the concentration of charged impurities, the understanding
of the impurities’ effect on the graphene conductivity as well as
the charged impurity induced scattering mechanisms, and the
exploration of the charge transport properties and interfacial
capacitance as a function of electrochemical surface potential.
Thus, the charge-transport mechanism of graphene-based
electrodes in the field of electrochemistry still remains an
intriguing issue and needs to be explored further. In addition,
construction of graphene-based devices is another challenging
work. The future of using graphene-based devices in electro-
chemistry depends on the quality enhancement of synthetic
materials, improvement of the intrinsic charge carrier
mobilities, the assembly control of thin films on electrode
substrate, and device fabrication processes.

Despite a number of remaining challenges, the advances in
the last few years have been significant and researchers are
now making rapid progress toward the investigation and
applications of graphene-based materials. It is certain that
these problems will soon be circumvented. Following the
further understanding of the basic structure and properties
of graphene, as well as the development of novel synthetical
strategies and device fabrication processes, it will be possible
to more effectively promote the graphene-based applications
in electrochemistry, such as electrochemical (bio)sensing,
electrocatalysis, advanced batteries, solar cells, and FETs, etc.
The future should be very interesting and fantastic.

5. Conclusions

Graphene, a single layer two-dimensional carbon structure,
has attracted an explosive interest in the recent years. Among
all the carbon-based materials, graphene offers the advantages
of unique physical, chemical, and mechanical properties,
which may open up a new research area for materials science
and condensed-matter physics, and aims for wide-ranging and
diversified technological applications. This review has
addressed recent advances in the field of graphene from the
standpoint of electrochemistry. As known, extraordinary
electronic properties in graphene are really due to the high
quality of its electronic structure. Graphene, as a Dirac
fermion system, promises intriguing electronic properties such
as a high integer quantum Hall effect, the Klein paradox, an
ambipolar electric field effect, along with ballistic conduction
of charge carriers, etc. Owing to these principally advantageous
electronic and electrochemical properties, graphene-based
materials have been used to design and prepare graphene-oriented
electrodes for a wide range of applications in electrochemistry,
ranging from electrochemical sensing, electrocatalysis,
electrochemiluminescence to energy conversion and FET
devices. Considerable advances in this area have already been
made. Nonetheless, graphene-related research in electro-
chemistry still remains an intriguing issue and needs to be
explored further.

Fig. 18 Electrolyte-gated graphene field effect transistors (FETs) for detecting pH and protein adsorption. (A) Scheme of electrolyte-gated

graphene FETs for detecting pH and protein adsorption; (B) Schematic illustration of the experimental setup for electrolyte-gated graphene FETs;

(C) Conductance versus time data of a graphene FET for pH values from 4.0 to 8.2; (D) Conductance versus time for electrical monitoring of

exposure to various bovine serum albumin (BSA) concentrations. Dashed lines indicate the average conductance. (Reproduced with permission

from ref. 215)

3176 | Chem. Soc. Rev., 2010, 39, 3157–3180 This journal is !c The Royal Society of Chemistry 2010
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Op-cal	
  Biosensors	
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Dedicated systems for massively parallel analysis

Characterization of massively parallel analysis

Within the category of dedicated systems for massively parallel
analysis we discuss specific platforms that do not comply
with our definition of a generic microfluidic platform.
The characteristics of those platforms is not given by the
implementation of the fluidic functions but by the specific
way to process up to millions of assays in parallel. Prominent
examples are platforms used for gene expression and sequencing
such as microarrays, bead-based assays and pyro-sequencing
in picowell-plates.

General principle

In this chapter, solutions for highly parallel assay processing
are presented. These are not per se microfluidic platforms by
our definition, since they do not offer a set of easily combined
unit operations and are quite inflexible in terms of assay
layout. They are nevertheless presented here, since the small
reaction volumes per assay and partly the liquid control
systems are based on microfluidic platforms. The significant
market for repetitive analyses, which allows high development
costs for proprietary, optimized systems, does not necessarily
require a platform approach, but can benefit from microfluidic
production technologies and liquid handling systems.

The massively parallel assay systems are a result of the
increasing demand of the pharmaceutical industry for repetitive
assays276,277 to cover the following objectives:
! Screening of chemical libraries with millions of

compounds278

! Screening of known drugs against new targets, different
cell lines or patient material279,280

! Multiparameter analysis of cell signaling and single cell
analysis281

! All -omic analyses such as genomics, transcriptomics,
proteomics, glucomics, metabolomics. . .282

With every newly discovered receptor or protein, all known
drugs, pre-drugs, and chemical compounds should be tested
for interaction by means of binding, activity change, or
enzymatic activity. Also the analysis of gene activity or gene

sequencing requires new and massively parallel testing in
numbers of hundred thousands to billions. These tests con-
sume a lot of time, material, effort, and money, but could lead
to precious results (e.g. in case of a new blockbuster drug).283

The challenging task to monitor millions of different binding
reactions is partially solved by microarrays284 (mainly in the
case of DNA and RNA) or bead-based assays in combination
with picowell plates.
Microarrays284 are matrices with spots of different chemical

compounds on a surface (Fig. 19(a)). The number of spots ranges
from a few dozen to up to several millions. The microarray is
incubated with the sample and each spot interacts with the
sample in parallel, leading to as many parallel assays as there
are spots on the microarray. Typically a microarray is read out
by fluorescence and used for nucleic acid or protein analysis.
Picowell plates285,286 consist of millions of small wells (o50 mm

in diameter) (Fig. 19(c)). In each well, either one chemical
compound or one single cell is deposited. After the deposition,
the picowell plate acts as a ‘‘microarray’’ with each position
bearing a unique chemical compound or cell. Afterwards, all
assays are performed similar to a microarray.
In bead-based assays278,287 small solid phase spheres

(Fig. 19(b)) or particles are used. Each bead bears one unique
chemical compound. Such a bead library can consist of
billions of different beads. For screening, the beads are mixed
and incubated with the sample and consecutively with the assay
buffers, performing one assay on each bead in parallel. The
readout is commonly fluorescence based and the positive beads
are sorted out and analysed one by one in series. Typically this
technique is used for binding assays or DNA analysis.
The pioneers of each field who introduced this system to

the market are: Microarrays by Affymetrix, CA, USA,288

bead-based arrays by Luminex Corp., TX, USA289,290 and
Illumina Inc., CA, USA,291,292 and picowell plates by 454 Life
Sciences, CT, USA.286

Microfluidic components and applications

Here, the microfluidic actuation principles that are utilized in
massively parallel analysis are outlined briefly. This is followed
by some commercial application examples. Due to the similar

Fig. 19 Images of the different systems for massively parallel screening. (a) Microarray284 after binding, providing two different fluorophores in

red and green. Unchanged genes remain yellow. Up- or down-regulated genes appear in red or green. (b) 3 mm silica spheres, as an example for

bead-based assays,278,287 deposited on the front end of glass fibers. (c) Empty wells of a picowell plate.285,286 In each well single cells or beads are

deposited, incubated and analyzed.

This journal is "c The Royal Society of Chemistry 2010 Chem. Soc. Rev., 2010, 39, 1153–1182 | 1175
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Label-­‐free	
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ü  Real-­‐Gme	
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  -­‐>	
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ü  Minimum	
  sample	
  pre-­‐treatments	
  
ü  Accurate	
  quanGficaGon	
  

Examples:	
  Integrated	
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  sensors,	
  Plasmonic	
  sensors…	
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  opGcs	
  
o  Raman	
  è	
  SERS	
  
o  Fluorescence	
  è	
  SEF	
  
o  Infra-­‐red	
  AbsorpGon	
  è	
  SEIRA…	
  

Au#disk# Au#disk#

Si#pillar# Si#pillar#

20#

0#

$10#

$20#

$15# 15# 115#$115# $65# 65#

X#(nm)#

Z#
(n
m
)#

AmplificaGon	
  of	
  the	
  electromagneGc	
  fields	
  

Resonance	
  can	
  be	
  tuned	
  

Nanoplasmonics	
  
InteracGon	
  of	
  metal	
  nanostructures	
  with	
  light	
  

Size	
  10-­‐200	
  nm	
  



p	
   p	
  

Metal	
  sphere	
  
Radius	
  <<	
  Wavelength	
  

Larger	
  spheres:	
  a	
  ≥	
  λ	
  
MulGpolar	
  contribuGons:	
  dipole	
  +	
  quadrupole	
  +	
  …	
  	
  -­‐>	
  Mie	
  Theory	
  

Size	
  effect	
  (a	
  <<	
  λ)	
  

εd	
   εm	
  

Localized	
  surface	
  plasmon	
  resonance	
  condiGon	
  

Re[εm]	
  =	
  -­‐2	
  εd	
  

E0	
  

Quasi-­‐staGc	
  approximaGon	
  



midi

dm
i LL

abc
εε

εεπ
α

+−

−
=

)1(3
4 LSPR satisfied when 

[ ] 0)1(Re =+− midi LL εε

⇒ RED-SHIFTED RESONANCE 

Ellipsoid  
long axis 

⇒ Li < 1/3 [ ] dm εε 2Re −<

Sphere ⇒ Li = 1/3 [ ] dm εε 2Re −=

⇒ BLUE-SHIFTED RESONANCE 

Ellipsoid  
short axis ⇒ Li > 1/3 [ ] dm εε 2Re −>

LARGE DIPOLE MOMENT  
IN LONG AXIS 

WEAK DIPOLE MOMENT  
IN THE SHORT AXIS 

Metal	
  ellipsoid	
  
Size	
  <<	
  Wavelength	
  

E0 

+ - - - 
+ 
+ p 

+ - 

- 

- + 
+ 

p 

EDep 

EDep 

Li	
  shape	
  	
  factor	
  
Li	
  =	
  [0,1]	
  



Op-cal	
  effects	
  of	
  the	
  LSPR	
  

E	
  

k	
   Part	
  of	
  the	
  light	
  is	
  absorbed	
  -­‐>	
  heat	
  

Part	
  of	
  the	
  light	
  is	
  elasGcally	
  scabered	
  

Scabering	
  cross	
  secGon	
  

AbsorpGon	
  cross	
  secGon	
  

ExGncGon	
  cross	
  secGon	
  

High	
  amplifica-on	
  of	
  the	
  scaVering	
  and	
  absorp-on	
  cross	
  sec-ons	
  at	
  the	
  LSPR	
  wavelength	
  
	
  
-­‐>	
  easy	
  op-cal	
  detec-on	
  of	
  the	
  LSPR	
  via	
  absorbance	
  or	
  scaVering	
  measurments	
  



k	
  
	
  

	
  
k	
  
	
  

Einc	
  
	
  

y	
  

yyy
inc
yy

yyy
inc
yy

EAEE

EAEE

12

21

⋅⋅+=

⋅⋅+=

α

α

3

)1(2
y

ikyeA
iky

yy
+−

=

3

22 )1(
y

ykikyeA
iky

xx
++−

=

xxx
inc
xx

xxx
inc
xx

EAEE
EAEE

12

21

⋅⋅+=

⋅⋅+=

α

α

Near-­‐field	
  interac-on	
  

p	
   p	
  

y	
  

p	
   p	
  

E	
  
	
  

k	
  
	
  
X	
  

  RESONANCE RED-SHIFTS The	
  dipoles	
  cooperate	
  

The	
  dipoles	
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     RESONANCE BLUE-SHIFTS 



Near-­‐field	
  interac-on	
  
	
  AmplificaGon	
  and	
  confinement	
  of	
  electromagneGc	
  fields	
  

ü  Colorimetric	
  aggrega-on	
  biosensing	
  assays	
  

ü  Sensi-vity	
  enhancement	
  refractometric	
  sensing	
  

ü  Amplifica-on	
  of	
  Raman	
  ScaVering	
  (SERS)	
  

ü  Amplifica-on	
  of	
  fluorescence	
  (SEF)	
  



Biosensing	
  applica-on	
  	
  
Near	
  Field	
  interac-on	
  
Colorimetric	
  aggregaGon	
  assays	
  	
  

Red-­‐shin	
  +	
  peak	
  broadening	
  

Colorimetric	
  change	
  visible	
  	
  
with	
  the	
  naked	
  eye	
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the� spectral�position�of� the� resonance� is�highly�dependent�on� the�external�dielectric� constant,�which�
constitutes�the�basis�of�refractometric�plasmonic�sensing.�Therefore,�refractometric�sensors�rely�on�the�
redͲshift�(blueͲshift)�of�the�resonance�peak�when�the�refractive�index�around�the�nanoparticle�increases�
(decreases),� as� Fig.� 1� displays.� Thus,� local� changes� of� refractive� index� induced� by� interacting�
biomolecules� at� the� surface� of� the� nanostructures� can� be�monitored� via� the� spectral� shifts� in� the�
scattering�or�extinction�cross�sections�of�the�nanoparticles.�

Fig.�1:�Illustration�of�the�spectral�changes�when�the�aspect�ratio�(AR)�of�prolate�ellipsoidal�nanoparticles�is�varied�
and�the�refractive�index�of�the�external�medium�is�increased�(redͲdashed�lines).�The�volume�of�the�nanoparticles�is�

kept�constant�at�1.6ͼ104�nm3.�
�
In� order� to� extract� the� most� favorable� and� sensitive� configuration� for� the� refractometric�

detection� of� the� biosensing� interactions,�we� analyze� the� sensing� performance� of� nanoparticles�with�
different�shapes,�i.e.�different�LSPR�spectral�positions.�In�addition,�we�will�study�the�effect�of�the�surface�
and� the� commonly� used� adhesion� layers,� required� to� enhance� the� mechanical� stability� of� the�
nanostructures,�particularly� important� for� inͲflow� assays� in�microfluidic� channels,� thus� improving� the�
robustness�of�the�sensing�platforms.�

�
2. Sensitivity�and�Figures�of�Merit,�wavelength�vs.�energy�scales�
To� quantify� and� compare� the� performance� of� LSPR� based� sensors,� the� most� commonly�

employed�parameter�has�been� the� sensitivity� to� changes�of�bulk� refractive� index,�or�bulk� sensitivity,�
defined�as� the�variation�of� the� resonance�position� (PLSPR)�as� the� refractive� index�of� the�dielectric� (nd)�
changes:�

d

LSPR
bulk n

P
G
GK  � � � � � � � � � (4)�

So�far,�the�majority�of�the�sensitivity�analyses�have�employed�the�wavelength�scale,�monitoring�

the�wavelength�shifts�of�the�LSPR,�i.e.�PLSPR�=�OLSPR.�Such�studies�have�debated�and�experimentally�shown�
that� the� sensitivity�of�plasmonic�nanostructures� to�bulk� changes�of� refractive� index� increases� as� the�
resonance� position� is� tuned� to� longer� wavelengths.� Interestingly,� reference� 5� has� analytically�

demonstrated�that�the�sensitivity�Kbulk� is�proportional�to�the�real�part�of�the�dielectric�constant�of�the�

metal�and,�consequently,�Kbulk� is�approximately�proportional� to� the�LSPR�wavelength�position.5�These�
evidences�have�encouraged�the�development�of�metal�nanostructures�with�long�resonance�wavelengths�
such�us�nanorods,6�bipyramids,7�nanorings,8�or�coreͲshell9�nanoparticles.� Indeed,� this�behavior�can�be�
readily�visualized�in�the�case�of�prolate�ellipsoidal�Au�nanoparticles�presented�in�Fig.�1,�where�the�peak�
redͲshift� is� evidently� larger� in� nanoparticles� with� high� aspect� ratios� and� therefore� longer� LSPR�
wavelengths.��

500 600 700 800 900 1000

0

1

2

3

4

AR2
AR1x3

AR5

AR3

C
ex

t · 
10

14
 (m

2 )
Wavelength (nm)

AR4

 

High sensitivity to  
refractive index (dielectric constant)  
changes  

Refractometric	
  nanoplasmonic	
  sensors	
  -­‐>	
  Detec-on	
  region	
  ≈	
  30	
  –	
  50	
  nm	
  	
  	
  

External	
  refrac-ve	
  index	
  	
  
dependence	
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nd = εd



Other	
  plasmonic	
  nanostructures	
  

Nanoholes	
  in	
  thick	
  metal	
  films	
  (t	
  >	
  100	
  nm):	
  extraordinary	
  transmission	
  

CombinaGon	
  of	
  diffracGon	
  and	
  surface	
  plasmon	
  
excitaGon,	
  	
  plus	
  electromagneGc	
  tunnelling	
  
through	
  the	
  nanoholes	
  

Nanoholes	
  in	
  thin	
  metal	
  films	
  (t	
  <	
  40	
  nm):	
  

LSPR	
  in	
  the	
  holes	
  and	
  interacGon	
  	
  
between	
  surface	
  plasmons	
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• 	
  Fabricated	
  in	
  self	
  assembled	
  processes	
  in	
  large	
  scale	
  
• 	
  Do	
  NOT	
  require	
  coupler	
  
• 	
  PenetraGon	
  depth	
  30-­‐50	
  nm	
  
• 	
  Minimum	
  sensing	
  area	
  given	
  by	
  parGcle	
  size	
  (50-­‐100	
  nm)	
  
• 	
  Huge	
  mulGplexing	
  capabiliGes	
  
• 	
  SensiGvity	
  is	
  in	
  the	
  same	
  order	
  of	
  magnitude	
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Propaga-ng	
  vs	
  LSPR	
  
Refractometric	
  Biosensing	
  

Prism	
  

• 	
  Simple	
  
• 	
  Reliable	
  
• 	
  Well-­‐known	
  immobilizaGon	
  techniques	
  based	
  on	
  thiols	
  
• 	
  Coupler	
  required	
  (λspp<	
  λ0)	
  	
  
• 	
  Bulky	
  
• 	
  Minimum	
  size	
  of	
  sensing	
  area	
  restricted	
  by	
  SP	
  propagaGon	
  

(100x100µm)	
  
• 	
  PenetraGon	
  depth	
  200-­‐500	
  nm	
  	
  
• 	
  Limited	
  sensiGvity	
  	
  

not	
  enough	
  for	
  direct	
  detecGon	
  of	
  low	
  molecular	
  weight	
  
molecules	
  



Basic	
  steps	
  to	
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  and	
  use	
  
a	
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  sensor	
  

q  	
  What	
  is	
  a	
  biosensor?	
  Different	
  types	
  of	
  biosensors	
  
q  	
  Op-cal	
  biosensors	
  vs	
  Nano-­‐op-cal	
  biosensors	
  -­‐>	
  Nanoplasmonic	
  biosensors	
  
q  	
  IntroducGon	
  to	
  nanoplasmonics	
  (refracGve	
  index	
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  near	
  field	
  effects)	
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  Main	
  steps	
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  nanostructures	
  
v  Biofunc-onaliza-on	
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  system	
  	
  

q  	
  Examples	
  of	
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  assays	
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q  New	
  and	
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Nanofabrica-on	
  
Nanoplasmonic	
  material	
  

ü  Real	
  part	
  of	
  the	
  dielectric	
  constant	
  is	
  negaGve	
  
ü  Small	
  imaginary	
  part	
  of	
  the	
  dielectric	
  constant	
  -­‐>	
  Low	
  absorpGon	
  
ü  Chemical	
  stability	
  in	
  liquid,	
  especially	
  in	
  water	
  
ü  Easy	
  to	
  funcGonalize	
  

Selec-on	
  of	
  the	
  plasmonic	
  material	
  for	
  biosensing	
  	
  

Gold:	
  low	
  opGcal	
  absorpGon,	
  high	
  chemical	
  stability,	
  funcGonalizaGon	
  via	
  thiols	
  
	
  

Silver:	
  very	
  low	
  opGcal	
  absorpGon,	
  very	
  good	
  plasmonic	
  properGes,	
  poor	
  stability	
  

Copper,	
  Aluminum:	
  poor	
  chemical	
  stability	
  



Nanofabrica-on	
  
Bobom-­‐Up:	
  Chemical	
  synthesis	
  

M.C	
  Daniel	
  and	
  D.	
  Astruc,	
  Chem.	
  Rev.	
  104,	
  293	
  (2004)	
  
M.R	
  Jones	
  et	
  al.,	
  Chem.	
  Rev.	
  111,	
  3736	
  (2009)	
  

ReducGon	
  of	
  chloroauric	
  acid	
  (H[AuCl4])	
  soluGon	
  (via	
  p.e.	
  sodium	
  citrate)	
  	
  	
  

Au3+	
  -­‐>	
  Au	
  -­‐>	
  precipitaGon	
  into	
  nanoparGcles	
  

StabilizaGon	
  of	
  nanoparGcles	
  by	
  repulsive	
  
surface	
  charges	
  or	
  by	
  	
  
stabilizing	
  agents	
  (surfactants)	
  

u 	
  Colloidal	
  structures	
  for	
  colorimetric	
  aggregaGon	
  assays,	
  labels…	
  
	
  
u 	
  Abachment	
  (chemical,	
  electrostaGc)	
  to	
  a	
  surface	
  for	
  refractometric	
  sensing,	
  

SERS…	
  

Simplest	
  method,	
  not	
  necessary	
  expensive	
  equipment	
  



Nanofabrica-on	
  
Top-­‐down	
  

Focused	
  ion	
  beam	
  

Electron	
  beam	
  lithography	
  	
  

Plasmonic	
  nanostructures	
  50-­‐250	
  nm	
  range	
  -­‐>	
  Not	
  accessible	
  with	
  Photolithography	
  	
  

Very	
  expensive	
  
Slow	
  
Limited	
  to	
  small	
  areas	
  
Low	
  throughput	
  
	
  
Not	
  useful	
  for	
  
biosensing	
  

ü  Very	
  precise	
  



Nanofabrica-on	
  
Top-­‐down	
  

Nanoimprint	
  lithography	
  
Hard	
  masters	
  

Soh	
  molds	
  

Drawback:	
  a	
  expensive	
  nanopaVerning	
  tool	
  is	
  s-ll	
  needed	
  for	
  the	
  hard	
  mask	
  



Nanofabrica-on	
  
Top-­‐down	
  

Colloidal	
  lithography	
  

10	
  cm	
  



Nanofabrica-on	
  
Top-­‐down	
  

Colloidal	
  lithography	
  

Metal	
  evaporaGon	
   MelGng	
  and	
  metal	
  evaporaGon	
  at	
  an	
  angle	
  

O2	
  RIE	
  shrinking	
  
Metal	
  evaporaGon	
  



Nanofabrica-on	
  
Top-­‐down	
  

Hole-­‐mask	
  colloidal	
  lithography	
  

*	
  H.	
  Fredriksson	
  et	
  al.,	
  Adv.	
  Mat.	
  2007,	
  19,	
  4297	
  



Nanofabrica-on	
  
Top-­‐down	
  

Hole-­‐mask	
  colloidal	
  lithography	
  

*	
  H.	
  Fredriksson	
  et	
  al.,	
  Adv.	
  Mat.	
  2007,	
  19,	
  4297	
  

2.5$cm$



Biofunc-onaliza-on	
  
General	
  properGes	
  	
  

Direct	
  Detec-on	
  

Most	
  common	
  bioreceptors	
  
q DNA	
  (single	
  strand,	
  aptamers)	
  
q Proteins	
  (anGbodies,	
  enzymes…)	
  

Stability	
  

MinimizaGon	
  of	
  receptor	
  modificaGon	
  

Reproducibility	
  

Efficient	
  biosurface	
  regeneraGon	
  

Selec-vity	
  

ReducGon	
  of	
  non-­‐specific	
  binding	
  

Oriented	
  receptor	
  immobilizaGon	
  

High	
  Sensi-vity	
  

Main	
  Goals	
  



Biofunc-onaliza-on	
  
DNA	
  immobilizaGon	
  	
  

Steric Hindrance

HIGH COVERAGE MIXED MONOLAYER (MCH)LOW COVERAGE

Non Specific Adsorption MCH = (SH(CH2)6-OH)

LOW	
  COVERAGE	
  

Non-­‐specific	
  adsorp-on	
  

HIGH	
  COVERAGE	
  

Steric	
  hindrance	
  Steric Hindrance

HIGH COVERAGE MIXED MONOLAYER (MCH)LOW COVERAGE

Non Specific Adsorption MCH = (SH(CH2)6-OH)

OPTIMUM	
  COVERAGE	
  

Steric Hindrance

HIGH COVERAGE MIXED MONOLAYER (MCH)LOW COVERAGE

Non Specific Adsorption MCH = (SH(CH2)6-OH)

	
  Receptor:	
  single	
  strand	
  of	
  nucleoGdes	
  (A,	
  C,	
  T,	
  G)	
  complementary	
  to	
  the	
  target	
  DNA	
  or	
  RNA	
  
	
  Detec-on:	
  hybridizaGon	
  (double-­‐helix)	
  (A/T,	
  C/G)	
  
	
  Synthe-c	
  DNA	
  with	
  func-onal	
  groups	
  for	
  abachment	
  to	
  the	
  surface	
  
	
  Gold	
  -­‐>	
  thiolated	
  (-­‐SH)	
  single-­‐stranded	
  DNA	
  	
  (high	
  affinity	
  Au	
  <-­‐>	
  SH)	
  

Re
ce
pt
or
	
  

An
al
yt
e	
  

Importance	
  of	
  the	
  DNA	
  coverage	
  on	
  the	
  surface	
  	
  

Lateral	
  and	
  verGcal	
  spacers	
  to	
  improve	
  access	
  of	
  the	
  analyte	
  
and	
  prevent	
  non	
  specific	
  adsorpGon	
  	
  

DNA	
  receptors	
  -­‐>	
  Detec-on	
  of	
  DNA	
  and	
  RNA	
  strands	
  
	
   	
   	
  	
  	
  -­‐>	
  Detec-on	
  of	
  proteins	
  or	
  other	
  molecules	
  via	
  aptamers	
  



Biofunc-onaliza-on	
  
Proteins	
  (anGbodies)	
  immobilizaGon	
  

Proteins	
  (chains	
  of	
  amino	
  acids)	
  cannot	
  be	
  chemically	
  synthesized	
  	
  
	
  -­‐>	
  chemical	
  modificaGon	
  of	
  the	
  protein	
  /	
  use	
  their	
  chemical	
  groups	
  

ANTIBODY	
  



Biofunc-onaliza-on	
  
Proteins	
  (anGbodies)	
  immobilizaGon	
  

Protein	
  G	
  Strategy	
   Prolinker	
  Strategy	
  Covalent	
  Strategy	
  
amine	
  groups	
  of	
  proteins	
  

1)	
  Alkanethiol	
  SAM	
  (SH-­‐CH2…-­‐COOH)	
  
2)	
  AcGvaGon	
  with	
  EDC/NHS	
  
3)	
  AnGbody	
  covalent	
  binding	
  via	
  NH2	
  groups	
  



Microfluidics	
  Integra-on	
  
Son	
  lithography	
  fabricaGon	
  

trafficking; it directs the fluid responsible for
purging individual compartments within a row
and refreshes the central compartments (mem-
ory elements) within a row, analogous to a
RAM word line. The column multiplexor acts
in a fundamentally different manner, control-
ling the vertical input-output valves for specific
central compartments in each row. The column
multiplexor, located on the flow layer, begins to
operate when the vertical containment valve on
the control layer is pressurized to close off the

entire array. It is activated with its valves de-
flected upward into the control layer to trap the
pressurized liquid in the entire vertical contain-
ment valve array. A single column is then se-
lected by the multiplexor, and the pressure on
the vertical containment valve is released to
open the specified column, allowing it to be
rapidly purged by pressurized liquid in a select-
ed row.

To demonstrate the functionality of the mi-
crofluidic memory storage device, we loaded

the central memory storage chambers of each
row with dye (2.4 mM bromophenol blue in
sodium citrate buffer, pH 7.2) and proceeded to
purge individual chambers with water to spell
out “C I T”. Because the readout is optical, this
memory device also essentially functions as a
fluidic display monitor (Fig. 2C). A key advan-
tage of the plumbing display is that once the
picture is set, the device consumes very little
power.

We designed a second device containing
2056 microvalves (Fig. 3A), which is capable
of performing more complex fluidic manipula-
tions. In this case, two different reagents can be
separately loaded, mixed pairwise, and selec-
tively recovered, making it possible to perform
distinct assays in 256 subnanoliter reaction
chambers and then recover a particularly inter-
esting reagent. The microchannel layout con-
sists of four central columns in the flow layer
consisting of 64 chambers per column, with
each chamber containing !750 pl of liquid
after compartmentalization and mixing. Liquid
is loaded into these columns through two sep-
arate inputs under low external pressure (!20
kPa), filling up the array in a serpentine fashion.
Barrier valves on the control layer function to
isolate the sample fluids from each other and
from channel networks on the flow layer used
to recover the contents of each individual cham-
ber. These networks function under the control
of a multiplexor and several other control
valves (13). The elastomeric valves are analo-
gous to electronic switches, serving as high-
impedance barriers for fluidic trafficking. To
demonstrate the device plumbing, we filled the
fluid input lines with two dyes to illustrate the
process of loading, compartmentalization, mix-
ing, and purging of the contents of a single
chamber within a column (Fig. 3B). Each of the
256 chambers on the chip can be individually
addressed and its respective contents recovered
for future analysis using only 18 connections to
the outside world, illustrating the integrated
nature of the microfluidic circuit.

We used this chip as a microfluidic compar-
ator to test for the expression of a particular
enzyme. A population of bacteria is loaded into
the device, and a fluorogenic substrate system
provides an amplified output signal in the form
of a fluorescent product. An electronic compar-
ator circuit is designed to provide a large output
signal when the input signal exceeds a reference
threshold value. An operational amplifier am-
plifies the input signal relative to the reference,
forcing it to be high or low. In our microfluidic
comparator, the nonfluorescent resorufin deriv-
ative Amplex Red functions as the reference
signal. The input signal consists of a suspension
of Escherichia coli expressing recombinant cy-
tochrome c peroxidase (CCP); the enzyme
serves as a chemical amplifier in the circuit
(Fig. 4A). The cells and substrate are loaded
into separate input channels with the central
mixing barrier closed in each column and com-

Fig. 3. (A) Optical mi-
crograph of the mi-
crofluidic comparator
chip. The various inputs
have been loaded with
food dyes to visualize
the channels and sub-
elements of the fluidic
logic. (B) Set of optical
micrographs showing a
portion of the compar-
ator in action. A subset
of the chambers in a
single column is im-
aged. Elastomeric mi-
crovalves enable each
of the 256 chambers
on the chip to be inde-
pendently compart-
mentalized, mixed pair-
wise, and selectively
purged with the blue
and yellow solutions.
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SU8	
  negaGve	
  	
  
photoresist	
  

Reversible	
  or	
  irreversible	
  binding	
  
to	
  the	
  transducer	
  surface	
  



Illumina-on	
  &	
  Detec-on	
  



2.5$cm$

Mul-plexed	
  biosensor	
  device	
  



Biosensing	
  Applica-ons	
  

q  	
  What	
  is	
  a	
  biosensor?	
  Different	
  types	
  of	
  biosensors	
  
q  	
  Op-cal	
  biosensors	
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  biosensors	
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  nanostructures	
  
v  BiofuncGonalizaGon	
  
v  Microfluidic	
  integraGon	
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  system	
  	
  

q  	
  Examples	
  of	
  nanoplasmonic	
  biosensing	
  applica-ons	
  
v  Aggrega-on	
  colorimetric	
  assays	
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  sensing	
  

q  New	
  and	
  addi-onal	
  func-onali-es	
  of	
  plasmonic	
  nanostructures	
  
q  Conclusions	
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Colorimetric	
  aggrega-on	
  assays	
  

Robert	
  Elghanian	
  et	
  al.,	
  Science	
  277,	
  1078	
  (1997)	
  

Dispersed	
  parGcles	
  

Aggregated	
  parGcles	
  

DetecGon	
  of	
  DNA	
  targets	
  

DNA	
  funcGonalized	
  nanoparGcles	
  are	
  very	
  stable	
  due	
  to	
  the	
  high	
  negaGve	
  charge	
  of	
  DNA	
  



Colorimetric	
  aggrega-on	
  assays	
  
Protein	
  detecGon	
  

FuncGonalizaGon	
  of	
  colloidal	
  parGcles	
  with	
  proteins	
  (e.g.	
  anGbodies)	
  is	
  much	
  more	
  complex	
  
(proteins	
  have	
  different	
  isoelectric	
  point	
  and	
  differen	
  hidrophilicity)	
  

There	
  is	
  not	
  universal	
  strategy	
  -­‐>	
  every	
  protein	
  is	
  a	
  different	
  world	
  

K.	
  Aslan	
  et	
  al.,	
  Anal.	
  Biochem.,	
  330,	
  145	
  (2004)	
  

DetecGon	
  of	
  Concanavalin	
  A	
  and	
  glucose	
  	
  

DetecGon	
  of	
  thrombin	
  	
  



Colloidal	
  Nanopar-cles	
  as	
  labels	
  

Fluorescence	
  
molecules	
  /	
  Qdots	
  

Au	
  nanoar-cle	
  

Chemical	
  Stability	
   ✗	
  	
  Photobleaching	
   ✔	
  

Photonic	
  stability	
   ✗	
  	
  Blinking	
   ✔	
  

AbsorpGon	
  cross	
  secGon	
   Higher	
  

Background	
  Signal	
   ✔	
   ✗	
  	
  High	
  

El-­‐Sayed,	
  et	
  al.,	
  Nano	
  Leb.	
  5,	
  829	
  (2005)	
  

An--­‐EGFR	
  func-onalized	
  AuNPs	
  -­‐>	
  diagnosis	
  of	
  oral	
  epithelial	
  cancer	
  cells	
  	
  

AuNPs	
  bind	
  600%	
  stronger	
  to	
  oral	
  malignant	
  cells	
  
HOC	
  313	
  clone	
  8	
  and	
  HSC	
  3	
  



Colloidal	
  Nanopar-cles	
  as	
  labels	
  
Pregnancy	
  test	
  



Refractometric	
  sensing	
  
	
  

SensiGvity	
  consideraGons	
  
Biosensing	
  examples	
  

	
  



Refractometric	
  assays	
  
Important	
  features	
  to	
  improve	
  sensiGvity	
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ηλ =
∂λR
∂dbio

the� spectral�position�of� the� resonance� is�highly�dependent�on� the�external�dielectric� constant,�which�
constitutes�the�basis�of�refractometric�plasmonic�sensing.�Therefore,�refractometric�sensors�rely�on�the�
redͲshift�(blueͲshift)�of�the�resonance�peak�when�the�refractive�index�around�the�nanoparticle�increases�
(decreases),� as� Fig.� 1� displays.� Thus,� local� changes� of� refractive� index� induced� by� interacting�
biomolecules� at� the� surface� of� the� nanostructures� can� be�monitored� via� the� spectral� shifts� in� the�
scattering�or�extinction�cross�sections�of�the�nanoparticles.�

Fig.�1:�Illustration�of�the�spectral�changes�when�the�aspect�ratio�(AR)�of�prolate�ellipsoidal�nanoparticles�is�varied�
and�the�refractive�index�of�the�external�medium�is�increased�(redͲdashed�lines).�The�volume�of�the�nanoparticles�is�

kept�constant�at�1.6ͼ104�nm3.�
�
In� order� to� extract� the� most� favorable� and� sensitive� configuration� for� the� refractometric�

detection� of� the� biosensing� interactions,�we� analyze� the� sensing� performance� of� nanoparticles�with�
different�shapes,�i.e.�different�LSPR�spectral�positions.�In�addition,�we�will�study�the�effect�of�the�surface�
and� the� commonly� used� adhesion� layers,� required� to� enhance� the� mechanical� stability� of� the�
nanostructures,�particularly� important� for� inͲflow� assays� in�microfluidic� channels,� thus� improving� the�
robustness�of�the�sensing�platforms.�

�
2. Sensitivity�and�Figures�of�Merit,�wavelength�vs.�energy�scales�
To� quantify� and� compare� the� performance� of� LSPR� based� sensors,� the� most� commonly�

employed�parameter�has�been� the� sensitivity� to� changes�of�bulk� refractive� index,�or�bulk� sensitivity,�
defined�as� the�variation�of� the� resonance�position� (PLSPR)�as� the� refractive� index�of� the�dielectric� (nd)�
changes:�

d

LSPR
bulk n

P
G
GK  � � � � � � � � � (4)�

So�far,�the�majority�of�the�sensitivity�analyses�have�employed�the�wavelength�scale,�monitoring�

the�wavelength�shifts�of�the�LSPR,�i.e.�PLSPR�=�OLSPR.�Such�studies�have�debated�and�experimentally�shown�
that� the� sensitivity�of�plasmonic�nanostructures� to�bulk� changes�of� refractive� index� increases� as� the�
resonance� position� is� tuned� to� longer� wavelengths.� Interestingly,� reference� 5� has� analytically�

demonstrated�that�the�sensitivity�Kbulk� is�proportional�to�the�real�part�of�the�dielectric�constant�of�the�

metal�and,�consequently,�Kbulk� is�approximately�proportional� to� the�LSPR�wavelength�position.5�These�
evidences�have�encouraged�the�development�of�metal�nanostructures�with�long�resonance�wavelengths�
such�us�nanorods,6�bipyramids,7�nanorings,8�or�coreͲshell9�nanoparticles.� Indeed,� this�behavior�can�be�
readily�visualized�in�the�case�of�prolate�ellipsoidal�Au�nanoparticles�presented�in�Fig.�1,�where�the�peak�
redͲshift� is� evidently� larger� in� nanoparticles� with� high� aspect� ratios� and� therefore� longer� LSPR�
wavelengths.��
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Surface	
  sensiGvity	
  

Width	
  of	
  the	
  resonance	
  	
  	
  	
  	
  Full-­‐width-­‐half-­‐maximum	
  (FWHM)	
  

Figure	
  of	
  Merit	
  (FOM)	
   FOM =
ηλ

FWHM

M	
  .A.	
  Obe,	
  ACS	
  Nano	
  4,	
  349	
  (2010)	
  



Nanostructures	
  aVached	
  
to	
  a	
  solid	
  substrate	
  

Colloidal	
  nanoparGcles	
  –	
  chemical	
  bonding	
  (thiols	
  or	
  EDC/NHS	
  chemistries)	
  
	
  
Nanolithography	
  –	
  Adhesion	
  layers	
  (Cr,	
  Ti)	
  

Refractometric	
  assays	
  
Important	
  features	
  to	
  improve	
  sensiGvity	
  



Effect of the adhesion layers on the 
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Refractometric	
  assays	
  
Important	
  features	
  to	
  improve	
  sensiGvity	
  –	
  Substrate	
  effect	
  

600 650 700 750 800
0

1

2

3

4

5

6

7  Ti1Au20 
 Cr2Au20

 

 

S
ca

tte
rin

g 
In

te
ns

ity
 / 

a.
u.

λ / nm 0 200 400 600 800 1000

0.0

0.5

1.0

1.5

2.0

2.5

 

 

Δλ
LS
P
R
 / 

nm

Time / s

 Ti1Au20 
 Cr2Au20 

 

σTi = 5.10-3 nm

σCr = 4.10-2 nm

One	
  order	
  of	
  magnitude	
  decrease	
  of	
  the	
  signal-­‐to-­‐noise	
  ra-o	
  !!!	
  

No	
  adhesion	
  layer	
  	
  
⇒	
  no	
  mechanical	
  stability	
  



Refractometric	
  assays	
  
Important	
  features	
  to	
  improve	
  sensiGvity	
  –	
  Substrate	
  effect	
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Refractometric	
  assays	
  
Example	
  detecGon	
  of	
  protein	
  conformaGonal	
  changes	
  	
  
Protein	
  Calmodulin	
  suffers	
  conformaGonal	
  change	
  in	
  the	
  presence	
  of	
  Ca2+	
  

W.	
  Page	
  Hall,	
  Nano	
  Leb.	
  11,	
  1098	
  (2011)	
  

SPR	
   LSPR	
  



Refractometric	
  assays	
  
Example	
  detecGon	
  of	
  protein	
  conformaGonal	
  changes	
  	
  

ImmobilizaGon	
  of	
  Calmodulin	
  	
  
via	
  linker	
  protein	
  cuGnase	
  

Protein	
  Calmodulin	
  suffers	
  conformaGonal	
  change	
  in	
  the	
  presence	
  of	
  Ca2+	
  

With	
  out	
  Ca2+	
  folded	
  state	
  	
  
With	
  Ca2+	
  elongated	
  state	
  
Ethylene	
  glycol	
  tetraaceGc	
  acid	
  (EGTA)	
  chelates	
  Ca2+	
  -­‐>	
  folded	
  state	
  

W.	
  Page	
  Hall,	
  Nano	
  Leb.	
  11,	
  1098	
  (2011)	
  



Refractometric	
  assays	
  

L.	
  Feuz	
  et	
  al.,	
  Nano	
  Le3.	
  12,	
  873	
  (2012)	
  

Directed	
  funcGonalizaGon	
  on	
  hot	
  spots	
  

SH-­‐PEG	
  -­‐>	
  Gold	
  
	
  
PLL-­‐PEG	
  -­‐>	
  SiO2	
  (glass)	
  
	
  
ND-­‐PEG-­‐BioGn	
  -­‐>	
  TiO2	
  



New	
  func-onali-es	
  
	
  

Metamaterials	
  
Flow-­‐through	
  sensors	
  



New functionalities 
Metamaterials Near-Field interaction 

Au	
  nanopillars	
  -­‐>	
  electrolyGc	
  	
  deposiGon	
  	
  
on	
  porous	
  alumina	
  substrates	
  

Large	
  near-­‐field	
  interacGon	
  between	
  nanopillars	
  

BioGn	
  detecGon	
  Bulk	
  refractometric	
  sensiGvity	
  

A.V.	
  Kabashin	
  et	
  al,	
  Nat.	
  Mater.	
  8,	
  867	
  (2009)	
  



Random	
  2D	
  array	
  
Maxwell	
  Garneb	
  effecGve	
  medium	
  with	
  shape	
  anisotropy	
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New functionalities 
Metamaterials (Far field interaction) 
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Experimental	
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New functionalities 
Metamaterials (Far field interaction) 
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Guided	
  modes	
  for	
  SNR	
  amplifica-on 
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New functionalities 
Metamaterials (Far field interaction) 
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Nano	
  Lebers	
  12,	
  1592	
  (2012)	
  	
  	
  

ElectrophoreGc	
  concentrator	
  

New functionalities 
Flow-through sensors nanohole arrays 
Bringing	
  the	
  analyte	
  to	
  the	
  hot-­‐spot	
  

Anal.	
  Chem.	
  82,	
  1	
  (2010)	
  	
  	
  

Neutravidin	
  detecGon	
  

Flow	
  through	
  &	
  passivaGon	
  

Nano	
  Lebers	
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  4962	
  (2010)	
  	
  	
  

Virus	
  detecGon	
  -­‐>	
  no	
  flow	
  through	
  



Surface	
  enhanced	
  effects	
  
	
  

Fluorescence	
  
Raman	
  Scabering	
  

HeaGng	
  



Surface	
  enhanced	
  effects	
  
Surface	
  enhanced	
  fluorescence	
  and	
  quenching	
  

d	
  <	
  5	
  nm	
  	
  	
  -­‐>	
  Fluorescence	
  quenching	
  -­‐>	
  coupling	
  to	
  non-­‐radiaGve	
  metal	
  modes	
  
	
  

5	
  <	
  d	
  <	
  15	
  -­‐>	
  Fluorescence	
  enhancement	
  -­‐>	
  field	
  enhancement	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  increase	
  radiaGve	
  decay	
  rate	
  

d	
  
Au	
  nanoparGcle	
  

Fluorophore	
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Surface	
  enhanced	
  effects	
  
Surface	
  enhanced	
  Raman	
  scabering	
  (SERS)	
  

Nature	
  464,	
  	
  392	
  (2010)	
   Nat.	
  Photon.	
  5,	
  682	
  (2011)	
  



Photo-­‐thermal	
  effects	
  
Heat	
  generaGon	
  

!

Detec-on	
  of	
  par-cles	
  in	
  complex	
  media	
  

Cognet L et al. PNAS100, 11350 (2003) 
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   Fluorescence	
   Photothermal	
  

Untransfected	
  	
  
cells	
  

cells	
  expressing	
  a	
  
membrane	
  protein	
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Conclusions	
  

Gold	
  Colloidal	
  par-cles	
  in	
  solu-on	
  
Colorimetric	
  aggregaGon	
  assays	
  -­‐>	
  near	
  field	
  intracGon	
  

✔  Very	
  sensiGve	
  -­‐>	
  femto-­‐molar	
  range	
  	
  	
  

✗	
  	
  	
  Low	
  stability	
  -­‐>	
  small	
  nanoparGcles	
  2-­‐30	
  nm	
  

✔  Inexpensive	
  chemical	
  synthesis	
  

✗	
  	
  	
  Complex	
  biofuncGonalizaGon	
  

✗	
  	
  	
  Difficult	
  lab-­‐on-­‐chip	
  integraGon	
  	
  

✗	
  	
  	
  Challenging	
  in	
  complex	
  buffers	
  (serum)	
  

✗	
  	
  	
  No	
  regeneraGon	
  	
  

Gold	
  Nanostructures	
  in	
  a	
  surface	
  
Refractometric	
  assays	
  

✔  ✗ Lower	
  sensiGvity-­‐>	
  pico/nano-­‐molar	
  range	
  	
  	
  

✔  High	
  stability	
  

✔  Inexpensive	
  lithographic	
  fabricaGon	
  

✔  Easy	
  biofuncGonalizaGon	
  

✔  Easy	
  lab-­‐on-­‐chip	
  integraGon	
  	
  

✔  ✗ Complex	
  buffers	
  are	
  possible	
  (difficult)



✔  Regenerable	
  	
  

✔  No	
  surface	
  negaGve	
  effects	
   ✗	
  	
  	
  Surface	
  negaGve	
  effects	
  

✔  Large	
  mulGplexing	
  capabiliGes	
  ✔  Large	
  mulGplexing	
  capabiliGes	
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